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• 
Foreword 

This was the sixth in a series of summer studies held at LBL to discuss high 
energy heavy ion collisions. Because of the special current interest in anomalous 
projectile fragments, we combined it with the second workshop on anomalons, the 
previous one having been held at LBL on February 8-10, 1982. On previous occa
sions we have often chosen special topics for emphasis: for example, in 1979, the 
meeting was devoted entirely to ultra-relativistic nuclear collisions. Similar 
workshops have also been held in the alternate years at aSI, Darmstadt, in 1978 
and 1980. The 1985 Berkeley meeting is already planned to be the international 
workshop on Quark Matter Formation and Heavy Ion Collisions, in the sequence 
previously held in Bielefeld (1982), Brookhaven (1983) and Helsinki (1984). 

In the present meeting, apart from a special focus on anomalons, we attempted 
to cover the entire energy range of relativistic nuclear collisions, from the lowest 
end of the Bevalac energy range up to the SPS pp collider and cosmic rays. The 
result was very exciting, with the largest participation of any in the series and a 
real feeling of unity between various aspects of the research, from deep inelastic 
electron scattering to speculations on the quark-gluon plasma. It is remarkable how 
rapidly this field has advanced, particularly since the 1979 meeting at LBL and the 
1979 VENUS proposal for a heavy ion collider: in 1983 it is taken for granted that 
the next facility to be constructed will be a device of the VENUS type, with three 
laboratories (at least) in the U.S. competing to build it. 

This year, for the first time, we were aided by a distinguished international 
advisory committee. The organizing committee is grateful to them for their help. 
Extraordinary help was given by Linda Davis and Zoe Moody, while many others, 
especially Wanda Smith-Burnette, Kathy Williams and Maudie Noyd provided 
essential services at various stages of the meeting and preparation for it. Peggy Lit
tle and Pat Marlin, the Conference Coordinators, provided expertise that saved us 
in the Nuclear Science Division a great deal of time and worry. The Technical 
Information Department of LBL deserves our unstinted praise for its willingness to 
meet the unreasonable schedules we requested, and for doing highly professional 
work nonetheless. Heather Thomson/Freeman did an excellent job of preparing the 
printed program and book of contributed papers which was provided to each partici
pant on arrival and of assembling the material for the proceedings. Loretta Lizama 
has done an excellent job of editing the Proceedings and getting them out on 
schedule. Finally we are grateful to the Director of LBL for providing support 
which made it possible to reduce the conference fee to a nominal value. Such sup
port is well rewarded not only in benefits to the Laboratory, but in scientific pro
gress. 

Howel G. Pugh 
Chairman, Organizing Committee 
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MEAN FREE PATH OF 40AR PROJECTILE FRAGMENTS 
IN CR39 TRACK DETECTORS 

W.Heinrich, H.Drechsel, W.Trakowski, J. Beer, 
C.Brechtmann, J.Dreute and S.Sonntag 

Department of Physics, University of Siegen, 
59 Siegen, W.Germany 

Abstract: 

This paper describes an experiment investigating the effect 
of anomalous short interaction mean free paths for fragments of 
relativistic heavy ions. We use a stack of CR39 plastic nuclear 
track detectors that was irradiated with 1.8 GeV/nucleon 40AR 
ions at the Berkeley Bevalac. About 1.5-l07etch cones were 
measured in this experiment using an automatic measuring system. 
For 6444 nuclear collisions of fragments with charges 9-15 the 
interaction mean free path in the plastic ~as determined. This 
analysis cannot rule out the observations of enlarged cross sec
tions for relativistic projectile fragments in the first centi-

.meters after emission (1-3], but in contradiction to the experi
ments in nuclear emulsion [1] the effect observed in our experi
ment is weaker and detectable only within the first centimeter. 

Introduction: 

The most significant hint on the anomalous mean free path 
effect is the considerable smaller mean free path of fragments 
of relativistic heavy ions within the first few centimeters 
after their production. Behind this distance the mean free path 
approaches the value observed for beam nuclei. The first obser
vations [1] were consistent with an admixture of 6% of all pro
jectile fragments having a mean free path of A = 2.5cm in nu
clear emulsions. These experimental results ha~e been confirmed 
by PeL.Jain and G.Das ~] and H.B.Barber et al. [3] . All these 
experiments used nuclear emulsion as detector material. The aim 
of our experiment was on the one hand to confirm the anomalous 
mean free path effect using another experimental method and on 
the other han~ to improve the underlying statistics. 

Experimental technique and track measurements: 

We use CR39 plastic nuclear track detectors (C12 H18 0 7 ) as 
a target and simultaneously to record the tracks of beam par
ticles and their fragments. A stack of 300 foils each 0.6 mm 
thick with an effective area of 6.0 cm x 4.5 cm was exposed 
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at the Bevalac to a 1.8 GeV/nuc1~on 40Ar beam incident per
pendicular to the foil surface with 1500 partic1es/cm2 . The 
plastic foils were etched in NaOH-so1ution to develop the par
ticle tracks to etch cones. The size of an etch cone depends 
on the radiation damage which is proportional to the energy loss 
of the particle. After a calibration of the detector the charge 
of the ion can directly be determined from the measured dE/dx 
signal. This is possible, because the projectiles lose only 
energy of about 400 MeV/nucleon in the stack and therefore beam 
nuclei and fragments are near the regime of minimum ionization 
for all measured tracks. Based on our experimental technique we 
can only detect charge changing interactions. Projectile frag
ments with charges smaller than 7 cannot be registrated due to 
the detection threshold of the CR39. Additionally a cut for a 
minimum size of etch cones that corresponds to a detectable 
charge between 8 and 7 was made by the track measuring system. 

The scanning and measuring of 1.5-107 etch cones all to
gether on the top and rear side of the foils was done with the 
help of an automatic measuring system (figure 1), developed at 
the Physics Department of the University of Siegen [4] • This 
technique is based on the method of picture analysis. 

PDP11/23 

OS Kf 
OS K1 

manual 
cont rol 
board 

sta 9 e 

movement 
and 

control 

v ideo video si nal 

adaptor 

2-
stepping -
motor and 
encoder x

stepping 
motors and 
encoders 

Figure 1: The automatic measuring system for plastic nuclear 
track detectors. 

The plastic foils are mounted on a microscope stage which can 
be moved by stepping motors. A video camera is looking through 
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the microscope and the video pictures are digitized in real 
time by a video adaptor." The grey levels of 512 x 512 picture 
points are written into the memory of one of the picture ana
lysis computers (MOTOROLA Me 6'8000). The etch cones, which 
appear as dark areas on a brighter background, are detected by 
a special software and their areas, perimeters and center of 
mass coordinates are determined. A detailed description of 
this automatic measuring'system will be published elsewhere. 
For the experiment descr~bed here an early version of this 
syste~ containing only one picture analysis computer was used. 

, 
The' area ot the et~h cones measur'ed by the automatic 

system is dependent on the focus of the microspope. We mini
mized this dependence by using a low magnifica'tion objective 
(4x). The ~urface of the plastic foil was ~pproximated by a 
plane. A stepping motor for the z-coordinate kept the distance 
between this plane and the objective constant. 

o 
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Figure 2: 
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2 
Distribution of track areas (~m ) measured for one 
layer of plastic at a depth of approximately 14cm in 
the stack. 
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Figure 2 shows the distribution of the measured areas for 
one detector foil. Clearly detectable peaks for the 40Arbeam 
particles and the fragments of distinct charges can be seen. 
The mean areas differ for the same charge on different foils. 
Reasons for this are non constant conditions for the automatic 
track measurements and a non constant sensitivity of the foils 
due to inhomogenities of the plastic material. Based on a 
linear dependence of the mean area for fragment tracks on the 
mean areas for beam tracks a local calibration of the detectors 
was possible. We determined the charge of a particle from the 
area of its etch cone and from the mean cone size of projectile 
tracks in the vicinity. The charge resolution for a single etch 
cone is b.z = o. 2 for charge 8 fragments and decreases to about 
b.Z = o. 7 for charge 17 fragments. 

Data Analysis: 

The first step in the data analysis procedure was the 
reconstruction of the trajectories of individual projectile 
fragments in the stack. Due to limitations in computer power 
this tracing had to be done within a charge interval for each 
fragment separately. Each single measured etch cone, having a 
charge within the choosen interval and not belonging to an 
already defined trajectory,estab1ished a new one. Tracks were 
reconstructed throughout the stack by extrapolation of all 
trajectories into the following foil layers and looking for 
coincidences between the extrapolated positions and measured 
etch cones. If during the tracing procedure no etch cones were 
found within three consecutive layers, the end of the track was 
defined. Tracks shorter than a minimum of three measured etch 
cones were rejected to avoid confusion by randomly tracing 
background objects. 

A problem for the tracing procedure arises, if the tracks 
of two particles cross. In the crossing over region the charge 
measured by the automatic system for two overlapping etch cones 
lies outside the charge interval for which tracing is performed. 
For this reason the tracing will be interrupted at this point 
and in a deeper layer wDere the two overlapping tracks se
parate again, a new trajectory may be defined. In this case 
two segments belonging to the same trajectory are constructed. 
Therefore in a second step we matched incompletely traced 
trajectory segments together. 

To get information about the nuclear interactions in which 
the fragments were produced and destroyed, we traced in a third 
step for each trajectory ten foil layers from the starting 
point into upstream direction and also ten foil layers from the 
end point into downstream direction without restriction of the 
charge. From these data we determined for each individual frag
ment trajectory the charge of the parent nucleus and the charge 
of the fragment of the next generation, if it was visible in 
our detector (Z>8). 
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Overlapping etch cones or etch cones with a small separa
tion distance cause problems for the trajectory reconstruction 
software. Interactions might be defined by mistake. To over
come this problem we analyzed adjacent tracks in more detail at 
the beginning and endpoint of each trajectory. 
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Figure 3: 

DEPTH IN STACK [CM] 

Event with four charge changing nuclear collisions. 
From the incoming 40Ar beam particle successively 
fragments of charges Z=16, Z=12, Z=10 and Z=8 are 
produced. 

For fragments of higher generations, that means fragments 
th.at ori9"iniate from collisions of other fragments but not from 
beam nuclei, the trajectory was completey reconstructed upstream 
up to the first interaction of the beam nucleus. Figure 3 
shows an example of a chain of 4 nuclear fragmentations. 

Systematic errors in the reconstructed trajectories arise 
if these are short and contain only a few data points. For 
this reason we excluded trajectories shorter than 2 mm (6 foil 
layers) from the later analysis. The trajectories of oxygen 
(Z=8) fragments have been excluded because the areas of etch 
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cones for these tracks have a value close to the minimum area 
accepted by the automatic measuring system. Therefore datapoints 
along a Z=8 trajectory may be lost. Not analysed were also the 
fragments of charge 16 and 17. For these higher charges due to 
the poorer charge resolution the detection of ~Z=1 inte~actions 
is slightly biased, especially for short trajectories. 

Results: 

Figure 4 shows the charge spectrum of 14185 traced 
fragment trajectories longer than 2 mm. The charge values for 
short tracks are averaged over a smaller number of indivilldual 
measurements and therefore these events contribute with a 
larger variance to the distribution. An asymmetric tail of th'e 
distributions for charges greater than the integer value is 
observable. This originates frbm trajectories containing 
measured etch cones; where a surface structure of the plastic 
overlaps with an etch cone. In these cases the automatic 
system measures an area which is too large, giving also a too 
large charge value. But beside this the overall charge resolu
tion of our experiment is below ~z = 0.1. 

0 
0 

0 
0 

'" 
0 
0 

0 
0 
II) 

0 
0 

0 
0 .,. 

Z 

alo 
........ 0 
(/)' 

0 
~o z,.., 
.=:> 
0 
U o 

0 

0 
0 
(\I 

0 
0 

0 
0 -
0 
0 

0 
8.00 9.00 10.00 11.00 12.00 13.00 14.00 lS.00 16.00 

CHARGE 

Figure 4: Distribution of charges measured for fragment 
trajectories of a length > 2 mm. 
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To determine the interaction mean free path the total 
number n Z of inter~ctio~s ~f nuclei with charge Z waS counted. 
Then for each partlcle 1 wlth charge Z the path length l~ along 
which an interaction could possibly be detected was dete~mined. 
If a trajectory leaves th.e s.canned area on the detector foils 
or leaves the stack on the rear side, or if the trajectory 
overlaps with another particle's trajectory without a detectable 
separation deeper in the stack, the length down to the point 
where the trajectory was lost is included in the analysis. For 
each individual fragment charge we determined 

Az = I l~ / nz • 

The measured value of Az was then normalized to a calculat
ed interaction mean free path. A~ for charge changing interac
tions. This was determined using the empirical overlap formula 
of P.J.Lindstrom et ale [5] for total interaction cross 
sections of nuclear collisions with carbon and oxygen in the 
CR39. For collisions with hydrogen the empirical formula of 
R.Silberberg and C.H.Tsao was used [6]. A correction for non 
charge changing interactions was included. This was derived 
from the semiempirical formula for partial fragmentation cross 
sections of R.Silberberg and C.H.Tsao [7] and assuming a 
factorisation of the cross sections for heavier targets. For 
the fragments of different charges the mass of the most 
abundant isotope was used in the calculation. This mass was 
determined from mass yields calculated after R.Silberberg and 
C.H.Tsao [7] . 

Based on this normalization we can pool the information 
from the different fragment charges and determine 

A* = L (l~ / AC
) / L i 1 Z n Z . 

This normalized interaction mean free path is shown in figure 5 
for differeni intervals of depth in the plastic stack. Data 
from fragment charges 9 to 15 and all fragment generations are 
included. A total number of 14501 fragments with 7120 detected 
interactions is involved in this picture. The line shown in 
figure 6 represents the value of A* averaged over the whole 
stack. This value of A* = 0.96 ± 0.01 is below the normalized 
value of 1. 
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Figure 5: The normalized interaction mean free path as a 
function of depth D in th.e stack for fragments of 
9 < z < 15. 
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Figure 6: The normalized interaction mean free path of Z=18 
beam particles as a function of depth D in the stack. 
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Figure 7: The normalized interaction mean free path as a 
function of distance x from the point of emission for 
fragments of charges 9 < Z < 15 for all generations of 
fragments. The data are-corrected for the systematic 
bias 

The error bars in figure 5 and the following figures 6 and 
7 indicate statistical errors only. Because of our high 
statistics we can assume the probability distribution of the ;\* 
for each interval of depth to be gaussian. The errors are 
calculated*for ;\* = 1, assuming that the deviations of the 
measured;\ from 1 are statistical fluctuations. 

Figure 6 shows the results of the normalized mean free 
path ;\* (D) for the beam particles as a function of depth in the 
stack. The mean value over all data points is ;\* = 0.93 ± 0.02. 
For Z=18 projectiles the detection of ~Z=1 interactions is 
biased, causing a too small value of ;\18 in comparison to ;\18. 
Here 5795 particles with 3968 interactions are involved. That 
is only a part of the beam nuclei. 

To investigate the anomalous mean free path effect, ;\*(x) 
was determined for intervals of distance x from the point of 
emission of the fragments. Figure 7 shows the result for 
fragments of charge 9 < Z < 15 with 6444 charge changing inter
actions. These data show a-reduced interaction mean free path 
within distances x < 1.2 em and surprisingly above x > 4.2 cm. 
The short mean free-path effect observable in our experiment is 
restricted to small values of x. This was already indicated in 
a preliminary analysis for Z=14 fragments [8] . 
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Analysis of Systematic Errors: 

Various systematic errors can in principle influence the 
result of figure 7. A specific problem causing systematic 
errors in our experiment arises from a small fraction of 
particle trajectories that are artefacts constructed by the 
computer programs. These trajectories are typically short and 
originate from data measured for overlapping etch cones and 
etch cones flawed by a surface structure of the plastic foils. 
A small number of faulty events has a significant influence in 
an experiment looking for a few percent of anomalous particles. 
This problem of our experimentl technique can in principle be 
solved by an improved software for the picture analysis system. 
The development of this software is in progress. For the 
experiment described here the only possibility was a reanalysis 
of all events with interacting or ending trajectories shorter 
than 1.2 cm. In a reanalysis by eyeball of more than 2000 
fragment trajectories the artefacts constructed by the auto
matic measurement and trajectory reconstruction were d.etected 
and eliminated. The results shown in figure 7 are free of this 
systematic error. 

To ensure that for the data with x > 1.2 cm this systematic 
error has no influence, we determined the difference of A*(x) 
before reanalysis by eyeball and after this reanalysis as a 
function of x. The systematic bias determined by this differ
ence is shown in figure 8. It can be seen. that for x 
approaching 1 cm this bias vanishes. 
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Figure 8: Systematic bias as a 
function of distance x from the 
point of emission of the frag
ments. The bias ~ives the 
difference of A (x) before 
reanalysis by eyeball and A * (x) 
after reanalysis by eyeball. 

If the probability to detect interactions of fragments 
depends on the distance from the point of production this would 
of course influence the measured value of A* (x). Since our 
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• 
data are taken by a computerized device, a possible bias of 
scanners knowing the value of x can be excluded. As the point 
of interaction (x=O) is distributed randomly over the plastic 
stack fluctuations ()f "the conditions for data measurement 
should be smeared out over all events and all values of x. 
Major influence of such fluctuations should be visible in the 
presentation of A*(D) in dependence of depth D in the stack 
shown in figure 6. These data and also the data of figure 7 
show no significant deviation of A* from the average. We re
examined the experimental conditions for depths 6cm to 9cm but 
found no reason for the slight increase of A*(D) in this inter
val, so that we have to interpret this as a statistical fluctu
ation. If we exclude this part of the stack from the analysis of 
A*(X) shown in figure 7 the difference between the interaction 
mean free path within the first centimeter and the next few 
centimeters is not influenced. 

We now discuss a systematic error that could in principle 
hide an anomalous mean free path effect. The dataset presented 
in figure 7 might contain events for which the point of emission 
(x=O) of the fragment is not correct. That means that an arbi
trary point x>O is assumed as x=O, where the probability of con
tributions by anomalous fragments has already decreased. In our 
data we included only fragments of charge Z<15 to ensure the 
correct recognition of the production of a fragment from the 
primary beam nuclei of Z=18 by a charge changing interaction of 
6Z>3. However, the data of figure 7 include also higher genera
tion fragments that were produced in interactions with 6Z<3. By 
excluding these higher generation fragments from the analysis 
the plot equivalent to figure 7 shows with slightly decreased 
statistic no significant enhancement of the anomalous mean free 
path effect. 

As tests for systematic effects of the experiment and to 
investigate a dependence of the result on different parameters, 
we divided the data in subsets looking for significant differen
ces from the presentations of figure 6 and figure 7. This was 
done 

1. as mentioned for fragments of the first generation and 
higher generations, 

2. by excluding higher generation fragments produced in 
6Z = 1 interactions, 

3. for interactions in which the fragments undergo a nuclear 
interaction with 6Z = 1, 

4. for interactions in which a fragment of charge Z~8 is 
produced in a collision of a fragment, 

5. for the same conditions described in 4) but Z<8 that 
means not detectable in CR39, 

6. for the data in an upstream and downstream part of the 
stack, 
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7. by dividing the data with respect to coordinates in 
the plastic detectors. 

8. by dividing the data with respect to odd and even fragment 
charges, 

9. by dividing the data with respect to small and large fragment 
charge (9<Z<12 and l3<Z<15). 

In none of these cases results with statistically significant 
difference to those of figure 6 and 7 were observed. That means 
that after all these tests no systematic effect was detected 
explaining the difference of A*(X) between the first centimeter 
and the next three centimeters. Also no explanation of the de
crease of A*(X), for x>4cm was found. Fragments interacting after 
large distances x from their point of emission necessarily inter
act in the downstream part of the stack. As indicated by figure 6 
the probability for defining interactions might be slightly en
larged in this part of the stack and as a result A*(X) might be 
reduced in figure 7 for large values of x. But this explanation 
is ruled out by test number 4. Interactions, in which an out
coming fragment with a charge Z>8 is seen are very unlikely to 
be simulated by systematic errors. 

Discussion: 

To answer the question whether we see an anomalous mean 
free path effect at all the problem of the normalization has to 
be discussed. The values of A measured for interactions in the 
interval 1.2xm~x~4.2cm of distance from the goint of emi~sion 
are compared with the calculated values of AZ shown as llnes 
in figure 9. A comparison of the seven data points with the cal
culated values based on a x2-test gives X2=5.87 for 7 degrees 
of freedom. That means that the measured and calculated values of 
AZ agree for 1.2cm<x<4.2cm. The most crucial point is the de~ 
crease of A*(X) for x>4.2cm. We presently reanalyse the data 
for 4.2cm<x<6.2cm by eyeball to be sure, whether this is due to 
a systematic effect. It should be mentioned however that an 
increase of the cross section behind large distances was ob
served earlier for fragments of l2c projectiles in the Dubna 
bubble chamber 10cm behind the point of emission [10]. 
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Figure 9: Comparison between the interaction mean free path 
measured for 1.2cm x<4~2cm (points with error bars) 
and the calculated-values (dotted lines). 

If we restrict our discussion to the results for x~4.2cm, 
tha data in the first 1.2cm are 2.8 standard deviations away 
from the normalization value of 1. A parameterization of our 
data ignoring A*(X) for x 4.2cm based on the model of E.M.Fried-
1aender et a1. [1] shows that an admixture of 1.2% fragments 
having an interaction mean free path of A =0.65cm can explain 
the observations. The normalized 1ike1iho8d to observe our 
result under the assumption of an admixture of 6% with A =2.5cm 
is 2-10-6 if we compare the raw data. Such a comparison 8f 
course has to consider the influence of the different targets 
on the anomalous mean free path effect. This is unknown. But. 
for a model where anomalous fragments disappear due to collisions 
only - based on a very large cross section - we can assume, 
that instead of measuring the distance x from the point of emis
sion of the anomalous ,fragments, this should be done with respect 
to the number of collisions. Following this idea we can estimate 
that 1cm of CR39 corresponds to 1.37cm of emulsion. The norma-
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lized likelihood to observe our results under this assumption 
for the parameters 6% and Aa =2.5/1.37cm is 2-10-3 • 

Our experiment looking for an anomalous short mean free 
path of fragments from relativistic heavy nuclei was performed 
under conditions slightly different to the experiments using 
nuclear emulsions. 

1. In CR39 (C12 HIS 07) as a target all nuclear collisions 
take place with light target nuclei. For a considerable 
number of the collisions hydrogen is the target. This 
is different to an experiment using nuclear emulsions, 
where additionallyto.light target nuclei the heavy 
nuclei like Ag and Br are present. 

2. Our analysis was restricted only to heavy fragments, 
light fragments-are not detectable due to a threshold 
of the CR39. Additionally fragments of charge Z=17 
and Z=16 produced from the primary Ar-beam nuclei are 
not included. That means our data include only a small 
number of interactions where the fragment is produced 
in a ~Z<2 charge changing fragmentation for fragments 
of higher generations. 

3. Furthermore only the results of one experiment using 
nuclear emulsions were based on a considerable number 
of primary 40Ar projectiles [2]. The other experiments 
used 160 or 56Fe beams. 

Our data cannot rule out the existence of an anomalous 
component showing a reduced mean free path. But this is present 
only wi thin the- first 1.2cm after emission with a small abundance 
of 1.2%. Due to this the statistical significance for the existence 
of this component is still below 3 standard deviations in our ex
periment although based on our technique we have been able to 
investigate a large number of interactions. We will perform 
further experiments with different beam nuclei and heavy target 
foils between the plastic detectors to look for an enlarged 
signal from anomalous fragments under different experimental 
conditions. 

Work supported by the Bundesminister fur Forschung und 
Technologie, No 06 51 159. 
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Study of Anomalous Nuclear Projectile Fragments in Reactions 
of 1.85A GeV 40 Ar in CR-39 Etched Track Detector 

M.L. Tincknell and P.B. Price 
University of California, Berkeley 

Anomalous nuclear projectile fragments, or "anomalons," were first 
observed in cosmic rays by nuclear emulsion as a rapid series of nuclear 
interactions in a short distance. They were later seen as a statistical ano
maly in secondary mean-free-paths (mfpfs) in cosmic rays, and most recently 
and convincingly observed in high-statistics experiments using Bevalac beams 
which showed short mfp's for secondary fragments measured within the first few 
centimeters after the primary interactions. Because of the controversial and 
provocative nature of these reports, an alternative technique with different 
systematic errors and methodology is essential to confirm and illuminate the 
anomalon phenomenon. CR-39 etched track detector provides this alternative. 
It allows sampling of the electric charge with high resolution at approxi
mately 600 ~m intervals along a nuclear track, and thus successive nuclear 
charge-changing interactions in short distances can be observed. We report 
here the observation of depressed secondary mfp's in the first centimeter orso 
beyond the primary interactions in CR-39, in agreement with the previous emul
sion work. 

CR-39 is a visual detector like emulsion, and the use of human observers 
to record data for individual tracks necessitates slow data acquisition and 
limited statistics. In our experiment a beam of 1.85A GeV 40 Ar ions enters a 
stack of 640 ~m CR-39 sheets perpendicularly, and the etched tracks appear as 
conical pits on the top and bottom surfaces of the plastic. The pit diameter 
is a monotonically increasing function of (Z/S), and for our etching condi
tions, the diameters of the Ar tracks are about 35 11m. The modest energy loss 
in plastic, and persistence of beam velocity by nuclear fragments, allows the 
nuclear charge to be extracted from a measurement of a single diameter with 
charge resolution ~0.25e for nuclei 10 ~ Z ~ 18. The following are important 
differences between tracks observed in CR-39 and nuclear emulsion: 

1) only charge-changing nuclear interactions can be seen; 
2) in CR-39(DOP), only particles with Z ~ 10 at relativistic velocity 

record tracks; 
3) no target fragmentation is observed; 
4) there is a finite sampling thickness, fundamentally limited by the 

sheet thickness. 

Our measurement technique is semi-automated, with a human observer par
ticipating in the acquisition of each individual track diameter. We have a 
computer-driven precision stage which can index to prerecorded track posi
tions, and a Compumetric Automatic Measuring System which automatically finds 
the track diameter by detecting the edges of the track's video image. 'The 
human must distinguish the track being followed from neighbors, center it, 
and ensure that the track diameter is not flawed. The diameter and position 
for each observed track are recorded directly on a computer file. This 
system has been previously successful in measuring the interaction mfp's of 
primary Ne, Ar, Fe, and U, and was used in our recent negative search of over 
1000 projectile fragments for nonintegral charge (Price et al., Phys. Rev. 
Lett. 50, 566 (1983)). 
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We use a "find and fallaw" technique which isalates secandaries innnedi
ately and prapagates them into. the stack in centimeter jumps. Secandary 
interactians are further lacalized to. 0.25 cm intervals by a binary cut pra
cess. CR-39{DOP) is quite transparent after etching, and the physical super
impasure af sheets an the stage is essential to. aur methad. We find the 
secandaries initially by superimpasing and aligning twa sheets which were faur 
sheets apart in the ariginal stack. We then facus thraugh to. the interface 
between the twa sheets and scan a large area at l60X magnificatian. The 
assaciated pairs af tracks are abserved and the pasitians af any new, abserv
able secandaries praduced in the 0.32 cm interval are recarded. In five such 
intervals that we scanned near the frant af the stack, we abserved 1615 secan
daries with 11 ~ Z ~ 17. The centimeter jumps were dane by superimpasing a 
new sheet an ane taken fram a lacatian 1 cm upstream, so. all tracks in a field 
af view cauld be matched, and ambiguities and interactians simply resalved. 
Diameter measurements were taken from the tapmast surface at 200X magnifica
tian. With aur expasure density af abaut 500 tracks/cm2

, the crassing af 
tracks and the lateral displacement af tracks af nuclei with large transverse 
mamentum were anly minar prablems. Abaut 18000 diameters were recarded, nat 
including verificatians. Almast all measurements were dane by a single 
individual (Tincknell). 

Several pitfalls and patential systematic errars were encauntered, as 
fallaws: 

1) there were significant variatians in track respanse fram sheet to. 
sheet, necessitating twa-parameter narmalizatians af the data in each 
sheet; 

2) there were minar variatians af respanse within a single sheet which 
braadened the charge peaks; 

3) crassing tracks af similar diameter were sametimes difficult to. 
identify; 

4) an interacting fragment near anather small track cauld sametimes be 
misinterpreted as no. interactian, ar an interact ian to. the wrang 
daughter; 

5) there were rare, very small, insensitive patches an same sheets where 
the tracks did nat recard; 

6) accasianally a secandary track wauld crass an unrelated primary aver a 
0.5 cm interval and be tempararily eclipsed; 

7) interactians which accurred in the small valume af plastic which was 
subsequently remaved by etching sametimes praduced a single track 
apparently intermediate in charge between the previaus and fallawing 
particle, mimicking a fragment af shart pathlength. 

The latter three patential prablems were mitigated by requiring twa abserva
tians af a track with the same charge in arder to. canfirm its existence. 
Prablems 3) and 4) were mastly resalved by reference to. the underlying sheet 
where tracks cauld be matched up. 

The data were analyzed by standard techniques first autlined by 
Friedlander et al. 610 secandary interactians in the charge range 
11 ~ Z ~ 17 were abserved within the first 6 cm after the primary interac
tians. The data far individual charges were paaled in twa different ways to. 
increase statistical significance. A charge-weighting derived fram the 
empirical relatian A = Az-b was used to. define a parameter A far variaus 
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distance bins beyond the primary interaction, as shown in Fig. 1. The data 
are binned so that there are about 175 interactions in each of the three bins. 
A 2.5 Standard Error depression in A is obtained in the first bin of 0.38 to 
1.54 em from the primary interaction. The. latter two bins from 1.54 to 3.1 em 
and from 3.1 to 5.0 em and the primary mfp's for Ne, Ar, and Fe agree well 
with values calculated from the Bradt-Peters expression for geometrical cross 
section, using the constants obtained by Westfall et al. (Phys. Rev. C 19, 
1309 (1979». A second method of pooling charges, using F ratios of the-up
stream to downstream mfp's of individual charges, and adding the logarithms 
of the F probabilities as a Chi-squared sum, gives a statistical probability 
of <3 x 10-2 for observing our result under the null hypothesis of no anoma
lous behavior. A two-parameter fit to the data in Fig. 1 leads to a fraction 
of anomalons of about 0.05 and anomalous rnfp slightly greater than 1 cm. 
Figs. 2 and 3 show a breakdown of the A parameter for subsets of the data, 
first for even vs. odd charges, and then for low, medium, and high charge 
groups. Within the weak statistics of individual charges, all in the range 
11 ~ Z s 17 except 15 and 16 show anomalous behavior. 

Secondo.ry 1\ vS Distance Secondary 1\ V5 Disto.nce 
~r t.veVl Z and Odd Z • z. 12, 1~, 16 ~o ... Low, MMII.IYn,and \1i~h Z 

1.10 ± · Z"',13,15,17 1.20 

1>--:~ ___________ u n __ + Au.:: ------ nnn _m 

A "''''b.QO +-1--,--1 A"'·· .. O.QO 

~ro ~~ 

~o ~ 

o o 

21 

.z.II,IJ,13 
& Z, 11.14,15 
_Z'I';,",17 

5 



The main conclusions of our work are as follows: 

1) anomalons are observed at -2.5 S.D. in CR-39 for 11 ~ Z ~ 17 in pro
jectile fragmentation of 1.85A GeV 40 Ar ; 

2) both even and odd charge secondaries show anomalous behavior; 
3) the anomalon mfp of -1 cm is shorter than the 2.5 cm value usually 

reported in nuclear emulsion, whereas the primary mfp's are closely 
similar in the two media when measured in centimeters. 

These observations confirm the emulsion results with a very' different 
technique and validate CR-39 as a useful detector for anomalon investigation. 
We cast doubt on theories of anomalons where just a few "magic number" 
charges may be anomalous, or which predict an even-odd charge dependence. The 
apparent shorter anomalous mfp in CR-39 than in emulsion may result from the 
different target composition of CR-39 (Cl2RlS07), or may support Mac Gregor's 
hypothesis that anomalous mfp's are a decreasing function of charge. (Our 
average Z is -14, whereas the -average charge in the emulsion measurement of 
Friedlander et al. is -10.) 

Future uses of CR-39 in our group for anomalon research will include 
investigation of more heavily charged primaries (Z = 26 and 36), an experiment 
to observe an anomalon lifetime in a di.lute stack, and a project to find a 
primary energy threshold for anomalon production. 
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First Results from a Repeat Experiment on the Mean Free Path 
of Projectile Fragments from 1.88 A GeV 56Fe--Emulsion Interactions 

Y.J. Karant, H.H. Heckman, and E.M. Friedlander 

Nuclear Science Division, Lawrence Berkeley Laboratory 
University of California, Berkeley, CA 94720 

In previous papers [1,2J, we reported on results we had obtained on the 
mean free path (MFP) of secondary and later generation projectile fragments 
(PFs) from 1.88 A GeV 56Fe primary nuclei incident on emulsion. We have 
repeated the experiment with careful systematic controls and report here our 
first results on the PF MFP. 

In this experiment, we used three different stacks denoted symbolically 
by 2 Fe, Long Fe, and 3 Fe; each stack was made of 600 ~m thick pellicles of 
Ilford G-5 research emulsion. The number of pellicles and dimensions of 
these stacks are, respectively, 42 pellicles of size 7.5 x 12 cm2, 63 
pellicles of size 10 x 23 cm2, and 50 pellicles of size 7.5 x 25.5 cm2, 
where the dimensions have been rounded to the nearest 0.5 cm. In all cases 
the primary particles entered the stacks normal to one end and parallel to 
the long dimension. Stack 2 Fe was the stack used for our previous 
investigation. We have done further scanning in stack 2 Fe, as well as in 
stacks Long Fe and 3 Fe. The MFP of PFs of charge >3 are reported from stack 
3 Fe only, while He PFs are reported from all three-stacks. 

The reason for this charge selection is that for stack 3 Fe we had 
calibration beams of C and Ar present in the same emulsion batch, exposed at 
essentially the same time, and processed with the emulsion that we used for 
track following. Hence, we can verify with known charges our charge 
measurement methods that depend on delta-ray parameters of the track 
structure over a wide range of charge. By comparison, our published results 
for the 2 Fe stack were dependent on the known primary Fe tracks and one very 
good candidate for the track of an 0 PF, where the 0 was identified by its 
own interaction topology into four He PFs. For charges from He to C, we have 
an alternative method using lacunarity [31, which can be internally self 
calibrated; however, as we have not yet calibrated charges from Li to B in 
stack Long Fe, nor have we charge measured our new data in stack 2 Fe, we 
only analyzed He PFs from these stacks. Direct measurements under several 
conditions have shown that visual identification of He PFs is better than 99% 
reliable. 

In this scan, as in our previous experiment, we followed Fe primaries 
until they either interacted or left the pellicle in which they entered the 
stack; no primaries were followed from pellicle to pellicle within the 
stack. When a primary interacted and gave rise to PFs of charge greater than 
or equal to He within the forward 6° cone, such PFs were followed throughout 
the stack (from pellicle to pellicle, if needed) until they interacted, left 
the stack, or stopped in the stack due to ionization energy loss. Unlike 
stack 2 Fe, stacks Long Fe and 3 Fe were long enough to actually stop PFs of 
charge near to Fe by ionization losses even if they had the beam velocity. 
Hence, if we wish to compare our present data with our published results, we 
must make them systematically compatible, i.e., provide the same energy 
spectra and the same potential paths. 
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The simplest first step to compare the two experiments is to change the 
actual stack length in all cases to that of stack 2 Fe, i.e., 12 cm; this can 
be easily accomplished in the data analysis programs by ignoring all tracks 
that have a starting coordinate beyond 12 cm and by terminating all other 
tracks at 12 cm, so that interactions beyond 12 cm are ignored. This is what 
we have actualiy done. Under this cut, we have a total of 754 PF 
interactions to use, as compared to the 730 that we previously had from Fe 
initiated processes in [2J. 

While there are many ways to examine the MFP data for the presence of an 
anomalously short component, one of the most direct is to plot the MFP 
parameter A* as a function of the distance after emission of a PF and thereby 
determine if the data agree with our previous observations. In this analysis 
we assume the same scaling law for the MFP as a function of charge as we used 
in the previous analysis of the LBL data: 

A( Z) = AZ-b 

where we assign A = 32 cm and b = 0.43. 

A basic quantity to plot is the ratio R of the measured A* to its 
expectation A; this permits experiments with different scanning efficiencies, 
interaction definitions, or other systematic differences to be compared. To 
compute A* one sums all the measured path length SN(Z) of particles of 
charge Z, multiplies it by Zb, adds this to the charge weighted path length 
of the other charges, and divides the whole by the number N of interactions 
observed, i.e., 

A* = 
~ SN(Z)Zb 

~ N(Z) 

Computed in this fashion, the ratio R has the expectation value of 1 in 
the absence of anomalons. We have plotted in fig. 1 the published results of 
three different experiments [1,4,5J including the NRC-LBL result of ref. [1]. 
Superimposed on this plot is a curve that represents the alternate hypothesis 
that 6% of PFs are anomalons with a fixed MFP of 2.5 cm independent of Z. We 
also plot here our new results under the systematic cuts mentioned above. As 
can be seen by direct inspection, our new data deviate from a value of R = 1 
and are fully consistent with the other experiments and with the anomalon 
hypothesi s. 

Unlike our previous experiment, a systematic scan was also done on all 
He PFs from extranuclear cascades initiated by Fe primaries. To keep 
consistency with the 12 cm stack cut used for PFs of charge >3, we present 
here our first results for He PFs under the same cut. Under-this cut, we 
have 1161 He PF interactions. We compute the observed MFP A* unscaled by any 
charge weight factor, i.e., 

SN 
A* = N 

where SN is the total path length within the bin of both interacting and 
noninteracting He PF tracks, and N is the number of observed interactions 
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within the bin. We have already measured the MFP at 2 AGeV of primary 4He 
and primary 3He, the only isotopes expected to have any reasonable 
population in He PFs. We observed 1010 4He interactions with a MFP of 
21.85 cm and 445 interactions of 3He with a MFP of 19.50 cm. Based on PF 
cross sections [6J, we expect 75% of the He PFs to be 4He and 25% to be 
3He. Using this mix, we would expect a He MFP of 21.26 cm; to be on the 
conservative side, we take the expected value of the He PF MFP to be 21 cm. 
Even though there is a slight difference between the measured MFPs of the two 
He isotopes, over a 10 cm interval the MFP of the mix should stay essentially 
constant at its expectation value. 

We plot in Fig. 2 the ratio R of our measured He PF MFP, A*, to its 
expectation value of 21 cm, against the dist~nce D after emission of a He PF, 
along with a curve representing a 2.5% 2.5 cm component. As is evident by 
visual inspection, the data agree rather well with such a curve. By 
combining the first three cm distance bins, we observe a MFP of 18.9 cm with 
513 interactions, which is 2.3 SD away from the expected value of 21 cm. 

In conclusion, our new data on PFs in the charge interval from Li to Fe 
from 1.88 AGeV 56Fe primaries agree with our previous results. In 
addition, we have made a systematic examination of the MFP of He PFs as a 
function of distance after emission and find that these too appear to have 
anomalons present. However, the inclusive effect in He PFs is weaker and 
will require further analysis and data for elucidation. 

This work was supported by the Director, Office of Energy Research, 
Division of Nuclear Physics of the Office of High Energy and Nuclear Physics 
of the U.S. Department of Energy under Contract DE-AC03-76SF00098. 
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Fig. 1: A com~arison of the data of Refs. [1,4,5]· with the data of this report. 
The ratio of A /A is plotted as a function of distance after emission. The straight 
line at 1 represents the null hypothesis of a normal PF MFP, while the curve 
represents the hypothesis of 6% anomalons with a fixed MFP of 2.5 cm independent of 
PF charge. Insert: the points are the result of .combining the data of Ref. [1] 
with the data of this report, while the straight line and curve are the same as 
in the main figure. 
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Fig. 2: A plot of the ratio of the observed He PF MFP from this experiment to 
its expectation value of 21 cm; the ratio is plotted against the distance after 
emission of the PFs; straight line, the expected dependence under the null 
hypothesis of normal PFs; curve, the expected dependence under the hypothesis 
that 2.5% of the He PFs are anomalons with a 2.5 cm MFP. 
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THE MEAN FREE PATH OF RELATIVISTIC FRAGMENTS FROM HEAVY ION 

REACTIONS INDUCED BY 1.8A GeV 40Ar IN LOW SENSITIVE NUCLEAR 
* EMULSIONS 

BANARAS1 - CHANDIGARH2 - JAIPUR3 - JAMMU4 - LUNDS collaboration 

S.B.Beri2 , K.B.Bhalla 3 , R.Bhanja 1 , A.Bharti 3 , V.S.Bhatia2 , 

G.ClaessonS , s.GarpmanS , S.K.GUpta4 , V.K.Gupta4 , N-Y.HerrstromS , 
S . 1 422 4 B.Jakobsson , R.Joseph , G.L.Kaul , G.Kaur , M.Kaur , S.Kumar , 

V.Kumar4 , S.Lokanathan3 , I.LundS , L.K.Mahgotra4 , I.S.Mittra2 , 
~ S S S 4 4 B.Noren , A.Oskarsson , I.Otterlund , Y.Prakash , N.K.Rao , 

s.sankhyadhar4 , s.satti4 , M.M.SherifS**, K.soderstromS , 

S.K.Tuli 1 • 

Preliminary data is given for the m~Bn free path of projectile
like fragments, 2~Z~18, emitted in Ar induced heavy ion reac
tions in nuclear emulsions at 1.8A GeV as well as in later gene
rations of fragmentation chains. 
Only within a distance of one cm or less from the interaction 
point do we observe an enhanced collision frequency. If this 
observation is a signal of an anomalous fragmentation component 
this musf have a very short mean free path or a lifetime less 
than 10- 1s. Some suggestions are given for systematic or sta
tistical effects which could also possibly explain our results. 

* Presented at the 2:nd Workshop on Anomalons, Lawrence Berkeley 
Lab., June 28 - J"uly 1, 1983, by B.Jakobsson, Univ. of Lund, 
Lund, Sweden. 
** On leave from Phys.Dep., Fac. of Science, Cairo Univ., Egypt. 

27 



INTRODUCTION 

Cosmic ray based- 1) and recent accelerator based heavy ion 

fragmentation experiments2- 4 ) have given some indications of an 

anomalous component which has an extremely large reaction proba

bility and a long enough lifetime to produce collisions separa

ted in space from the primary interaction. Speculations about 

the origin of this component range from quark-gluon effects 5- 6 ) 

via normal nuclear physics effects7- 8 ) to quasi-molecular 

effects 9 ) • 

In this paper we give a status report from a proceeding nuclear 

emulsion experiment where particular attention is paid to; 

i) The charge identification of the fragments from all genera

tions of collisions. 

ii) Estimations of statistical fluctuations by means of Monte

Carlo simulations of the experiment. 

iii) A test of possible sources of background which may simulate 

the observed "anomalous" effect. 

EXPERIMENTAL DETAILS 

Three stacks, containing 1.1 litre of Ilford G5 emulsions have 

been exposed horisontally to the 1.8A GeV 40Ar beam of the Beva

lac with a flux of 2.10 3 ions/cm2 • The sensitivity of the emul

sions is low (7 grains per 100~m for minimum-ionizing particles) 

which means that only projectile fragments with a charge Z~2 

can be observed normally. This has the advantage of giving a 

relatively clean registration of the projectile-like fragments 

close to the interaction point. Almost 5300 primary 40Ar tracks 

have so far been followed (along-the-track) under 250 X magnifi-

1) B.Judek, Can.J.Phys. 46 (1968)343, 50 (1974)2082 and refe-
rences therein. - -

2) E.M.Friedlander et al., Phys.Rev.Lett. 45 (1980)1084 

3) P.L.Jain and G.Das, Phys.Rev.Lett. 48 (1982)305. 
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cation and the mean free path is found to be 9.21±0.16 cm. This 

value is surprisingly close to the expected mean free path (9.08 

cm) determined from the overlap reaction cross-section ex

pression, 

(J -= 
R 

2 (A 1/3 + A 1/3 
nro 1 2 (1) 

, , 

fitted to all available data(r = 1.5 f~ , b = 1.3 fm) as we 
o 

know it. This indicates that we lose only a few interactions in spite 

of the low sensitivity. Normal scanning efficiency tests by doub

le-scanning agree well with this statement since the efficiency 

was found to be ~ 95%. 

The mean free paths of 40Ar reported from the five different 

laboratories which contributed to the data collection have only 

normal statistical fluctuations as shown in table 1. The natural 

guess that those collisions which are lost in the scanning, have 

a small charge difference between primary and secondary fragment 

is confirmed in the next section~ 
40 . . 

About 700m of Ar and 25Z~18 fragment tracks has been fallowed 

so far, resulting in the number of collisions in the different 

generations given in table 2. Up to five generations of frag

ments have been observed and in one single case a fifth genera

tion fragment collided within the stack. The notations which are 

used subsequently in this paper for various fragments and colli

sions are given in table 2. 

CHARGE DETERMINATION 

The preliminary classification of the fragments into the charge 

groups a (Z=2), L (3~Z~5), M '(6~Z~9) and H (Z~1a), baSed main

lyon the scanners visual inspection of the track, is follovled 

4) W.Heinrich et al., Univ. 0f Siegen Preprint 51-82-15 (1982). 

5) Y.Karant, Lawrence B~rkele~ Lab. Preprint LBL-9179 (1979). 

6) 5.Fredriksson and M.Jandel~ Phys.Rev.Lett. 48 (1982)14. 
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up by accurate charge measurements. Two methods were followed in

dependently. One group (Lund) measured the gap densities of light 

fragments (Z~4) and the track width from light absorption with 

a photometer for higher charges. The charge spectrum based on 

fragments from 1350 primary nuclei (only F 1 ) is given in fig.1; 

Here the proper gap density-charge and width-charge relations, 

based mainly on calibration tracks of He,Li,C(calibration expo

sure) and Ar, have been introduced. The charge resolution (oz) 

is 0.2 units for light fragments, 0.3 units for 12c and 0.5 units 

for 40Ar (see fig.1). Because of this resolution and the low sta

tistics of medium- and heavy fragments we can of course not ex

pect to see separated charge peaks for Z~7. 

The other experimental groups measured the gap density and gap

length distribution with eyepiece micrometers for each fragment 

track. The correlation between the gap density and the (inverse) 

mean gap length (the gap length coefficient) gives the charge 

determination within 0.5, 1~0 and 1.5 units for the L, M and H 

groups respectively. The mutual normalization between the diffe

rent pellicles and the different scanners was checked continous

ly by measurements on tracks with known charges (i.e. Z = 2,3,6 

and 18). 

The two methods give charge distributions in good qualitative 

agreement. Therefore the charge distribution. of the entire samp

le of F1 fragments is shown in fig.2 (histogram) compared to a 

distribution which is obtained from existing spectrometer da

ta 10- 11 ) and the assumption of factorization of fragmentation 

cross-sections 10 ). This comparison indicates that we are under

estimating the number of fragments with Z~13. Because of the 

poor information on the He-production cross-sections one may 

leave out this dominating contribution and renormalize the 

distributions in the interval 3~Z~18 in order to make a rea so-

7) J.Boguta, Lawrence Berkeley Lab. Preprint LBL-13885 (1982). 

8) W.C.Harris and J.O.Rasmussen, Lawrence Berkeley Lab. Preprint 
LBL-14075 (1982). 
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nable efficiency estimation. When doing so, we find that only 

about 20% of the events producing a fragment with Z~13 is left 

out. This corresponds well to a total scanning loss of "5% as 

observed in the efficiency tests. 

EXPERIMENTAL RESULTS 

It has been suggested2 ) that the charge dependence of the mean 

free path can be represented by the formula, 

A z 
-8 = A Z . 

o 
(2 ) 

The overlap formula (1) together with information about isotope 

production cross-sections10 ) (or a parabolic mass distribution 

centered ar011.nd the most stable isotope) leads to A
Z 

values gi

ving the best fit to (2) for A =26.0cm and S = 0.38. Since we o 
have not yet completed our charge determination we use the a, L, 

M, H classification and assume from the preliminary charge dist

ribution (fig.2) that the average charge within each group (~) 

is 2, 3.65, 7.41 and 14.45 respectively. The experimental mean 

free path within each group (A. = L./N. where L. is the followed 
~ ~ ~ ~ 

track length and N. the number of collisions) is now multiplied 
~ 

by ~S and a weighted Z-independent mean free path, 

A* = IL.-ZB/IN. 
o ~ ~ 

(3 ) 

can be obtained. The a-group should contain a negligible amount 

of Z # 2 fragments and we have therefore first separated the 

fragment sample into this group and the 3~Z~18 group. All gene

rations are included since we did not observe any significant 

* differences between them with respect to Ao. 

9) B.F.Bayman, J.S.Ellis and Y.C.Tang, Phys.Rev.Lett. 49 (1982) 
532 

10)P.J.Lindstrom et al., Lawrence Berkeley Lab. Preprint 
LBL-3650 (1975). 
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* In fig.3 where Ao is presented as a function of the distance 

from the interaction point we observe that neither the a distri

bution nor the 3~ZS18 distribution is significantly different 

* from a hypothesis of a normal constant A . Possibly there is , 0 

in both cases a deviation in the first cm. When the two distri-

butions are combined ( fig. 4) the fluc-tuations beceme small enough 

to draw significant ,conclusiops. We see now, that the point 

representing the first cm is about three s.d. below the normal 
* " 

Ao' while the other pOints are statis;tically distributed around 

this value. It should be noticed that, A was not obtained from 
o 

our data which (excluding the first cm) give a slightly higher 

value (A =26.7 cm)~ <. 
o 

A separation into smaller d-bins (fig.4) shows that it is mainly 

in the first few rom from the interact"ion pOint where a substan

tially enhanced reaction probability is observed. 

From the detailed information about t?e generation number, the 

charge of the fragments, the' number c;f "target associated" par

ticles (Nh ) etc., we have observed the following tendencies; 

i) The tendency of a short mean free path in the first cm is 

more clearly observable for light fragments (i.e. a and L) than 

for heavy. 

ii) No differences are observed between the primary fragments 

and those coming from later generations of collisions (no memo

ry) • 

iii) A tendency towards a more clear short mean free path effect 

after Nh =0 ""' than after lIh~ 1 event's is observed. The main contribution 

to the Nh=O sample comes from reactions induced in the H-target 

component (can also contain decays). 

The gerieration distribution:is given in table 2. From this we 

can obtain the probability that 'N collisions in a chain from 

an F1 fragment will appear (P(N». For P(3), P(4) and p(S) we 

11) G.D.Westfall et al., Phys.Rev. C19 (1979)1309. 
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get (1.6±0.2) .10-2 , (2.0±0.7) .10- 3 -and (2.4:!:2.4) .10-4 respecti

vely. A complete simulation of the experiment (in progress) is 

in our opinion the only way to make a- good comparison to the 

null hypothesis (normal fragmentation). However we can meanwhile 

compare the experimental distribution to those obtained from 

a) an assumption of independent reaction probabilities (except 

for an increasing A with "increasinggem:eration number)a~longthe 

track and b) a Poisson distribution with the average N (N) taken 

from the experimental peN) distrfbrition (for justification see 
12) , 

ref. ). Hypothesis a) gives, 

(4 ) 

. 
The frequency of potential FS collision candidates at the end 

of the stack (fpidecreases due. to E?scaping fragments and colli

sions without a Z~2 fragment and increases due to mul ti-fragrnen-
"',' ~. ~ . 

tation) was found to be 0.5 in preliminary Monte Carlo simula

tions. xi can be taken as ,the potential path length (15cm) di-
, -. 

vided by N and Ai as AH, AM' AL , and Aa for i= 1, 2, 3 and ~4 

respectively. Hypothesis b) gives, , . 

( 5) 

where N is 0.46136. The values·for P(3), P(4) and peS) obtained 

from these assumptions are ( hypothesis b) within brackets) i 

1 • 9 • 1 0 - 2 ( 1 • 0 • 1 0 - 2 ), 1. 6 . 1 0 - 3 (1 .. 2 . 1 0 - 3 ) and 9. 9 • 1 0 - S (1. 1 • 1 0 - 4 ) 

respectively. Since none of the experimental frequencies for 3, 

4 or 5 collisions is significantly above the estimated null 

hypothesis, ~le can not claim .to see any anomalous fragmen

tation component with memory from the:gerteration distribution. 

More elaborated tests are discussed in 12) 

12) E.M.Friedlander et-al., Phys.Rev. C27 (1983)1489. 
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INTERPRETATION OF THE RESULTS 

If we take the viewpoint that the short mean free path we 

observe in the first few mm after an interaction is a signal of 

an anomalous fragmentation component, then we can make the fol

lowing statements; 

i) A pure stable anomalon contribution is of the order of 1% 

and its characteristic mean free path is about O.Scm. These va

lues are obtained from a least squares fit of the inverse ob

served mean free path, 1/A(X) = (1/Nc(X»)~N (x)/~x, (N is the c c 
number of collisions) to the function, 

1/A(X) = (6) 

where fN is the frequency of normal fragments and AN(A) is the 

mean free path of the normal(anomalous) component. The contribu

tion we find is smaller and the mean free path shorter than pre

vious r~ported values 2- 4 ) . 

ii) A pure decaying anomalous component must have a decay length 

(D = 8CYT) shorter than 1cm and thus a lifetime ,<10-11 s. The 

unstable component may of course also have an enhanced reaction 

probability but this situation will hardly increase the upper 

limit of the lifetime. 

Since we have found an enhanced reaction probability only within 

a short distance from the collision point it is very important 

to study whether statistical fluctuations or systematic ambigui

ties in the detection technique can introduce a simulation of 

this effect. The r-1onte Carlo simulation procedure, which we 

develop, includes an initial generation of the Ar entrance coor

dinates (from the beam profile) and the depth (from the diffe

rential reaction probability distribution) as well as the kind 
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of target nucleus for an eventual first collision. Once a colli

sion is appearing we generate the charge(s) of the produced 

fragment(s) (from topological cross-section weights) as well as 

its (their) angular distribution (Fer~i gas breakup). Generation 

for generation these fragments are followed until they leave the 

stack or produce a collision without any Z~2 fragment. 

In fig.5 we present a preliminary normal fragmentation simulation 
* ' 

of the first cm A distribution in 66 events with 3500 primaries o ' 
in each. This distribution should be asymmetric but for simpli-

city we have here fitted a Gaussian (not normal~ distribution. 

The experimental points of fig.4(lower) are indicated. A normal 

distribution of random errors (cr=1.24cm) places the 0-1cm poirt 
* 2.7cr (0.7%) from the average A • In view of the fact that seve-
o 

ralother experiments 2- 4 ) have reported a short mean free path in 

this interval we find it unlikely that this point is created by 

statistical fluctuations alone. 

Let us now turn to the possible systematic ambiguities. 

In fact most of the possible systematic errors have been dis

cussed and ruled out as explanations for the anomalous effect 

in ref. 12). The discussion about possible errors in measurements 

of distances,inhomogeneities in the emulsion, spread in the 

fragment energy and variable scanning efficiency is valid also 

for our experiment. 

Because of the short distance of enhanced reaction frequency in 

our experiment, both systematic and statistical errors in the 

final charge determination should be carefully considered. 

However, as long as the visual inspection of a few hundreds of 

~m is the base for our a, L, M, H classification, there should 

be no differences in the systematic errorS between the first cm 

and the rest of the track~ Naturally, a decrease of i with in

creasing distance from the interaction point is to be expected. 
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Very few He-nuclei are misidentified and for the other groups 

the estimated maximum systematic error is 0.5 charge units which 

* for the L group means that A has an error of < 5%. This is too 
o 

small an effect to account for the point of short mean free path. 

The strongest candidate for a simulating systematic error is in 

our opinion the possible background of n, p, d, t and 'IT induced 

reactions within a cylinder around the fragment track where con

fusion is possible. We have tried to estimate the possible num

ber of confusing interactions within a cylinder of 1vm radius, 

under the assumption that all nucleons which are not bound in 

Z~2 fragments come out as free protons and neutrons with an angu

lar distribution of, 

dN/dcose 
222 

= Co + C p. 2 cos e • e -Pbeam (1-cos e) /2 (J 

1 beam 
• (7) 

Pbeam is here the momentum per nucleon of the projectile. The 

distribution is a consequence of a Fermi-gas breakup + an isotro

pic (direct) scattering process. The constants C , C1 and 0 are 
. • 13) 0 

taken (after renormalization) ~rom ref. • The Z~2 fragments 

are in a first approximation all given an emission angle of 

e = 0 0 
- all except the He-nuclei which have a correction due 

to their rather wide angular distribution. A correct angular 

distribution of the heavy fragments, inclusion of nucleons bound 

in d and t fragments and track divergence due to multiple Cou

lomb scattering are all effects which may decrease the frequen

cy of confusing collisions substantially. However, the radius 

of the cylinder may well be 2vm and that would compensate the 

decrease. 

Because of all uncertainties, the graph shown in fig.6, which 

presents the number of confusing interactions per true fragment 

interaction as a function of the distance from the collision 

point, -,has an error of -50%. Anyhow, it is obvious that if only 

13) G.M.Chernov et al., to be published in Nucl.Phys A. 
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* the first 2.Srom after a collision gives a significant lower AO 

(see fig.4) then the introduced false anomalous behaviour due to 

the disturbing background cannot be ruled out (without further 

investigations) as a source of this effect. 

CONCLUDING REMARKS 

From our present data we cannot decide if the observed anomalous 

component (frequency 1%, mean free pathO.Scm) is a reality' 

which must be given a physical interpretation or if it is intro

duced due to a confusing background of interactions (possibly 

combined with other effects of systema'tic and/or statistical 

nature). Increased statistics of collisions within the first two 

cm from the interaction point, careful vertex measurements and 

complete charge determinations are ingredients in the final state 

of our experiment. We hope' thereby to be able to make a final 

conclusion about the observed short mean free path very soon. 

One of us (B.J.), who presented the 'status report, wishes to 

thank V.Kopljar and S.Persson for valuable contributions to the 

presentation and to the experimental work. 
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TABLES 

_L_A_B_O_RA_T_O_R_Y ___ A. Ar (cm) 

Banaras 
Chandigarh, 
Jaipur 
Jammu 
Lund 

Totally 

9.67±0.38 
.8.95~0.45 
8~76±0.38 
9.01±0.37 
9.34±0.26 

9.21±0.16 

Table 1. The primary 40Ar mean free 
path in emulsion reported from 
the different laboratories. 

KIND OF PARTICLE NOTATION NUMBER OF EVENTS 
OR COLLISION total cd2) L(3-5) M(6-9) 

Primary P 5293 
Primary collision P* 3494 
1:st gen.fragment F1 5603+ 3442+ 539 551 
1:st gen.coll. F 1* 2141+ 
2:nd gen. fragment F2 1395 851 191 194 
2:nd gen.coll. F 2* 371 
3:rd gen. fragment F3 229 159 28 25 
3:rd gen.coll. F 3 * 64 
4:th gen.fragment F4 30 22 3 2 
4:th gen.coll. F 4* 8 
5:th gen. fragment F5 4 3 1 0 
5:th gen.coll. F 5* 1 

H (~1 0) 

1071 

159 

17 

3 

0 

Table 2. The total number of fragments and colliding frag
ments(*) in all generations of the followed Ar 
projectiles. It should be noticed that two stacks 
with different length (15 and 20 cm) have been 
scanned. +means that the number has been correc
ted for some F 1 -He nuclei which were left out in 
a part (25%) of the scanning. 
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Fig.1. The charge spectrum from gap derts1ty(Z~4) and 
photometric(Z~5) measurements on F1 fragments . 
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Fig.2. The charge distribution of all F1 fragments 
in 40Ar+emulsion collisions at 1.8A Gev.1~~T1) 
solid curve is obtained from data in ref • 
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* Fig.3. The charge independent mean free path (Ao)as 
a function of the distance from the interaction 
point. Upper figure: He fragments from genera
tions 1-5. Lower figure: 3~Z~18 fragments from 
generations 1-5. The daShed Line represents A 
(see (2)) 0 
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* Fig.4. The charge independent mean free path (A ) as 
a function of the distance from the inte~action 
pOint. All fragments with 2'z~18 from genera
tion 1-5 are included. The upper -figure gives 
the O~d'2cm interval in 2.5rnm bins. 
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Fig.5. The AO value in the first cm from the interac-
tion point obtained in 66 Monte Carlo genera
tions of our experiment (normal fra~mentation). 
The points represent the measured A values 
from fig.4. The curve is a GaussianOfit. 
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Fig.6. The number of confusing p- and n induced colli
sions per Z~2 fragment collision (M(Z*)) as a 
function of the distance from the interaction 
paint (z*). The error bar is placed at a dis
tance of 2.5mm from the into point. For details 
see text. 
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Anomalous Mean Free Path For Z=2 Relativistic 
Projectile Fragments In Emulsion 

M. EL-NADI, O.E. BADAWY, M.N. EL-BAKRY, A.ABDEL-SALAM, 
A.A. EL-HAMALMvY, E.1. KAALIL, A.,1>.L MOUSA and 
M. EL-NAGDY. 

Physics Department, Faculty of Science, Cairo Univer
sity. 

The anomalous short mean free path (m.f.p.) of projec
tile fragments (p.f.) at small distances from emission 
vertix has been detected for fragments of Z~3 from different 
projectiles at energies up to ~2.D ASeV. (ref. 1 and refe
rences therein). For Z=2 fragments no clear cut conclusion 
is present (ref. 2,3). 

12 Here we report on some measurements of m.f.p. of ~=2 
C p.f. at 4.5 GeV/C/N (the highest available momentum now). 

Two NIKFI-BR-2 nuclear emulsion stacks (lDcm X 20cm X 600pm 
pellicles dmensions) , were tangentially irradiated with 
4.5 GeV/C/NI2C- ions and~-particles at the Synchrophasatron 
of the JINR, Dubna, USSR. 636, Z=2 p.f.s. emitted in a 3~ 
cone were collected by alotig the track scanning for the 
primary 12C interactions. These p.f. were classified accor
dino to the number Nh(Nh = number of heavily ionizing parti
cles tracks) of the primary 12c interaction events. Each 
p.f. was followed untill it inEeracted or left the stack. 
The maximum path length detected for these'p.f. amountsto 
~150mm. About 280 secondary interactions were collected. 

Fig. (1) shows the exponential absorption curve of 
Z=2 p.f. as a function of the distance D from the primary 
vertix. This fig. shows the presence of a component of an 
anomalously short m.f.p. Aa=2.5.cm and another one of an 
anomalously long m.f.p. of value> 20cm for the Z=2 p.f.s. 
produced in Nh=O(A) and Nh=1-5 (B) 12C primary interactions. 
Fig. (2) shows the m.f.p. of the Z=2 p.f.s. at distances 
D~2.Scm. and D)2.5cm. from the primary vertix as well as 
its avera0e value in different groups of Nh of the 12C 
interactions. The observations seen in fig. (1) are also 
clear here. Table (1) summarizes all these results. In 
fig. (3) we present the distribution of the m.f.p. of the 
Z=2 p.f. at distances D from the primary vertix for all Nh, 
Nh= 0 , and all Nh except Nh=1-5 groups of 12C primary 
interactions. (A, B, and C .curves respectively) . The 
contineous curves are calculated according to the interaction 
model (ref. 1). 'These contineous curves in fiq. (3) corres
pond to a value of the Aa=2 .Scm. and a fractior;", of the 
anomalon compoment = 6%, 17% and 13% in the groups of Nh 
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mentioned above respectively. The straight lines shown in 
fig. (3) indicate the value of the average mean path of the 
4.5 GeVjCjN ~- particle beam ~(normal) = l(beam) = 19.9±0.6 
em. determined from 1307 -inelastic interactions collected 
by along the track scanning of the stack irradiated by~ 
- beam. 

From our results we can conclude that: 

1. The presence of an anomalon component with short m.f.p. 
Aa=2.5cm. associated with the Z=2 12C fragments at 4.5 GeVj 
C/N is enhanced to a fraction of c/. = 17.4% for Nh = 0 
interactions of l2C. The average m.f.p. of Z=2 p.f. here is 
~= 12.7±1.3cm. which is ~ 4 S.D. lower than normal. 

2. A ne,,, component having an anomalously low cross-section 
or_a m.f.p. much higher than normal A(normal), is detected 
in case of Nh= 1-5 events of 12C interactions at distances 

D~.5cm. from the primary vertix. The average m.f.p. of 
the Z=2 p.f. in this regionsA=29.5±6.4cm. which is ~ 2 S.D. 
higher than normal. 

3. It was also observed that the probability for production 
of Nh=O events (white starts) in interactions of Z=2 
fragments produced in l2C Nh=O interactions is about three 
times higher than that for fragments produced in 12C Nh¥ 0 
interactions. The difference between these probabilities 
is about -3.0 S.D. with a probability =1.1 X 10-3 . 
According to the 2 x 2 Fisher test we get -3.42 S.D. with 
3.10 x 10-4 probability, a matter which cannot be normal. 

The authors are grateful to Prof. K.D.Tolstov of the 
JINR, Dubna, USSR for supplying the irradiated emulsions. 

Thanks also to Z.H. Abo-Gabal,' Z. Abo-Mosa, and 
Z.A. Motawei for helping in scanning of primary interactions. 
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Table 1. Detailed experimental information used for the comparison of 
estimated mean free path at D~2.5cm. and D>2.50m from the origin of the projectile 
fragment for different values of Nh(interaotion size of l2C with emulsion) 

D62.5cm. D > 2.5 cm. Average Value 

Hh Tracks Stars A cm. Tracks Stars A cm. Tracks ;stars A cm. 

0 203 36 12.5.:t2 • 1 '167 " 60' 12.B:t1~7 '203 96 12.7.'!.1.3 
1-5 262 21 29.5.:t6 •4 241 82 IB.J:!:.2.2 262 103 20.6.:!:,2.0 

:==6 171 27 14-.4:t2 •8 144 54 15.6:.2.1 ' 171 81 15.2:.1.0 

J.ll 636 84 552 196 15.9z.1.1 636 280 16.3±,1.0 17.3+1.9 -
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Are there Anomalons at Charge Two? A Comparison of Helium IndUEd 
Primary and Secondary Interactions in Nuclear Research Emulsion 
at about 2 GeV/Nucleon. 

N.Klein, E.GanBauge, M.Baagil, U.Bieschke, F.Killinger, 
R.Kretschmer, A.Laschek, and W.Weidner 
Philipps-University Marburg, West-Germany 

Abstract: 

A Comparison of secondary ~ stars induced in emulsion by 56Fe _ 
primary beams at ~evalac ~nergies of around 2 GeV/nucleon with 
primary stars of He and He of the same energy shows a clear 
difference in the asymmetry distribution of the target fragments 
as well as in the multiplicity distribution. Besides this a cut 
in the data set of the secondaries at the distance D = 3 cm down
stream from the emission point exhibits a special behaviour of 
the ~ -stars which are produced near to the primary star (D~3 c~ 
A connection with the anomalon effect seems to be obvious. 

At projectiles of charge Z~3 three independ~nt experimeAt~ 
have shown evidence for anomalons. Only one group reported 
about research on z=2 particles, and the effect was not found. 
At Marburg WA compared three different Z=2 particles: 
1) A stack of Ilford G 5 nuclear research emulsion pellicles, 

600fm thick, was exposed to a relativistic heavy-ion beam 
parallel to 5ge emulsion surface at the Berkeley Bev~lac 
(1.88 A GeV . Fe). The pellicle size2was 7.5 x 25 cm . 

2) A stack of smaller size, 7 x 12.5 cm ,'was·exp~sed like 1) 
3) Another stack was irradiated at B2rkeleywith He at the same 

energy, the size being 6 x 7.5 4cm , and 
4) A fourth stack was exposed to 2He at a slightly higher energy 

(2.1 A GeV) with size lOx20 cm . 

Out of these four stacks 3we h~ve three categories of beam par
ticles to be560mpared: He, He primaries and secondary ~ 's 
produced by Fe. The difference in the beam energy is so small 
that we can neglect it. F30m coun~er measurements we know that 
in nature the mixture of He and He is about 1:3. Therefore we 
took this ratio into account handling the two primarY3He-beams4 
If we speak about He, we mean the proportion 1:3 of He and He 
respectively. 
The tracks of the primary beams were followed along the first 
6 cm while the beam looses up to 350 MeV/nucleon. This means, 
the energy of the secondary ~'s are spread over an energy range 
of 1.9 to about 1.5 GeV/nucleon. Because of the low charge the 
energy loss of the relativistic ~'s can be neglected, and there 
is no difference between the mean energy of oc tracks which origi
nate a star "near" to the emission point (a~; D'3 cm) and the 
mean energy of such ~ tracks which go furthe~ through the stack 
( ()( >; D) 3 em). 
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Unlike the methods used in the experiments mentioned above
l

-
3

, 
we did not measure the mean-free pathes of the projectile frag
ments but analysed the target fragmentation. For each star the 
asymmetry A, defined by A~(F-B)/(F+B) was calculated and the 
distribution of A for the different groups was compared. F,B are 
the numbers of heavy tracks in· the forward and backward cone 
respectively. Moreover the number Nh of heavy tracks was counted 
their scattering angle ~ versus the primary direction was mea
sured, and also the projectile fragmentation frame was complete
ly analysed. To make sure that no single track would be missed, 
by means of a special device the projection of each star into 
the x-y plane of the view field of the microscope was drawn on 
paper, and the hight (Z-coordinate) was measured with a preci
sion 'of".:!:. lfA:m and noted on each track. From these data we can 
reconstruct the full geometry of the individual star. 

Normally it is obvious which track corresponds to an (t

particle, because the structure of the «-tracks is very typical 
in emulsion. Nevertheless there is a danger of mixing the 0('

tracks with tracks of slow 'protons from the target fragmentatim. 
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Fig.2:Like Fig.1,but only for 
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But this danger is easy to overcome in the case of ~)because of 
the slow protons changing their track structure considerably 
after about 3 cm. In the case of O{I: on the other hand the proba
bilit¥ for a. s~ow proton to produc~5a5star into the 6.0 forward 
cone 1S negl1g1bly small ,( < 3 . 10) . 

3 '4A total number of 508 stars was analysed, 144 He stars, 
211 He stars, and 153 ~ ~stars. While the stars belonging to a> 
and the He stars look very much the .same, the behaviour of the 
"near"()( group, ()( ~ , is a special one. This group shows a signi
ficant shift of the mean asymmetry A towards isotropy (A=o) 
which implies that the «'s seem to transfer less momentum to the 
target nucleus. Theangul:ar distributions . show the same tendency 
albei t not so expressively. . . 
With the asymmetrY2distribution of the "normal" stars, He-stars 
as reference, a )(. - test20f the two distributions leads with 
2 degrees of fre~d.om to X =15.8. • This . corresponds to a probabi
lity for the deviation being caused by just a statistical fluc
tuation of less than 1 '/0'. Fig. 1 shows the normalized anisotropy 
distribution of the two groups of stars. 

If the data is subdivided, corresponding to the complexity, 
of the target, into three groups 

1) small stars N = 1 
2) medium stars 2~ N~ ~ 8 
3) large stars N ~ 9 

one finds that the above mentioned effect is strohgest in the 
third group (see fig.2), while in the first two groups we cannot 
find any significant shift. From this one feels tempted to con
clude that only the large stars near the emission point are 
those which show the anomalous behaviour. That this is not the 
case we see immed:iately by inspecting table I which shows the 
probability P of "medium" and '~large" stars of both groups and 
the ratio R=P (2;/.8)/P(~9). 

Table I: Probability P of "medium" and "large" stars induced by 
He and 0<, ' and the ratio R of both. 

He CIt, 
medium 0.33 + 0.04 0.51 + 0.10 -large 0.42 + 0.04 0.28 + 0.07 - -
R=med./large 0.80 + 0.13 1. 78 + 0.40 

Table I tells us that in the case of ~~being the projectile there 
are almost twice as many -medium stars produced than in the case 
of "normal" projectiles (He). We shall consider the tl(~group as 
being enrich6d with anomalons as we would expect it to be from 
earlier work • They originate medium stars as well as large ones. 
But we find the fraction of ~medium" stars to be shifted towards 
normal asymmetry. Only the "large" ones show the typical beha
viour of target explosion, they exhibit a large number of frag
ments distributed rather isotropically. 
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May be the anomalons are produced with a high amount 9f 
inner energy. In a more central collision this could give rise 
to an explosion while in a more peripheral collision the ano
malon may survive. It would have been interesting to check this 
idea by following the fate of the 0(, projectiles. Unfortunately 
we had only ,2 events of the so called (){, C( I -type. But from B. 
Judek's work one can see that infact the mean-free path of her 
55 Ot, ()( '-events is extraordinarily short, namely .A*( (X ,Ct.') = 
12 . 5 + 1. 7 cm.· 

Work supported by the Bundesminister fur Forschung und Techno
logie, No.06 MR 136 and 158. 
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Behavior of Secondary Particles of Charge two, three and four 
produced from Relativistic heavy-ion collisions. 

P.L. Jain, M.M. Aggarwal, M.S. EI-Nagdy, A.Z.M. Ismail and K.L. 
Gomber, High Energy Experimental Laboratory, Department of 
Physics, State University of New York at Buffalo, Buffalo, New 
York 14260 

ABSTRACT 

We have used two small stacks of Ilford G-5 emulsion exposed 
to 56 Fe and ~oAr beams at about 2 GeV parallel to the pellicles 
surfaces. Each pellicle was scanned by along-the-track method. 
We thus found about 6000 primary interactions from which about 
6000 relativistic tracks of Z=2 and about 800 tracks of Z=3 and 4 
emitted from the primary interactions within 0.2 rad forward cone 
were followed until they either interacted or left the stack. We 
observed about 850 secondary He interactions. The He fragments 
are easily identified by their distinct grain intensities (~4g 
min and for relativistic tracks it should not change within 2cm 
of its path length followed from its production point) or by 
their 8-ray density measurements for Z=2,3 and 4. From the pro
duction points of Z=2,3 and 4 fragments, the dist~nce T available 
for its interaction in emulsion (the .potential length) or if it 
interacted, the distance S to the interaction point was recorded. 
The mfp of interaction is given by ~=(Eidi)/N where Eidi and N 
are the total path length of both interacting and noninteracting 
tracks and the number of interactions of. the i particles wi thin 
that path length interval, respectively. We,·shall discuss the 
mfp of He as a function of distances for different production 
angles and for Li and Be, we shall discuss mfp as a function of 
distance. 
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Search for Anomalons Among Singly Charged Relativistic 
Particles from 160 rnteractions at 2 Gev/Nucleon 

B. Judek 
Division of Physics, National Research Council of Canada 

Abstract. Mean free iaths of singly charged relativistic secon
dary particles from 1 0 interactions in emulsions have been 
measured. The results based on 1087 observed interactions indi
cate the presence of an anomalous component with a mean free 
path of about 5 cm, among the partffles emitted in the angular 
interval corresponding to P tan e between 200 and 400 MeV/c. 

Observations. A sample of 734 primary interactions with various 
fragmentation topolog~~s, produced by 2.1 AGe v 16 0 ions in a 
large emulsion stack l ) have been selected. In each event the 
emission angles (both the horizontal and vertical components) of 
the relativistic secondary particles have been measured. Tracks 
of 2385 particles were followed through the emulsions until they 
interacted or left the stack. They were selected on the basis 
of their grain densities «1.5 minimum ionization) and length 
per plate (~5 rom). Altogether 1087 secondary stars have been 
observed. The Inultiplicities of the singly charged relativistic 
particles (n ) and of the nonrelativistic target fragments (n

b
) 

have been ex~mined in both the primary and secondary interactl0ns. 

Results. The secondary particles should mainly consist of pro
jectile fragments including IH, 2H and 3H nuclei emitted at 
small angles to the primary direction, and pions spread over 
much wider angles. The transverse momenta per nucleon Q!)the 
projectile fragments are approximately equal to P tan e t and 
therefore this parameter was chosen for the presentation of the 
angular distributions in Fig. 1. The proportion of pions 
present has been·estimated by evaluating the ratio of the 
avel~re excess absolute charge carried by ·the secondary particles 

. ~z· to the average n multiplicity. s s 

The observations on primary stars from which at least one pro
jectile fragment with Z~2 was emitted are shown in Fig. lea}. 
The shape of this distribution is consistent with the assumption 
of a mixture of projectile fragments producing apeak at about 
60 Mev/c and pions (1\,30%), contributing ·to the wide spread of 
the distribution. The sample of the more central primary colli
sions from which only singly charged relativistic secondaries 

(l)P-primary momen.tum per nucleon at the interaction, a-lab. 
emission angle of the particle. 

(2)E.M. Friedlander et al Phys. Rev. Lett. 45, 1084 (1980). 

(3}~z = l:Z(fragments) + n -Z(primaryl. 
s s 
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are emitted gives rise to the distribution in Fig. l(b). It is 
very flat and the proportion of pions among the particles is 
estimated at about 50%. 

The particles have been grouped into three distinct P tan 0 
intervals ahd the variations of their mean free paths (mfp) with 
distance CD} from the primary interactions are presented in 
Fig. 2. The observations shown in Figs. 2(a) & (c) are consis
tent with their respective average values over the whole ra'nge of 
distances. On the other hand, for 200 < P tan e ~ 400 Mev/c 
(Fig. 2(b}) the mfp's appear to be shorter at D ~ 5 cm than at 
D > 5 cm. 

Table I shows the average mfp's (~), their values for D $ 5 cm 
(~1) and D > 5 em P'2), as well as the ratios F = A1/)..2' eyalua
ted for $ID{lller P,tan e interva:J..s. The mfp's of protons(~), 
deutrons l5) and pJ,ons (6) determlned by measurements on prlmary 
beams are 35.3 ± 1 cm, 25.6 ± 1.1 cm and about 40 cm respec
tively. Thus, for example, a beam of particles consisting of 
70% protons and 30% deutrons would have an average mfp of 31.7 cm 
at D = a cm and 32.9 em at D = 10 cm, i.e. its variation with 
distance would be rather slow. The present measurements for the 
secondary particles with P tan 8.~ 200 Mev/c give an average mfp 
of 31.1 ± 1.3 cm which is consistent with a mixture of protons 
and deutrons, while the higher value of 36.3 ± 2.3 em obtained 
for P tan e > 400 Mev/c suggests that the particles there are 
mainly protons and/or pions. 

The particles emitted with 200 < P tan e ~ 400 Mev/c exhibit an 
anomalously short mfp'of 24.7 ± 2.2 cm'for D ~ 5 em' and 38.9 ± 
3.0 cm for D > 5 cm. The corresponding F-ratio is .64 ± .12, 
i.e. it differs from unity by about 3 standard deviations. 
Similar calculations have also been carried out using different 
subdivisions of the data with P tan 0 intervals of 250-350, 
200-400, 150-500 Mev/c and values of D of 4, 5 and 6 cm. In all 
cases the F-ratio's were found to be less than unity by 2 stan
dard deviations or more. These results cannot be adequately 
explained by the presence of deutrons or some other particles 
interacting with a mOderately short mean free paths (~20 cm). 
On the other hand they are consistent with the assumption of an 
anomalous component with a mfp of the order of 5 cm and relative 
intensity of about 7%. 

(4) 

( 5) 

(6 ) 

N. Meyer & M.W. Teucher, Nuovo eim. 28, 1399 (1963). 

A.a. Vaisenberg et al, Sov. J. 

J.E. Allen et al, Phil. Mag. 6, 
et aI, Phil. Mag. 7, 237 (1961) 
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Conclusions 

(1) Singly charged secondary particles from 160 interactions 
emitted wit.h 200 < P tan (1 < 400 Mev/c exhib:i.t shorter mean free 
paths at distances D ~ 5 cm-; than for D > 5 cm from the primary 
interactions. This effect cannot be explained adequately by the 
presence of particles interacting with moderately short mean free 
path (> 20 cm), including deutrons tAlk·de.. It is consistent with the 
assumption of an anomalous component \-1i th a mean free path of 
order of 5 cm and relative frequency about 7%. 

(2) The particles measured in this experiment should mainly con
sist of projectile fragments including IH12H & 3H nuclei and 
pions. Using the nuclear emulsions technique it is not possible 
to identify the?fL individually, not" to measure their momenta· . 
with any precision. However, using the available information on 
the transferse momentum distributions of projectile fragments(7) 
it is possible to analyse the situation as follows: 

(i) The "anomalous effect" is not observed at P tan e < 200 
Mev/c. The m~in/Gaussian portions of the distributions-of 
the projectile fragments should be contained in this interval. 
Iii) The "anomalons" seem to appear among the particles 
emitted with 200 ~ P tan 8 ~ 400 Mev/c. This region corres
ponds to the "tail" portion of the projectile fragments dis
tribution apd which is attributed to the hadronic scattering 
processes (7). One expects that the proportion of pions among 
the particles is rather small. 
(iii) At P tan e > 400 Mev/c no effect is observed. The mea
sured particles should contain a large proportion of pions 
as well as the projectile fragments scattered through large 
angles. 

(3) The examination of the ns and n h mUltiplicities of the 

secondary stars have not revealed any distinct features of the 
anomalon interactions. 

(4) The present results confirm our previous observations on 
the secondary partictes emitted from interaction of relativistic 
cosmic ray nuclei(8). 

(7) E.!1. Friedlander & H.H. Heckman, LBL-13864 (198.2J. 
(8) B. Judek, Can. J. Phys. 46, 343 (19681 and 50, 2082 <-1972). 
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P tan 8 
l1ev Ic 

!S50 
50-100 

100-150 
150-200 

s 200 
200-250 
250-300 
300-350 
350-400 
200-400 
400-500 
500-700 
700-1000 

>1000 

No. of 
Tracks 

TABLE 1 
----------_._-----_._ .. _--,-_ .. _--_._--

Bean Free Path (em) 

A ._~J~~~5crr~ ___ ~1_~!~.~~~ __ .... _ ... __ ._.~. = "'/:_2._ 
217 33.9(110)"" 39.2 (26) 32.2 (84) 1.22~.22 
357 27.9(205) 32.5 (51) 26.4(154) 1.23!.16 
277 31.0(147) 31.3 (41) 36.8(106) 1.0Z!.lB 
203 34.7 (9~) 36.0 (26) 34.1 (69) 1.06!.23 

1054 31.1(557) 3_~.0(144) 30.0~413) ___ ~~U:!".1.9 __ 
171 40.8 (66) 3! •• 4 (23) 44.2 (43) 0.78~.26 
163 29.2 (73) 21.9 (32) 34.8 (41) O.63!.24 
197 31.7 (87) 22.4 (40) 39.7 (47) O.56~.22 
149 30.3 (65) 23.2 (29) 36.0 _(36) 0.64t.25 
6S0 32.8(291) 24.7(124) 38.9(167) 0.64±.12 
184 35.7 (70) 35.9 (24) 35.7 (46) 1.01!.25 
178 37.4 (65) 39.6 (21) 36.3 (44) 1.09!.27 
146 34,1 (61) 28.9 (23) 37.4 (38) 0.77±.26 
143 39.0 (43) 37.2 (18) 40.3 (25) 0.92±.31 

>.--::-4_0_0 __ -::-::6:-::5.c:::-l ___ 3,:-,6::..:c.-=3""-7( 2:::-;3:-::9:-::)..,--.-:;375 -,-' 2~(..::8_-,,-,6 )~ _____ J::-:7:-,-' 0 (153) ._ 0 . 95 ± •• ~]_ .. _ .•. 
Total 2385 32.7(l087).:~2.0(354) 33.5(73~ .. ___ O.96!:.Q.L_. 

'fNurnber of interactions. 
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A Search for Short-lived Anomalons in Projectile Fragmentation 

H.A. Gustafsson, H.H. Gutbrod, B. Kolb, B. Ludewigt, A.M. Poskanzer, 
T. Renner, H. Riedesel, H.G. Ritter, A.I. Warwick, H.H. Wieman 

Gesellschaft fUr Schwerionenforschung 
0-1600 Darmstadt, West Germany and 

Nuclear Science Division, Lawrence Berkeley Laboratory 
University of California, Berkeley, CA 94720 

Nuclear emulsion studies1,2 suggest that fragmentation products from 
relativistic heavy ion collisions have anomalously large reaction cross 
sections and that these anomalons disappear over the first few centimeters of 
their track in emulsions. If these "anomalons" exist, their disappearance 
could be due to either depletion by a very large reaction cross section, or 
decay with a mean lifetime of about 10-11 seconds and with only somewhat 
enhanced cross section. The counter experiment described here was designed 
to test the decay model proposed by Barber et al. 2 that explains the 
emulsion data by assuming that all produced fragments are anomalons with 1.6 
times the cross section of normal fragments and that the anomalons have a 
mean lifetime (T) of about 10-11 s corresponding to a mean decay length 
(CByT) of 9 mm. If the disappearance in emulsions is due to decay, one 
should observe a decreased number of secondary interactions in a low-density 
target, compared to the number observed in a solid target. 

We have conducted an experiment based on this density effect. Figure 1 
shows a schematic view of the experiment that was performed by bombarding 
alternatively a solid (20 mm thick) and a dilute (ten 2-mm slabs each 
separated by 20 mm) Cu target with a beam of 1.7 GeV/u 56Fe ions at the 
Berkeley Bevalac. The produced projectile fragments were detected, within a 
cone of ±1° opening angle 5.5 m downstream, in 6E plastic scintillators 
having succesive thicknesses of 1, 6, and 38 mm. The existence of 
short-lived lIanomalonsll should, because of the greater number of interactions 
in the solid target before decay than in the dilute one, move yields from the 
upper part of the energy loss spectrum to the lower part. This change in the 
shape of the measured 6E spectra should, when taking the ratio of the yields 
in the 6E spectra for solid and dilute targets, show up as a line with 
negative slope. The data were recorded using a "min bias" trigger that 
rejected events where a beam particle was detected. The measured pulse 
height spectra were calibrated using the energy loss of the beam particles in 
the detectors, and the yields from the solid and dilute targets were 
normalized to the same beam intensity. 

Figure 2 shows the ratio of the yields in the 6E spectra produced by the 
solid and dilute targets (open circles). The error bars shown are due to 
statistics only and do not contain the systematic error of 1% due to the 
normalization. The line is obtained from a least square fit to the data 
points. A fit to the data for a constant value of the ratio equal to one 
gave a chi square value of 1.04 per degree of freedom, only slightly greater 
than the 0.81 value for the line drawn, showing that our data are not 
significantly different from zero effect. To determine the sensitivity to 
the various proposed decay scenarios, a Monte Carlo simulation of the 
experiment was done. 
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The input to the simulation was taken from existing data on projectile 
fragmentation at this energy.3,4 The "anomalon" parameters used in the 
simulation were taken from refs. 2 and 5. The results of the calculations 
using these two sets of parameters are shown in Fig. 2. The open and filled 
squares are the results using the parameters from ref. 2 and ref. 5, 
respectively. As can be seen from the figure, neither calculation agrees 
with the experimental data. The lines are least square fits to the 
calculated points. 

Our experiment rules out the proposed decay mode1 2,5 in which the 
disappearance of the anomalous short mean free path is due to decay. Our 
data are consistent both with the nonexistence of anomalons and with the 
disappearance of the short mean free path effect due to reactions. If 100% 
of the projectile fragments are anomalons,' then 'our~'data indicate that their 
mean lifetime must be at least 5 x 10-11 s. It would then be desirable to 
search for them in, for example, a double scattering experiment. 

We are grateful to Dr. Y. Karant for valuable discussions. This work 
was supported in part by the Director, Office of Energy Research, Division of 
Nuclear Physics of the Office of High Energy and Nuclear Physics of the U.S. 
Department of Energy under Contract DE-AC03-76SF00098. 
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A SEARCH FOR ANOMALON DECAY BY RADIOCHEMICAL METHODS 

by 
a b a a . c G. Dersch • K. Aleklett , R. Beckmann , R. Brandt , E. M. Frledlander , 

w. Lovelandd, T. Lunda, P. McGaugheyC, N. Porilee" S. T. SeaborgC and RJ..einera 

We present preliminary data on the tests of a radiochemical approach 
to the investigation of the stability of projectile fragments from relativi
stic heavy ion collisions. The recent emulsion evidence for anomalously short 
mean free paths of at least part of such projectile fragments (lfanomalonslf) 
can be interpreted (most simplistically) by two extreme hypotheses, viz: 

a) Anomalons are essentially stable over the distances accessible to 
the emulsion experiments (~10 cm) [1] and, 

b) Most anomalons return to the nuclear ground state (lfnormal" cross
section) with a mean life-time comparable to the time necessary for traversal 
of such distances [2J. 

Although the experiment to be described is sensitive, in principle, to 
the presence of stable anomalons, too, its main aim is to test hypothesis 
b), above. 

The method used is identical, in its principle to the one used already in 
1941 by Rossi to detect the instability of the muon, viz. the comparison of 
production/absorption in dense and in diluted targets of the same composition. 

In the tests performed to date, identical Cu disks, 1 cm thick and 8 em 
in diameter were exposed in pairs to beams of relativistic projectiles in two 
configurations viz.: 

i) in close contact, and 
ii) separated by 10 cm of air. 

After exposure, spectra of the induced gamma activities were measured, 
with special attention to the 1369 keY line of 24Na. This isotope is produced 
with a sizeable cross-section only by hadrons and projectile fragments above 
~l AGeV, which are well collimated forward. 

We define the ratios Rl and R2 as the ratios of initial activities (after 
correction for 24Na decay) in the two geometrical configurations of the Cu 
disk pairs. With beam spots ~2.5 cm in diameter and opening angles of the 
projectile fragment cones less than 12 degrees the loss of projectile frag
ments in configuration ii) by "missing" the second disk becomes negligible; 
hence any di fference between Rl and R2 is to be assigned to "decay" of some 
of the fragments in the longer flight path (i.e. a decrease with time of their 
reactivity, another formulation for hypothesis b), above). 

To date measurements have been completed for exposures to: 
1) 24 GeV protons (CERN PS) (where there is no obvious reason to expect 

anomalon production). 
2) 0.9 AGeV ~oAr, and 
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3) 2.1 AgeV 12C from the BEVALAC. 

We remind that previous emulsion experiments with ~l AGeV 4°Ar have 
revealed little, if any, anomalon signal, whereas significant signals have 
been observed with ~2 AGeV 160, 4°Ar and 56Fe - beams [1-3]. 

Table 1 shows the ratios Rl and R2,' as wei,. as the ratio of ratios· Q=Rl/R2 
from these three exposures. Q=l would be expected in the absence of "decay 
effects" (as well as in the absence of anomalons!). 

As can be seen the values of Q do not differ significantly from unity 
although they seem systematically slightly >1. On purely statistical grounds 

such a fluctuation should occur with a probability of ~12%. 
Measurements on an exposure to a 1.8 AGeV Ar beam are under way. Only a 

null "decay signal" at the beam energy where an anomalon signal has been de
tected with the same beam would provide conclusive proof for lack of "decay 
effects" over a ~10 cm flight path. 

A similar search for lI·decay effectsll using condensed vs. diluted targets 
with electronic detection of projectile fragments was recently conducted by 
Gustafsson et ale [4] with a similar negative result. It should however be 
noted that only prOjectile fragments of charge> 7 were investigated, whereas 
24Na production in our Cu disks is sensitive to the whole charge spectrum. 

BEAM 

24 

(a) Philipps University, Marburg/Lahn, Federal Republic of Germany. 
(b) Studsvik Science Research Laboratory, S-611 82 Nyk6ping, Sweden. 
(c) Lawrence Berkeley Laboratory, Berkeley, CA. 94720. 
(d) Oregon State University, Corvallis, OR. 97331. 
(e) Purdue University, W. Lafayette, IN. 47907 

TABLE I.Rl, R2, and Q ratios for 24Na 

Rl R2 Q 

AGeV p 1.08 ± 0.02 

0.9 AGeV 4°Ar 1.07 ±0.02 

1.06 ± 0.03 

1.04 ± 0.02 

1.09 ± 0.01 

1.02 ± 0.03 

1.04 ± 0.02 

1.03 ± 0.02 2.1 AGeV 12C 1.13 ± 0.01 

REFERENCES 

[1]. E. M. Friedlander, et al., Phys. Rev. Lett., 45, 1084 (1980 ) 

[2]. H. B. Barber, et a1., ibid, 48, 856 (1982) 

[3]. M. M. Aggarwhal, et al., Phys. Lett., 112B, 31 (1982) 

[4J. H. A. Gustafsson, et al., LBL Report, 15791 (1983), unpublished 

64 



About a Possible Energy Dependence of the Anomalon Effect 
at Charge Two. 

F.Killinger, E.GanBauge, U.Bieschke, N.Klein, R.Kretschmer, 
A.Laschek, and W.Weidner 
Philipps-University Marb~rg, West-Germany 

Abstract: 
The reaction mean-free paths of projectile fragments 
of charge two seem to be shorter for a few centimeters 
after their emission than at larger distances from the 
primary star. This effect is enhanced with decreasing 
energy of the primary beam. If this can be shown to be 
true it possibly would explain why the ano~~10n ef-
fect which was est~blishe~ at chaSg5s Z? 3 has not 
been found at Z=2 ln earller w05~ , . Our target was 
an emulsion stack exposed to a Fe beam of around 
1.88 A GeV at the Berkeley Bevalac. 

Evidence for anomalously short reaction mean-free paths 
(mfp) of projectile fragments (PF) from high-energy heavy ion 
collisi2~S in emulsion has been r.eported by three independent 
groups for PF' s of charge Z ~ 3 at kinetic energies around 
2 A GeV. 
This effect was explained by introducing a new kind of particles, 
called anomalons, with a mean-free path l too short to be ex
plained b¥ conventional nuclear physics. 
One group also reported on search for anomalons at 1 A GeV with 
no effect being found. This pointed to an energy threshold of 
the effect between 1 and 2 A GeV. The same group published rea
sonablS statistics on z=2 PF's at about 2AGeV although with no 
effect, on the o~her'hand the authors fully agreed with the re
sult at Z ~ 3 PF' s . Z=g data are given to a rather large extend 
originally by B.Judek who repeatedly reported about a strange 
behaviour of the projectile mfp's. 
Although our statistics is very 10w~6we feel that possibly ~e 
would understand why neither B.Judek nor the Buffalo group 
have seen the anomalon effect at z=2 PF's56 
At Marburg we looked for Z=2 PF's from a 26 Fe beam at 1.88 AGeV 
which was used at the Berkeley Bevalac for exposing a stack of 
Ilford G5 nuclear research emulsion. Among around 800 followed 
CI( -tracks 246 interacting secondary Ot' s, so called (J( -stars, have 
been detected and their location in the emulsion was measured. 

Connected with the high charge (Z=26) there is a rather 
short mean-free path of iron in emulsion ( A pt; 7 cm). This is the 
reason why from the 246 stars found there are 147 in between the 
first three centimeters and 99 in the following ones. The energy 
of the primarY2beam is degraded according to the Bethe-Bloch f~ 
mula dE/dx = Z . f(~). Therefore the starting energies of the 
~ -tracks depend ratber drastically on the point of origin, X OR' 
the location of the primary star. Thus, making cuts in thex OR 
data set of the primary iron beam means grouping the data cor
responding to different energy intervals of the secondary projec
tiles. By doing so and moreover by cutting the data in respect 
to the distance D from the emission point we find the values 
listed in Table I. 
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Table I: Mean-free path's A* of secondary ~'s as function of both, 
the energy E of the «'s and the distance D of their o
rigin from tHe parent star. Integral distribution. 

OR E 
0"D':;3 D>3 total 0 cm 

cm GeV/u 
0.0 1.88 17.5+1.8 cm (93) 23.3+1.9 cm ( 1 53) 21.1+1.3 cm (246) 
2.0 1. 74 16.8+2.1 cm (60) 21.5+2.3 cm( 88) 19.6+1.6 cm (148) 
3.0 1. 68 15.7+2.4 cm (44) 24.0+3.2 cm( 55) 20.3+2.0 cm( 99) 
4.0 1 .61 14.6+2.6 cm (32) 26.4+4.9 cm( 29) 20.2+2.6 cm( 61 ) 
6.0 1. 47 14.4+4.0 cm (13) 44 . 1:!2 5.5 cm ( 3) 20.0+5.0 cm( 16 ) 

In Table I we see the following: From left to right, i.e. with 
increasing distance D from the emission point, the mean-free path 
A * increases in each energy group. On the other hand, A* de-
creases rather drastically from top to bottom in the first co
lumn, tbus with decreasing energy E of the originating iron beam. 
Obvious is this effect only in the ~irst column while in the se
cond E seems to be of no influence. With other words, the PF's 
origin~ted near the emission pOint are rather sensitive to the 
energy of the parent beam. 

Although our statistics is rather poor we see a distinct 
trend in this direction, as shown in fig.1. The shaded areas re
fer to the differential version of Table I as given in Table II. 

~* 
/l 22 
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Fig.1: mfp of secondary «'s depend
ing on the energy E of their pa
rent stars as it co~responds to 
XOR (Table I, D /; 3 cm). 

The broken line gives the value of7 the primary beam:l*b =21.8+0.~ earn 
The shaded areas correspond to the 
differential distribution as given 
in Table II. 

Let us now6compare thi~ ~epresentation of our data with the 
data of B.Judek and P.L.Jaln : 16 
B.Judek has done intensive research work on 2.1 AGeV 80xygen.Her 
stack was long and she followed many tracks till their Y6ry end. 
But according to Bethe-Bloch the energy decrease g~ an HO beam 
in emulsion is only about one tenth of that of an26 Fe beam. Ther~ 
fore she would not have seen the energy effect (see Table III). 

And in the energy region around 2 AGeV als06we cannot see an 
effect. B. Judek gives in her above mentioned work one energy gr01:p
ing, namely "the mfp-transverse momentum dependence of the nuclei 
from Oxygen fragmentation at different energy intervals" (fig.14 
of ref.6). 
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In the case of p.L.JainS the reason why his group does not 
find an effect with z=2 PF's seems to be even more obvious~ The 
authors worke~owith "short" stacks, one of them being irradiated 
wi th I"J 2 AGe V 18Ar. Again the energy decrease compared to iron is 

about one half, and this means that in a short stack there may 
be no obvious energy decrease observable. 

Table II: Like Table I, but for energy intervals, i.e. differ
entially distributed. 

D? 3 cm 

0-4 1. 61 
to 1.88 1 9 • 4 + 2 . S cm (61 ) 22.6+2.0 cm(124) 

> 4 1.61 14.6+2.6 cm(32) 26.S+4.9 cn{ ~0) 

Table III: ComparisonSof our data with those of B.Judek8 and 
P.L.Jain . 

B.Judek 

P.L.Jain 

D~ 3 cm 
20.S4+1.33 cm(?40) 

19.5~1.0 cm(380) 

D? 3 cm 
20.13+0.74 cm(736) 

20.3~1.2 cm(286) 

this work 19.4~2.S cm( 61) 22.6~2.0 cm(124) -- - -- --- - ----------- -----------
total 
1.61<E<2.1 o 

this work 
E ') 1.61 

f) 

19.9+0.8 cm(681) 20.4+0.6 cm(1146) 

1 4 • 6 + 2 • 6 cm ( 32 ) 26.S+4.9 cm( 29) 

We see from Table II that there is also in our data no ef
fect to be identified if we examine only that energy interval 
what Jain and Judek have been able to measure. In Table III we 
compare their data with each other and also with ours. To com
pare the two energy groups we used the F-test for F =A E /AE at 
D ~ 3 cm. The probability results in P(>F) = 0.OS8. To>che~k 
whether there exists an anomalon effect at all we compare the 
low energy group near the 7emission point with the reported beam 
value A *b =21.8+0.S cm . The corresponding F-test, using 
F = A*b ermA

E 
at D ~ 3 cm results in PP'F) = 0.020. earn .c. 

It would be of great interest to enhance the statistics of Z=2 
PFs at energies E < 1.6 AGeV to establish the effect - or to 
cancel it. 0 

This work was supported by the Bundesminister fur Forschung und 
Technologie, No.06 MR 136 and lS8. 
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A Search for Topological Correlations in The Interactions of 
Relativistic Projectile Fragments From Relativistic Heavy Ion Collisions 

E.M. Friedlander, H.H. Heckman, and Y.J. Karant 

Lawrence Berkeley Laboratory, University of California 
Berkeley, California 94720 

Following the observation of anomalously short mean free paths among 
projectile fragments from relativistic heavy ion collisions [1-3] it was a 
natural next step to investigate what correlations, if any, exist between the 
characteristics of the events in which "anomalons" are produced, of those 
which they induce, as well as with their interaction mean free path. 

To date there have appeared two indications for such correlations, viz.: 

i) The Marburg emulsion group [4] has obtained some evidence for 
different forward-backward asymmetries (FBA) of target fragments in 
collisions of He-secondaries from 1.88 AGeV Fe-collisions, according 
to the distance D of the He-interaction from its origin. 

ii) The Cairo group [5J has reported evidence for shorter mean free paths 
of He-secondaries from 4.5 AGeV C-interactions if the event from 
which the He-secondary originated had a low multiplicity of target 
fragments. 

We report here the preliminary results of a search from correlations 
between the properties of production and interaction stars of He-secondaries 
from the extra-nuclear cascade induced by a beam of 1.88 AGeV Fe. The aim of 
this investigation, performed to date on a limited subsample of events from 
stack 3Fe [6], was to identify parameters most sensitive to correlation 
studies, to be pursued with larger statistics on the whole available material. 

Exposure and scanning conditions were described in our preceding abstract 
[6] concerned with the mean free path measurements. In view of the existing 
experimental indications, He-secondaries were selected for a first trial run. 

The only selection imposed on the events was to exclude stars lying 
closer than 50 microns to either the emulsion-air or the emulsion-glass 
interfaces, in order to ensure accurate multiplicity counts. For each 
He-interaction we recorded the following parameters: 

1) Its multiplicities Nh of non-relativistic (g*>1.4) target fragments 
and ns , of relativistic secondaries of charge 1. 

2) The distance D from the interaction in which the He-secondary 
originated. 
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3) The generation of the He-secondary 

4) The charge zP of the projectile inducing the reaction of origin, and 

5) The multiplicity Nh of target fragments of this latter 
interaction grouped in three bins labeled: "0" (N~=O), "1" 
(Nh=1-8), and 11211 (Nh>8), (the latter almost certainly 
collisions with AgBr targets). 

The data reported here refer to a total of 467 He-interactions of all 
generations. 

The mean values of Nh and ns were Nh = 7.17%0.31 and 
ns =2.66%0.07 respectively. Since <ns> only slightly exceeds 2 
(the expected number of surviving fragments of charge 1 from He) the low 
excess attributable to pion production is hardly adequate for a sensitive 
search for correlations, except at much higher statistics than available at 
present. (However the positive Nh-ns correlation within the He star, 
well-known from proton-nucleus collisions [7J, was clearly observed.) 

The search for FBA was conducted in two ways namely: 

a) by building composite stars from all He-interactions and 

b) by counting the numbers of stars with negative, zero or positive sign 
of their asymmetry coefficient. 

By using method a) no strong effects were observed, although the trend 
of the FBA coefficient A=(F-B)/(F+B) is the same as the one observed in 
ref. [4J, i.e. A is lower at low D. However, the differences in A hardly 
exceed the 2 S.D. level (X2=12.8 with 5 degrees of freedom). Because of 
the different systematics and methods of analysis (the Marburg group compared 
the explicit distributions of projected angles of target-fragments, at low 
and at large 0, to obtain - 2.5 S.D. significance for different FBA's), the 
two sets of results cannot yet be added to strengthen the statistical 
significance and should be considered as preliminary, requiring larger 
statistical samples for a definite conclusion. 

Another hint for a correlation appears if A is binned according to zP 
(Table 1). Again, because of limited statistics, the X2 is only 5 with 2 
OOF. The overall probability of both effects being due to statistical 
fluctuations is -1% with the present statistics. Method b) yielded a 
similarly weak correlation (-2 S.D.). 

An interesting correlation was observed between the target fragment 
multiplicity Nh of the He-interactions and the characteristics (Nh and 
Zp) of the star of origin (Table 2). 

As can be seen the mean Nh-va1ues differ according to the charge zP 
of the projectile (by >2 S.D. in each case) but are of opposite sign if 
Nh is 0 as opposed to Nh=l or 2. The difference 6(6Nh)~xceeds 
in significance 3 S.D. 
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The importance of this observation, if confirmed by larger statistical 
samples, lies in the fact that it would establish a correlation between the 

. production and interaction mechanisms of relativistic projectile fragments 
without connection with mesurements of mean free paths. 

Further experiments, intended both to increase statistics for 
He-secondaries and to extend the observations to fragments of higher charges, 
are under way. 

This work was supported by the Director, Office of Energy Research, 
Division of Nuclear Physics of the Office of High Energy and Nuclear Physics 
of the U.S. Department of Energy under Contract DE-AC03-76SF00098. 
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TABLE I. 
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3.8:1:1.8 

13-25 3.7:1:0.9 

6.7:1:2.2 

2-12 6.0:1:0.8 

-2.1:1:1.2 

13-25 9.9:1:0.8 
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Particle-Gamma Coincidence Measurements in 12C + 12C and 12C + Pb 
Collisions at 2.1 GeV/A Incident Energy, First Results--y-Ray Spectrum 

G. Roche,* J. Carroll,t C.C. Chang,:!: T. Hallman,§ P.N. KirkJI R. Koontz,~ 
G. Krebs,1I L. Madansky, § T. Mulera, t H. Pugh,lI L. Schroeder,1! J. Vicente* 

*Universite de Clermont-Ferrand, IN2P3, France 
tUniversity of California, Los Angeles, CA 
+University of Maryland, College Park, MD 
§Johns Hopkins University, Baltimore, MD 
IILouisiana State University 
~Lawrence Berkeley Laboratory, Berkeley, CA 

High-energy y~rays are mainly produced through nO decay in relativistic 
heavy ion collisions at incident energies in the range 1-2 GeV/A. Other 
possible weak contributions are: nucleus-nucleus bremsstrahlung, n-meson 
production, and 6(1232) decay. Up to now, only a few experimental studies 
have been done on this subject (1-3). More recently, y-ray measurements have 
been performed to study projectile fragments having an anomalously short 
interaction length, i.e., the so-called anomalons (4-8). Liss, et al. (9) 
have searched for single delayed gammas as an eventual decay process. Their 
negative result does not completely rule out a possible electromagnetic decay 
of an anomalous state, because their measurement was done at 940 MeV/A, an 
energy at which it has been suggested (7) that the effect could have 
disappeared. 

We have undertaken a different approach to the study of anomalous 
fragments. First, the study is done in the target fragmentation region. 
Second, we look for singly charged anomalous fragments through particle-gamma 
coincidence measurements. We have focused on the creation and detection of 
singly charged fragments, which have been extensively studied by Judek (5). 
For interaction with primary energies up to 5 GeV/A, fragments are found to 
be anomalous in the range of transverse momenta 120-480 MeV/c, which 
corresponds in the target region to deuterons of energies in the range 
4-60 MeV. On the theoretical side, Frederiksson, et ale (10) suggest the 
existence of a possible six-quark deuteron state that we estimated could 
produce a y-ray around 200-300 MeV. Our experimental method consists then in 
looking for any sharp line or bump in y-ray spectra in coincidence with 
particles and, ultimately, looking for any Signal in the particle-gamma 
invariant mass distribution. Besides this specific aim, our measurements 
will bring complementary information on the physics first mentioned in the 
paper. We present here the experimental setup and preliminary results on the 
measured gamma-ray spectrum. 

The experimental configuration is shown in Fig. 1. The multiwire 
proportional chambers WC2 and WC3 were used for beam alignment and the 
ionization chamber IC for beam intenSity measurement. Photons and charged 
particles produced in the target T were detected in a thick NaI crystal 
system (NaI) and two 6E-E telescopes (TEL2, TEL3), respectively. The 
detector system NaI consists of a plastic scintillator V used as a charged 
particle veto, a P thick NaI crystal in which the shower is generated, a 
plastic scintillator C, which detects the y-ray conversion, and two 511 thick 
NaI crystals in which the shower deposits the rest of its energy. Besides, 
the annulary plastic scintillator H signal was used off-line as a veto to 
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better select the showers emitted around the central axis of the system. The 
neutron contamination is less than ==1%, and the overall resolution was 
determined to be ==30% at 130 MeV (for minimum ionizing cosmic rays). The 
telescope TEL2 consists of two 1-mm thick silicon detectors with a 3-in thick 
NaI crystal, and TEL3 consists of five identical elements made with a plastic 
scintillator (0.5 inch) and a 5-in NaI crystal. The overall resolutions for 
TEL2 and TEL3 are, respectively, ==10 MeV at 50 MeV and 7 MeV at 100 MeV, for 
protons. The angles between the beam direction and the detector axes are 41° 
for TEL2, 45° for TEL3, and 124° for NaI, and the azimuthal angles between 
TEL2/TEL3 and NaI are, respectively, 168/127° 

Gamma-ray spectra have been extracted off-line for both C and Pb 
targets, both TEL2 0 NaI and TEL3 0 NaI coincidence requirements, o.nd the four 
following conditions: 

Condition 1: anything in the particle telescopes satisfying the 
coincidence requirement, 
Condition 2: same as 1 plus a little higher energy threshold in the 
particle telescopes, 
Condition 3: protons in the particle telescopes (20-120 MeV for TEL2, 
40-200 MeV for TEL3), -
Condition 4: deuterons in the particle telescopes, (30-180 MeV for 
TEL2, 60-300 MeV for TEL3). 

The most inclusive y-ray measured cross sections are those under 
condition 1. For conditions 3 and 4, the energy spectra of the charged 
particles were also extracted, and the invariant mass distributions computed 
on an event-by-event base. Figure 2 shows an example of y-ray spectrum 

5'N,,! 

'. ,'~TEl.3 
p~s~Wt> 

~ .....,TEL2 

Tp*~~al JL'iBea~ 
-fr------~=---- U 

Fig. 1 

Experimental setup 

IC WC3 

Fig. 2 

A y-ray spectrum 
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obtained under condition 1, for a Pb target and detectors TEL2.NaI. The 
solid line is an exponential fit of the spectrum above 90 MeV, ~riting the 
fitting function as Aexp(-Ey/T)~ where A and T are the parameters. Table 1 
gives the values of T for our data. These numbers do not seem to depend much 
on the type of condition, except perhaps for condition 4, where we have a 
lower value for Pb and a higher one for C (with large errors). They are 
consistent with Budiansky, et ale (3) measurements at 2 GeV/A incident energy 
(central trigger), from which one obtains: 

T = 173 MeV for Ar +Pb ~ y (30°) 
T = 70 MeV for Ar + Pb ~ y (90°) 

We define the "number of y per triggerll as the quantity ny computed from 

ny = 4TrO'y/O'part 

where O'y is the cross section integrated over energy for detecting a y-ray 
in coincidence with a particle in the telescopes, and O'part is the inclusive 
cross section integrated over energy for detecting the same particle(s) in the 
telescopes (this definition assumes isotropy of the y-ray emission). We also 
define the "number of Tr° per triggerll as NTr° = n /2. From our 
measurements, we have found nTr ° in the range zl-2 for Pb and zO.5 for C, 
while Budiansky, et ale (3) have published a value of six TroiS per central 
collision of 2 GeV/A Ar on Pb,which suggests that our data are probably 
related to more peripheral collisions. 

Finally, there are no obvious sharp lines or bumps in our y-ray spectra 
or mass distributions so far obtained. More data are being processed, which 
should allow us to draw stronger conclusions very soon. 

T (MeV) 
Tgt Condition 

TEL2.NaI TEL3. NaI 

Pb 1 63.9 4.1 62.5 3.0 
2 62.9 4.3 63.1 2.8 
3 59.9 10.0 65.2 4.4 
4 55.7 10 .0 50.8 5.8 

C 1 88.9 14.9 72.5 5.6 
2 79.0 12.7 70.7 6.5 
3 73.8 7.6 
4 98.5 19.1 

Table 1 
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Studies of Anomalous Projectile Fragments with Lead-Glass, 
Plastic Track Detectors, and Cerenkov Detectors 

P.B. Price 
University of California, Berkeley 

This is a summary of ongoing as well as recently completed studies of 
anomalons by members of my group. 

1. Search for Delayed Gamma Decays of Anomalous Nuclear States, by T.M. 
Liss, S.P. Ahlen, P.B. Price and G. Tarle (Phys. Rev. Lett. ~, 775 
(1982)) . 

We used Pb-glass detectors to search for delayed high-energy y-rays 
emitted in flight by projectile fragments of 940A MeV 56 Fe interactions with 
a steel target. Out of 1.6 x 10 8 interactions we detected only one y-ray 
with lab energy Elab between 35 and 1000 MeV. Figure 1 shows regions in the 
space of fragment-rest-frame photon decay 
energy Eo{~2Elab) versus proper mean life
time To which can be ruled out by our data 
at a 95% confidence level. The dark shad
ing refers to the model of Friedlander et 
ale in which 6% of projectile fragments 
are anomalous with Aa = 2.5 cm in emul
sion; the light shading refers to the model 
of Barber et ale in which 100% of projec
tile fragments have a mean free path 
shortened by a factor 1. 5 but revert with
out charged particle emission to normal 
nuclei in a distance A = 0.85 cm. Our 
negative result casts doubt on versions of 
these and other models in which anomalous 
states created at -940A MeV decay electro
magnetically to normal nuclei. There is 
no statistically significant evidence from 
emulsion studies that anomalons are not 
created at 940A MeV. 0 

100 

E 
~ 

2. Search for Nonintegrally Charged Projectile Fragments in Relativistic 
Nucleus-Nucleus Collisions, by P.B. Price, M.L. Tincknell, G. Tarle, 
S.P. Ahlen, K.A. Frankel and S. Perlmutter (Phys. Rev. Lett. 50, 566 
(1983)). 

Using dioctyl-phthalate-doped CR-39 detectors with charge resolution 
0Z = 0.06e, we have made the first dynamic search for fractionally charged 
particles bound to nuclei. (Both one-third and one-half integral charges 
have been proposed.) We find, from charge measurements in the first 1.7 cm 
after production, that no more than 3 x 10- 3 (95% confidence level) of the 
projectile fragments of 1.85A 40 Ar interactions with 10 ~ Z ~ 17 have charges 
differing from an integer by as much as 0.3e. Figure 2 shows the charge 
distribution in two sets of measurements. This result, coupled with our 
positive evidence for anomalons to be summarized in section 3 below, rules 
out explanations of anomalons based on models in which anomalons have non
integral charge in such charge range. 
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3. Study of Anomalous Fragments of 1.85A GeV 40Ar reactions in CR-39 Detec
tors, by M.L. Tincknell and P.B. Price. 

Tincknell will discuss the results of this study of the dependence of A* 
on distance from the interaction point for fragments with 10 ~ Z :::: 17 in DOP
doped CR-39 detectors. Qualitatively, the main results are as follows: 

a) Anomalons are seen using a totally different kind of visual detector 
from nuclear emulsion. The possible kinds of systematic errors are quite 
different in these two classes of detectors. 

b) Anomalons are produced in collisions with light target nuclei. The 
composition of CR-39 is C12H1807. 

c) A*/Abeam is more than 20 less than unity in the first centimeter and 
is consistent with unity at greater distances. The recovery distance is 
shorter in this experiment than in the average of the three published nuclear 
emulsion studies. A possible explanation is that Aa is a iecreasing function 
of Z, as suggested by M.H. ~~c Gregor. (Our mean charge, Z = 14, is larger 
than the mean fragment charge studied in the emulsion experiments.) 

d) Both odd-Z and even-Z fragments contain anomalons. 

4. Measurements of Charge-Changing Interaction Mean Free Paths of Stable 
Nuclei with Plastic Track Detectors, by J. Drach, Shi-lun Guo, P.B. 
Price, M.H. Salamon and M.L. Tincknell. 

Before claiming that a detector can measure anomalous mean free paths, 
it is essential to show that that detector can obtain reliable values of mean 
free paths of normal nuclei. Using a semi-automated technique to measure 
diameters of etch-pits in plastic detectors, we have determined A6Z~1' the 
mean free path for char~e-changing interactions, for relativistic beams of 
2o Ne , 40 Ar , 56 Fe , and 2 8U at the Bevalac. The results are shown below. 
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A6Z~1(g/cm2) 
Beam Medium Our result Geom. model 

2.1 A GeV 20 Ne CR-39(C12HlS07) 18. 72±1.16 17.99 
1.85A GeV 40 Ar " l2.61±0.6l 12.55 
1.7A GeV 56 Fe " 10.44±0.44 10.43 
0.96A GeV 23S U Tuffak(C16H14 0 3) 4.69±0.15 4.61 

We used CR-39 to study the fragmentation of Ne, Ar, and Fe, and we used Tuffak 
polycarbonate, which has a lower sensitivity and is more suitable for very 
highly ionizing particles, to study the fragmentation of U. In the uranium 
case, changes of charge state due to capture and loss of K electrons are 
common. This adds to the difficulty of detecting nuclear interactions with 
~Z = 1. The uncertainty in our efficiency for detecting such interactions is 
much smaller than the statistical error. 

Our results agree, within counting statistics, with values of A~Z~l pre
dicted by the simple over,ap m01el of Bradt and Peters for the geometric cross 
section, 0geom = nr02(ATl 3+AB I 3_b)2, with ro = 1.35 fm, b = 0.83, taken 
from Westfall et ale (Phys. Rev. C 19,1309 (1979)), who used silicon detec
tors to study the fragmentation of an Fe beam~ (We took ~ = 0.089 for 
hydrogen target, following Westfall et al.). 

The excellent agreement between our measured values and those predicted 
by the overlap model shows that plastic track detectors can be made to have 
essentially 100% efficiency for detecting charge-changing interactions of a 
wide range of projectile nuclei. It also shows that a simple geometric model 
of nuclei of constant density and skin thickness accounts remarkably well for 
interaction mean free paths. 

5. Comparison of Anomalous Mean Free Paths in Compacted and Dilute CR-39 
Stacks, by J. Drach, P.B. Price and M.L. Tincknell. 

We are analyzing A*/Abeam as a function of distance in ~/cm2 from inter
action points for fragments with 10 ~ Z ~ 25 from 1.7AGeV 5 Fe in a compact 
CR-39 stack (mean density = 1.32 g/cm 3) and a CR-39 stack with periodic air 
gaps (mean density = 0.16 g/cm 3). If anomalons radioactively decay in a dis
tance less than ~lO cm, the dilute stack should show a weaker depression of 
A*/Abeam than the dense stack. An advantage of the dilute stack is that 
lateral displacements of fragments are amplified by a factor 8 due to the air 
gaps, making accurate measurements of transverse momenta possible. 

The timescale for completion of this work is ~two months. 

6. Development of a Segmented Cerenkov Detector for Study of the "Anomalon" 
Phenomenon, by J.D. Stevenson, J.A. Musser and S.W. Barwick. 

We have designed a Cerenkov detector consisting of four 1/8 inch 
paddles, six 1/4 inch paddles, and two 1/2 inch paddles whose spacing can 
easily be varied so that enhanced cross sections and radioactive decays can 
be studied separately. 

For a paddle of a given thickness, the charge resolution must be suffi
ciently good that the probability of charge misidentification is much less 
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than the probability of a nuclear interaction in the paddle. For a 1/8 inch 
paddle and A - 10 cm the charge standard deviation must be less than 
0Z - O.lSe in order for the technique to work. 

Our calibration experiments with Cerenkov paddles have shown that we 
will achieve the desired charge resolution for paddles of all three thick
nesses provided we use wire chambers to permit us to take into account spatial 
variations in detector response. 

We expect to use this new system to study anomalous mean free paths in 
the fall of 1983. 
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A Detector for the Measurement of Projectile Fragment Interaction Cross 
Sections 

J.P. Dufour, J.G. Girard, P.J. Lindstrom, D.E. Greiner. D.L. Olson. 
T.J.M. Symons 
Nuclear Science Division. Lawrence Berkeley Laboratory. Berkeley. CA94720 

H. J. Crawford 
Space Sciences Laboratory~ University of California. Berkeley, CA 94720 

ABSTRACT 
A detector is being developed to measure the charge changing cross 

sections of secondary and tertiary projectile fragments produced in 
relativistic heavy ion collisions. This device is designed to provide a high 
statistics, electronic. analog to the measurements that have been made 
recently using plastic track detectors. If the detector is successful and 
the anomalous component present in projectile fragmentation is observed. we 
intend to use the device in combination with the HISS spectrometer as a 
filter to study further the anomalous fragments. 

DESCRIPT ION OF THE DEV ICE 
Detectors measuring the charge change in a heavy ion collision must 

by definition rely on an electromagnetic interaction between the fragments 
and the detection medium itself or with an externally applied electromagnetic 
field. To date, all measurements of mean free paths of projectile fragments 
have relied on the ionization of the target medium, which has either been 
nuclear emulsion or CR39 plastic track detectors. However, other methods 
are possible such as rigidity measurements in a magnetic spectrometer or 
macroscopic effects such as Cerenkov and transition radiation. 

We believe that Cerenkov detectors have particular promise for the 
following reasons: 
i) At a given ve20city, the intensity of the radiation produced is 
proportional to Z , allowing a direct measu,rement of the fragment charge. 
ii) The light emitted is highly directional so that a suitably designed 
device can isolate the component arising from fragments emitted in a 
particular angular range. 
iii)The energy dependence of the radiation intensity is quite different from 
that of energy loss by ionization. In particular, low energy. heavily 
ionizing fragments are below the Cerenkov threshold and make rio contribution 
to the signal. 

Against these must be set the obvious disadvantages which include the 
necessity of using an optically transparent medium as the target and the lack 
of discrimination of events in which multiple heavy fragments move together 
at 0 degrees. This. however, is a general criticism of detectors which lack 
the lateral resolution found in emulsion or track detectors. 

We have tested two different detector designs at the Bevalac in order 
to evaluate the charge and position resolution that can be achieved. Both of 
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these devices use Lucite as the radiator material and both incorporate 
strong directional selection on the detected particles. In the first design 
beam particles pass down the axis of a cylindrical radiator. The light emit
ted is reflected at the surface of the cylinder and focussed onto a set of 
photomultiplier tubes which then measure the ihtensity of the signal ( and 
thus the fragment charge) as a function of depth within the material. In 
the second, a stack of thin Lucite plates is used. Light is tnansported out 
of the plates by multiple total internal reflection at the surfaces of the 
plate. Since the angle of the Cerenkov light is very close to the critical 
angle, both of these devices provide excellent directional selection, a 
typical angular dependence of the detection efficiency being shown in fig. 1. 
This illustrates that the light from energetic light ions such as protons 
and alpha particles will be strongly suppressed. 

The most important characteristic of any such device ;s the charge 
resolution and the distance over which it is necessary to integrate the light 
in order to achieve this resolution. We have tested our devices with Carbon 
and Iron beams accelerated by the Bevalac and have been able to obtain 
satisfactory results, particularly with the segmented radiators. At present, 
the resolution of the cylindrical device is limited by attenuation of light 
within the radiator material. This problem can be overcome by changing the 
method of fabricating the cylinder. In figure 2 we illustrate the resolution 
that can be achieved by showing a spectrum of ions of charges 24, 25 and 26 
measured using a 3mm Lucite radiator. The width of the charge peaks is 
0.62 charge units, full width at half maximum. We believe that this 
resolution, which is close to the theoretical limit for such a radiator, will 
be sufficient for us to observe the anomalous component that has been 
reported in the literature. 

We are now constructing a device will contain 50 3mm radiators for use 
in a full scale test of the technique. The only significant change from the 
aevices used so far will be the use of optical glass rather than Lucite 
for the radiators which should improve both the charge resolution and the 
uniformity of response of the detector. We hope to measure the mean free 
path of the secondary fragments ranging from 6mm to 13 cm and also to obtain 
information on tertiary events and isotopic cross sections. 

1;0 

0.5 

LIGHT COLLECTION 
EFFICIENCY 

o 2 4 6 8 

DEGREES 

Figure 1. Angular sensitivity of detector. 
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Development of a Segmented Cerenkov Detector for Study 
of the "Anomalon" Phenomenon 

J.D. Stevenson, J.A. Musser and S.W. Barwick 
University of Cal,ifornia, Berkeley 

Recent experiments at the Bevalac have suggested that the mean free path 
of projectile fragments exhibits anomalous behavior for the first two or 
three cm following an interaction. The experiments performed to date, using 
nuclear emulsions and plastic track detectors, suffer from a relatively sptall 
set of interaction length measurements due to the time-consuming nature of 
data acquisition associated with these detectors. These experiments do, how
ever, agree that the "anomalon" effect exists. Electronic experiments to date 
have been restricted to searches for anomalon decays and have all given nega
tive results. There is a real heed for a new generation of electronic 
experiments which directly check the visual detector results. 

We plan to look for the anomalon effect using a stack of thin plastic 
Cerenkov paddles, each of which provides an independent measurement of the 
projectile fragment charge. Determination of the projectile fragment charge 
by measurement of the intensity of Cerenkov radiation is superior to ioniza
tion measurements because it is insensitive to fragments below the Cerenkov 
threshold of -310 MeV/nucleon. Low-energy fragments represent a real danger 
in analysis of ionization-type experiments since fragments coming to the end 
of range can mimic nuclear interactions. The chief disadvantage of the use 
of Cerenkov detectors is their feeble light output. The charge resolution of 
thin Cerenkov detectors is thus invariably limited by photon counting 
statistics and efficient light collection schemes are required to achieve 
satisfactory charge resolution. 

The charge resolution 
The charge resolution must 
fication rate (P

Z 
) be 

error 

requirements of this experiment are quite demanding. 
satisfy the requirement that the charge misidenti
much less than the nuclear interaction rate (P. t) 1n 

in a single detector element. (R = P /P. «1). Table 1 shows values 
Zerr 1nt 

of the ratio R for detectors 3 mm thick and for a fragment interaction length 
A. = 10 cm. 

Table 1 

Charge resolution 0
Z 

0.3e 
0.2Se 
0.2e 
O.ISe 

Error ratio R 

3.2 
1.5 
0.4 
0.03 

From Table 1 it is clear that the charge resolution must be 0Z ~ O.lSe in 
order to have acceptably small misidentification rates. 

Figure 1 provides an illustration of the main detector components. Two 
wire chambers, WCl and WC2, are located in front of the Cerenkov stack. 
These wire chambers determine the position of the beam particle as it enters 
the stack, and allow us to correct for spatial variations in the response of 

83 



1 

+; 8 Ie, 
Ck S-t()...ck f ... o,,-t vIew 

(Sl~ r>o..JcA\«.s 'r-.,J...J.e.'<I ') 

the Cerenkov paddles. A scintillator paddle, Sl, located directly in front 
of the stack, provides a means of discriminating against particles which have 
fragmented before entering the first Cerenkov paddle. The Cerenkov stack 
itself consists of twelve paddles, the first four of which are 1/8" (3 mm) 
thick, the next six 1/4" (6 mm) thick, and the last two 1/2" (1.2 em) thick. 
This configuration represents the minimum necessary to achieve both reason
able position resolution for short mean free paths and sufficient total 
detector thickness to allow measurement of mean free paths outside the 
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anomalous region. 

The response variation due to photon counting statistics can be deter
mined by measuring the response of the Cerenkov paddles to cosmic ray muons. 
This has been done for both the 1/8" and 1/4" paddles. The results of these 
tests indicate that: 

a (0.30 ± 0.02)/Z for the 1/8" paddle 
pe 

(0.20 ± 0.02)/Z for the 1/4" paddle 

For Z = 18, ape = 1.7% for the 1/8" paddle, corresponding to a charge resolu
tion of 0.15e from photoelectron statistics. In order to achieve this 
resolution in practice, the contribution from spatial variations in detector 
response must be kept at the 1% level. We have measured the position resolu
tion of our wire chambers and have found it to be ~2 mm, so that the contri
bution to Oz from spatial mapping uncertainties is determined by the 
characteristic response variations on this scale. We have measured the 
response map of one of the 1/8" paddles using a 5 MeV Ru B source. We found 
the maximum response gradient to be <0.5%/mm in the central one square inch 
of the detector. The charge resolution of the 1/8" and 1/4" paddles should, 
therefore, be photostatistics limited, while the 1/2" paddles are limited by 
mapping uncertainties. The charge resolution of the three paddle types 
based upon the above analysis is: 

0.16e 

O.IZe 

O.lle 

1/8" paddle 

1/4" paddle 

1/2" paddle 

In conclusion, we have developed and tested a Cerenkov stack detector 
with the necessary charge and spatial resolution to study the "anomalon" 
phenomenon. The spacing between paddles can be readily changed to study 
lifetime of anomalons. 
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ACTIVE MULTITARGET EXPERIMENT FOR ANOMALONS 

M. Enorini, F. L. Fabbri and A. Zallo 
INFN, Laboratori Nazionali di Frascati 

00044 Frascati, Italy 

Anomalons are in fashion despite of their ancient first appearence in pho 
tographic emulsions exposed to cosmic rays(1). As matter of fact anomalon~ 
do not fit in any conventional picture of nuclear and particle physics. Until 
now anomalons have been studied in emulsions by exposures at cosmic rays 
or, more recently, at relativistic ion beams(2, 3,4). This technique provide 
an excellent spatial resolution, but does not allow to clarify the behaviour of 
anomalous fragments in vacuum (or air) and is very poor in statistics and 
lacking in oriented triggers. Only the counter experiments technique can pr£ 
vide the necessary statistics and investigate if anomalons are spontaneously 
decaying. We propose to use subsequent active targets in order to trigger on 
reinteraction of produced fragments. The experimental methods takes adva!: 
tages from the peculiar feature of anomalons and from their enhanced cross 
section. The presence of anomalons among the fragments originates an ove£ 
production of secondary interactions. Therefore triggering on successive i!: 
teractions of the fragments is, straightforward, the best method to eviden£ 
iate the existence of anomalons and to improve the selectivity of an experi
ment. The comparation of the rates of the secondary interactions is directly 
correlated with the fraction of anomalous fragments, their cross section and 
the "memory" effect(5). 

The use of the silicon solid state detectors as active target, as well as, 
tracking and charge detectors for the emitted fragments seems appropriate. 
Solid state detectors have been widely used in the last years. Great techni..; 
cal developments, made possible the building of very thin and large area d~ 
tectors and their associated fast electronics, have made these detectors a 
major instrument in high energy physics(6). The assembly of thin silicon 
devices as multilayer target made them well suited for studying decaying 
particles such as D-mesons(7). The development of thin strip electrodes and 
the possibility of operating these detectors as fine grained proportional chaI£. 
bers, the so called micros trip detectors, can provide a spatial resolution un 
til 1 0 .urn ( 6 ) . -

The experim ental apparatus is composec by three identical silicon solid 
state targets, (C 1 C 2 C 3), 2 mm thick, whose relative distances can be con-
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tinously varied from -1 cm to ---15 cm (Fig. 1). An assembly of microstrip 
chambers M is located after each target to detect the emitted fragments and 
to measure their charges. Each M telescope is composed by 6 planes (x, y, 
w coordinates) with 100 !-tm pitch. The area of the counters is about 4x4 cm 2 

and the ion beam is sent on CIon a 3x3 mm 2 spot. The electrodes of C 2 and 
C3 are shaped in convenient circular areas helping in the reconstruction of 
the interaction point on the targets. The geometrical acceptance is about :i" 50 
mrad until the third target. The signal of interaction on C 1 is performed co~ 
paring the released energy with the expected energy loss of the incident ion. 
The microstrips are equipped with analogical-digital converter read-out in 
order to measure the charge of the fragments. In the acquisition logic a co~ 
stant multiplicity on the six planes of each M telescope, and a multiplicity 
step between successive telescopes, is required. 

,----1 ~15 em -----,-----1 .. 15 em 

M1 

XY UX YV 

1mm 

~ I >----; 

Ll"> 

r--.;-I -- V 2 
I 

C2 

FIG. 1 

M2 
r-+I-- V3 

C3 M3 

The sensitivity of this apparatus selecting secondary interactions is much 
greater than inclusive counting experiment based on fragments reabsorption 
on the target itself or separate absorber(8, 9). In fact in these cases the ab
sorption of fragments due to enhanced anomalons cross section, bas to be 
evidenciated in the inClusive flux of the first interaction (no anomalons con
tribute) and of the secondaries, with relative poor statistics relevance. M~ 
reover no way exists by these methods to select samples of events with in
creased anomalons presence for deeper analysis. Similar criticism can be 
applied to the experiments in which an absorber is placed between target and 
counter(8,9). The use of active targets triggerable on interaction, could pe£ 
mit to separate the sample of the secondary interactions where the anoma
lous effect is operating. If we are able to select the interactions of the frag
ments of the first and second generation, the excess of interactions due to 
the anomalon presence is of the order of f·a and f·a· (fa+2) respectively, 
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where f represents the fraction of anomalons among the fragments, and a is 
the enhancement of the anomalon cross section respect to the ordinary one. 
For example, under the condition of 6% of anomalous fragments and a cross 
section 10 times the geometrical one, we expect an excess of the three suc
cessive interactions about 120% of the expected rate for ordinary ions. 

q I f· a = 120 

1.0 1.0 

f a=60 

0.5 0.5 I 

I 

t 
fadO 

0.1 0.1 
I 

o 10 30 50 70 90 110 I.a. 2 3 4 5 m 

FIG. 2 FIG. 3 

For No incident ions we evaluated the proper number of interactions on 
C 1 (N1), on C 2 originated by a fragment (N2), and on C 3 originated by a fraK 
ment created on C 2 (N3), taking into account the reabsorption effect on the 
targets. We report in Figs. 2 and 3 the quantities: 

versus f·a and m, which parametrize the eventual memory effect (m is the 
ratio between the percentage of anomalons among the fragments emitted by 
an interacting anomalon and f: m = 1 means no memory effect). Changing the 
distances between the targets we are able to investigate id the anomalons are 
stable (Fig. 4). In conclusion the proposed apparatus seems appropriate to 
investigate both the existence of anomalons and their behaviour. It provides 
also a way to study the anomalon production and interaction. In fact, if we 
consider the three generation events and we lock at the interactions on C 1 
and C 2, in the case of f = 6% and a = 10 about 50% of the interaction stars 
are generated by an anomalon instead of the 6% if a non selected sampling 
of interactions is considered. In this way a study of the Z -distribution of the 
interacting fragments, on these events, could emphasize favorite Z channels 
for the anomalon production. The apparatus can also provide the topological 
configurations of these selected events. Some preliminary data on emulsions 
seem to indicate a forward-backward asymmetry in the stars originated by 
anomalons(1 0), however these result are not conclusive because of poor 
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statistics. 
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FIG. 4 

The momentum distribution of fragments produced by fragmentation of a 
heavy ion beam, have been investigated in the range of 1- 2 GeV I nucleon( 11). 
The analysis of the selected events, could permit a glimps into the dinamics 
involved in interactions of an anomalon projectile and the eventual deviations 
of the fragment momentum distribution from the ordinary one. 
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2 X Analyses of Nuclear Emulsion Anomalous Projectile Fragment Data 

Malcolm H. Mac Gregor 

Lawrence Livermore National Laboratory 

Livermore, California 94550 

1 2 . . 2-5 
In a previous paper ,X least-squares f1tS to emuls10n data were used 

to demonstrate the existence of a Z-dependence in anomalous projectile fragment 

(APr) mean free paths (MFP' s) . In the present paper 6 , this v.Drk is extended 

by (a) using some Z-separated data, and (b) applying various isotopic (!orrec

tions to the "normal" beam projectile MFP's. With a combined Buffalo, LBL, 

Minnesota, NRC data base, the null hypothesis (no APF effect) 1S rejected by 

more than 7 standard deviations. 

Nuclear emulsion 

and Minnesota5 groups. 
7 8 Z-separated form ' • 

2 3 APF data have been published by the Buffalo, LBL-NRC 

In addition, the LBL and NRC data are available in 

These data exist in tv.D general representations: Type C 

data (charge-dependent representation), and Type D data (distance-dependent 

path length representation). 9 For the present studies, the following combined 

data bases were set up: CZ = Z-separated LBL and NRC data plus Buffalo and 

Minnesota datalO ; C = Z-grouped LBL, NRC, Buffalo and Minnesota data
ll

; D = 
LBL + NRC, Buffalo, and Minnesota path-length data12 . In addition, three dif

ferent isotopic corrections were applied to the incident projectile beam MFP's: 

I = straight-line extrapolation from measured 6Li values13 to standard Z = 8 

values; II = asymptotic CD > 2.5 ern) LBL and NRC values for Z = 3-5 and Z = 6-8; 

III = asymptotic (D > 2.5 ern) LBL, NRC, and Buffalo values for Z = 3-8. 

Least-squares fits to the data were made using the parameters (X,f,S) for 

the APF 's, where 
A(Z) = A (2Z)-S (1) 

o 
denotes the APF Z-dependence, f is the APF fraction, and X 1S the average value 

.. 2 . 
of A(Z) over the Z-range In question. F1gure 1 shows the Z = 3 - 8 X Solut10n 

regions for the CZ datalO , using S = 0 in Eq. 1, and using .beam isotope correc

tions I, II, and III. Since we have no accurate method for choosing among these 

solutions at present, the different contours represent our uncertainty in deter

mining the APF parameters for the Z = 3 - 8 data (where beam isotope corrections 

are most important). It should be noted here that all three contours shown in 

Fig. 1 rule against the null hypothesis for the Z = 3 - 8 charge region (by 3 1/2 
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2 Figure 1. X contours for the Z = 3 - B charge range, using the 

CZ combined data set with S = 0 in Eq. 1, and applying beam isotope 

corrections I, II, and III. Correction II gives the smallest X2 sum, 

but we have no accurate method for choosing among these corrections. 

standard deviations or more), which is sufficient to rule out the quasimolecular 
14 model of Baym:m et al. 

Figure 2 shows the X2 solution regions for the CZ (leftllO and C (right)ll Z = 
3 - 26 data, using beam isotope correction I, and using the values S = 0, 0.5, 

and 1 for the APF Z-dependence in Eq. 1. As can be seen, the S = O. 5 and S = 1 

solutions have significantly smaller X2 sums than the S = 0 solutions, thus 

indicating that the APF's have Z-dependent MFP's. However, the data are not 

yet accurate enough to enable us to pin down a precise value for 8. The null 

hypothesis (f = 0) is rejected for these solutions by 7 1/2 standard deviations. 

Figure 3 gives a X2 contour map for the 8 = 0, beam isotope correction I, 

least squares fit to the D data set12 . As can be seen by this map, the null 

effect for this solution is also rejected by 7 1/2 standard deviations. 

This work was performed under the auspices of the U. S. Department of 

Energy by the Lawrence Livermore National Laboratory under contract number 

W-7405-ENG-4B. 

92 



2~----~----~------~----~------r-----~ 

13 = 1 

E 
x,. 

~ 1 (;7a) ...... ro 
Ot;;. . 

1-< 

O~-----r----~------+------+------r-----~ 

E 
u 1 

1-< 62-17.27 
O~-----r----~------+------+------r-----~ 

13=0 
E 
u 

-< 1 629.19 
OL------L----~------~--L-~------~----~ 

0.02 

Figure 2. 

sets CZ Cleft) 

0.04 0.06 0.02 0.04 0.06 0.08 

f f 

2 X contours for the Z = 3 - 26 charge range, using data 

and C (right) with beam isotope correction I. The decrease 

in X2 with increasing B indicates that the APF's have Z-dependent MFP's. 
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2 Figure 3. A X contour map for data set D. The 1,2,3,4,5,6,7 
2 contours correspond to ""X = +],.,4,9,16,25,36,49. The null hypothesis 

(f = 0) is rejected by about 7 1/2 still1dard deviations. 
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Abstract 

IS THE ANOMALON A DINOTOR? 

Leonardo Castillejo, 

University College London, England 

A.S. Goldhaber and A.D. Jackson, 

State University of New York at Stony Brook, 

NY 11974, U.S.A. 

M.B. Johnson, 

LAMPF, Los Alamos, NM 87544U.S.A. 

A model is proposed to explain the anomalous fragments in high energy 

heavy ion collisions. It consists of a large toroidal bag containing a 

Fermi sea of quarks confiend by the M.I.T. bag boundary condition. Its 

shape, stability and lifetime are discussed as are the effects of one gluon 

exchange in determining the internal quark wave functions. 

Introduction 

The following salient features have been suggested as characterising the 

production and interaction of anomalons [IJ. 

a) They are copiously produced, about 5% of fragments could 

be anomalons, 

b) They have long lifetimes ~ 10-
10 

sec., 

c) They have large cross sections for interaction on other 

nuclei, 

d) They are robust, ie they tend to survive collisions. 
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It is very hard to explain all these features in terms of normal nuclear 

matter. The phase space requirements of (a) and (b) seem incompatible. To 

produce anomalons copiously requires them to come from a large region of phase 

space, while their long lifetimes demands a small phase space region through 

which they decay. Their large cross-section, (b), can only come about if the 

nuclear matter of which they are composed is rather diffuse. It is hard to 

reconcile such a diffuse system with robustness under collisions. 

We avoid such contradictions by proposing a model in which normal nuclear 

matter undergoing high energy collisions creates an abnormal form of quark 

matter. This quark matter, once it has cooled down, is relatively stable and 

robust. The production and decay processes have thus been uncoupled and no 

inherent contradiction remains. The large cross-section for collisions of the 

anomalous fragments and their robustness would come from the geometrical size 

and shape of the quark matter. The explicit model we explore is one where the 

quarks are confined in a large bag of the M.I.T. type [2] and of toroidal 

shape [3J. This large filled torus we call a dinotor because of its shape and 

size and perhaps to remind us that the phenomena it is designed to explain m~y 

be mythical like the minotor or, like the dinosaur, may disappear. 

Calculations of such models will be unreliable, and in particular the 

very complicated process of formation would be hard to explain in detail. We 

might envision it as in fig. (1). 

~ .... \. ~",,~;: .. : .... -

~:: .................•.... ","' .;.;.: . 
.... ," / ............ ~ 

l 
(a) (b) (e) 

Fig. 1 
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Initially the nucleus consists of an aglomeration of small bags, each 

containing 3 quarks in a colour singlet, loosely held together by the pionic 

degrees of freedom. As the nuclei come together in a head-on collision one 

nucleus'could pass right through the centre of the other, like coring an apple, 

and would push all the small nucleon bags into a ring-shaped distribution 

slightly compressed and with individual bags close enough together for them 

to merge and the quark to move freely from one bag to another. Such a ring 

would expand rather like a smoke ring and cool down, and there could be a 

relatively large probability that enough bags had merged to form one continuous 

toroidal bag containing a large proportion of the quarks. These quarks would 

no longer be in localised colour singlets of three quarks but each quark spread 

out uniformly round the torus. During the cooling process the dinotor would 

emit pions and perhaps a few nucleons would boil off. Such a dinotor could 

prove stable with a lifetime lo~ger than 10- 10 sec., the main decay process 

being one of nucleon "drip" which I shall describe later. 

Such a production scenario is clearly too complicated to quantify, but 

it has the four main features postulated earlier. The production mechanism' 

depends on the geometry and nature of nuclei while the decay of the dinotor 

depends on the quarks being able to "get their colour together" to escape as 

nucleons. Furthermore large nuclear densities do not seem necessary since 

the quark density of the dinotor only slightly exceeds that of nuclear matter. 

The dimension of the dinotor - a tube about one nucleon thick full of quarks -

provides its large cross-section. The choice of a torus for our model rather 

than a long straight tube is because there are additional mechanisms for 

increased stability. Circulation of colour currents or coloured magnetic 

fields can occur within the torus, and also of electric currents which could 

produce a large magnetic field through the hole of the torus. Such currents 

could also produce electromagnetic radiation and provide rapid decay to the 

ground state. 

Cross-section of scattering 

The dinotor provides a simple geometrical explanation of the large cross

section of anomalons on nuclei. As illustrated in fig. (2) we can compare the 
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cross-section ads for dinotor on nucleus with that of one spherical nucleus 

on another, ass. Suppose a spherical nucleus of atomic number A scatters 
on another of atomic number Al. The 

geometrical cross-section will be 

while that of the dinotor of atomic 

number A and radius a colliding with 

the nucleus Al will be 

where the first factor is a crude 

average over dinotor orientation, the 

second is the length of the dinotor, 

Fig 2 

assuming it has nuclear density, and the third is twice the diameter of the 
Al nucleus. As an example, A = 64, Al 27 gives 

ads 4.4 if a = roo -. = 
So the increased cross-sections are about right. 

ass 

In such collisions the dinotor would only be struck locally, but since all 

the quarks are spread uniformly throughout the dinotorthe collision is likely 

to deposit ~nergy among many quarks and this could then be slowly evaporated, 

rather than destroying the dinotor completely. Furthermore coloured magnetic 

fields circulating within the dinotor, as suggested by some models, would 

provide robustness; when a piece is knocked out of the dinotor the broken 

ends like to join up again to preserve the colour magnetic flux. 

Properties of the dinotor 

The process of dinotor formation and its collision are too complicated 

to calculate in detail but there are three properties which must be verified 

before the model ~an be taken seriously: 

(i) The existence of a local minimum in the energy of quark 

.matter with toroidal geometry. 
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(ii) The size and density of the dinotor; if the density is 
too large it is unlikely to be formed. 

(iii ) The lifetime of the dinotor due to nucleaon "drip" which 
-10 . must exceed 10 sec. 

The first two requirements follow simply by exploring the energy as a 

function of size and shape parameters, the third requires an estimate of the 

tunnelling of three quarks out of a dinotor to form a nucleon. These 

features are insensitive to interactions between the quarks. There is 

another aspect which is also important but can be less reliably calculated. 

(iv) The quark wave functions; these can involve spin-colour 

correlations within the dinotor. 

The quark-quark interaction is now important and a one-gluon exchange 

model provides a suggestive guide. It is possible that the quarks in the 

dinotor are not locally in colour singlets. Thus collisions with a fast 

hadron would effectively provide a non-singlet colour target. 

Geometric Size and Stability 

The size, thickness and ~tability of-the dinotor is determined by a balance 

between the bag pressure B and the kinetic energy of the quarks. Quark 

interactions make only a minor contribution. We shall neglect completely the 

effects of centre of mass motion which are so -necessary to get good fits to 

the hadron masses in the M.l. T. bag model, and concentrate on the question of 

stability. Since toroidal coordinates are unpleasant we note that the energy 

of the dinotor is not much altered if it is replaced by a long straight 

cylindrical bag of the same radius a and total length L as the torus. The 

M.I.T. boundary conditions for the quarks wil~ apply on the cylindrical 

surface and periodic boundary conditions at the ends, because in the dinotor 

they would be joined up. This "straightening out" o~ the torus is estimated 

to have a small effect on the kinetic energy of the quarks. 

We now fill the cylinder with a Hartree-Fock wave function of quarks. 

That is an antisymmetrical product of single particle wave functions ~k' which 

because of the periodic boundary condition must be eigenstates of the momentum. 
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with eigenvalue k, in the z direction, ie along the cylinder. The possible 

radial wave functions ~k=o(b,~) correspond to states of definite z component 

of angular momentum s, and of parity. The mass m of the quarks due to 

transverse confinement is determined by the M.I.T. bag condition: 

J 1 (ma) = ± J l(ma) 
S-2 S+2 

These Bessel functions are sketched in fig. (3). 

For angular momentum s = t Jo(mb) is 

the radial wave function of the large 

components and J (mb) of the small 
1 

components of the Dirac spinor. The 

total wavefunction curvature needed 

for confinement is shared between the' 

large and small components to produce 

an anomalously small mass for the 

s = ± t states. Fig. (4) represents 

the low-lying radial energy levels, 

together with the Fermi sea of longdi

tudinal momenta which correspond to the 

occupied states within the dinotor. 

ma 

7/2 · 4.9 

"2 · 4.7 

3/2 - 4.4 

5/2 · 3.7 

1/2 - 3.1 

3/2 · 2.6 

~:~';;i~ 
1/2 + 1.4 ~~0: 

0 

Fig.4 

1.0 

0.5 

ma = t.435 rna = 2.62 

-0.5 

Fig.3 

The top of the Fermi sea is well below 

the next radial excitation, and we can 

safely neglect all but the lowest 

s = ± t states. Henceforth we shall 

refer to these as "spins". 

The colour-spin-flavour composition 

of this Fermi sea will be determined by 

quark-quark interactions arising from 

gluon exchange. Th'ere are two rather 

different possibilities. In the first, 

each momentum state contains 12 quarks 

3 colours, 2 spins, 2 flavours. In 

the second, the quark gluon interaction 

102 



favours having only one Fermi sea with 6 quarks in each momentum state 

3 colours, 2 flavours. Each quark colour has a definite spin. This is not 

locally a colour singlet, but of course the dinotor as a whole will be a 

singlet. 

To illustrate the stability condition consider a non-relativistic 

approximation, which is quite good, for 6 quarks in each of N momentum 

states. Then 

E 
N = 

The terms correspond to mass, kinetic energy, gluon interaction and bag energy 

with kF = nt the Fermi momentum. V is the effective interaction between 

quarks. Minimizing this with respect to the radius a and kFa we get a 

unique local minimum with 

= 1. (!!@.) 
B 'If 

2<*)3/z [(1 - ( 2
) (6 + 11+( 2

) - t 6J 

kF = ! (ma) * [s + 11+6
2

] 

~ = ~ ~8 (ma) D. - t 6 (6 + Il+( 2 )J 
e 2 V where ma = 1.435 and 6 = nl3O. The factors in square brackets are the 

corrections induced by the quark gluon interaction and for most interactions 

6 < 0.3. The results scale, in the sense that if the numbers of quarks in 

each momentum state is doubled from 6 to 12 but the total number 3A is kept 
1/4 constant then E/ A' and kF decrease by a factor 2 and the radius a and 

densi ty p increase by the same factor. The bag constant B sets the 

dimensional scale. The 6 coefficients from gluon exchange will also change 

because of the different spin structure of the state, and the choice of which 

type of Fermi sea belongs to the ground state is determined by competition 

between these two effects. The 6 terms are too small to prevent a local 

energy minimum. Including relativistic kinematics and the momentum 

dependence of V alters numbers slightly but has no qualitative effect. 
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In Table (1) some typical data is provided both for 6 quarks and 12 

quarks per momentum state. Energies are given per "Nucleon", or 3 quarks. 

It should be noted that a quark density p of about 0.6 fm.- 3 per quark 

corresponds to a nucleon density of 0.2 fm.- 3 which is only slightly higher 
-3 than nuclear matter density of 0.17 fm. • Furthermore the equilibrium energy 

in the dinotor is only 4% higher than the absolute minimum corresponding to 

the quarks in a large spherical bag. 

It is thus clear that there is a local minimum of the energy of the 

system for a long cylindrical shape which is very stable against changes in 

the details of the calculation. In all cases the Fermi momenta are well 

below those which would lead to coupling to other angular momentum or parity 

states. The model is in some sense robust and depends essentially only on 

the use of the M.I.T. bag boundary condition for the quarks. 

Stability to Nucleon Drip 

Is the dinotor a fairly stable object or will it rapidly break up into 

separate nucleons? There are several forms of decay one can imagine: 

(i) Large-scale changes in the parameter, length and radius of the dinotor so 

that it moves into the deeper minimum corresponding to a spherical bag. Since 

all the quarks must take part this is very improbable. (ii) A local 

deformation starts on the surface of the dinotor, say a small bulge containing 

3 quarks, which then detaches itself from the dinotor forming a separate bag. 

This can be thought of as the dinotor "dripping" nucleons. To calculate this 

properly we would need to know the dynamics of the bag surface, which is 

poorly understood. We make a simpler model which retains the essential 

features. I will illustrate this with non-relativistic Schroedinger quarks 

rather than Dirac ones to simplify the argument but the calculation works 

just as well relativistically. 
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In fig. (Sa) I have sketched a Fermi sea consisting of momentum states 

Wk with /k/ < kF• But instead of single particle states Wk, linear 

combination may equally well be chosen, which are as localised as possible, 

rather like atomic or.molecular orbitals, as in. fig. (Sb). But even these 

have a trailing part of their wave function which is spread throughout the 

whole bag. Before these localised quarks can leave to form their own bag 

they have to collect up their trailing coloured skirts, since W is strictly 

equal to zero outside the bag. If we calculate this energy adiabatically we 

have a barrier to nucleon· drip and can calculate the probability for the 

nucleon to tunnel through. To be specific consider the wave function of 

fig. (Sc) which is strictly confined within a distance s 

Ws (z) 

with 

E(s) 

= II cos(k z) e,z2 _ S2) 
S S 

k 
s = 7T 

s 

• Expand this in terms of the momentum eigenstates of the cylinder of length L 

W (z) = E ex. '" (2) 
S n=o n ~n 

where ¢n(z) =1[ cos(kn
z ) and k

n 
= 2L7T n. 

Ib) 

Ie) 

Fig. 5 

Now compare this with the localised 

single particle wave function which 

most closely resembles Ws 

I 
\jjs(z) = B 

N 
L: 

n=o 
with 

kF = r N the sum extends only over 

occupied states and B is a normal

izing factor. Its energy will be 
I N k2 

Es - -,,- L: / Ct / 2 -1!. - B~ n=o n 2m 

Then 
£1E(s) = E - E 

s s 
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is the energy a quark needs to collect its colour adiabatically into a region 

of length S. 

A plot of ~E(s) is given in fig. (6) for this simple model. On the sam~ 

plot are some estimates of the energy of a nucleon in a bag when it is 

"stretched out" to a length s, and its minimum shifted relative to the 

dinotor by 0, 100, 200 Mev. These absolute energy shifts are too hard to 

calculate reliably. Now we have a barrier for the nucleon to tunnel through 

with transmission coefficient 

f 
.. 1 

m. 

1.0 

o 8 

0.6 

0.4 

0.2 

T = exp [ .. 6 /:0 12m ~E(s) dsJ s o 

8 10 
fm. 

Fig.6 
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The mass in this formula has been 

rather arbitrarily chosen as the 

transverse quark mass and the factor 6 

.allows for three quarks to tunnel out. 

For the three cases considered above 

the transmission coefficient is 

7 X 10- 14 

T = 9 X 10- 13 

6 X 10- 12 

This suggests that the lifetime for 

nucleon drip is greater than lO-10sec • 

Using relativistic wave functions and 

including interaction terms makes the 

whole calculation substantially more 

complicated and introduces more 
specific model dependence but does 

not alter the conclusions. 



Quark Wave Functions 

The colour-spin content of the quark wave function in the dinotor will 

be determined by their interactions. If we limit ourselves to one gluon 

exchange the three graphs of fig.(7) contribute. The self-energy graph has 

the usual divergences which I would rather not have to calculate. The 

exchange term exactly cancels that part of the self energy in which the 

virtual quark of momentum k in fig. (7c) is in an occupied ievel.· Two 
s 

approaches have been followed: 

(i) Assuming the self energy is characterless, that is the 

quarks all get a similar small mass independent of their 

spin orientations. Then take the direct, fig. (7a), and 

exchange (7b) diagrams to determine the wave functions. 

This is the procedure that Jackson and I have followed. 

(ii) Relying on the cancellation of the exchange graph with 

some of the self-energy diagrams, Goldhaber and Johnson 

include an estimate of the remainder of the self energy 

by taking a cut-off on the momentum k below the s 

(a) 

( b) 

(c) 

excitation of the next radial mode, in the expectation 

that if wisely chosen the results will not be sensitive 

to this cut-off. 

Direct 

Exchange 

Self Energy 

klpkl 
Fig. 7 

There is another problem in the 

calculation. For an infinitely long 

cylinder the Coulombic exchange inter

actions have an infrared singularity. 

This can easily be avoided in the direct 

term by choosing wave functions which 

are on the average colour neutral, but 

it still persists in the exchange and 

self-energy terms. There are many 

phenomena which will correct this. 

For instance, screening of the inter

action between two quarks by the 

intervening Fermi sea. The gluon-gluon 

interaction also provides a mass for 

107 



some of the gluons since they propagate in the presence of an average static 

gluon field within the bag. All these are strictly higher order effects. 

Goldhaber and Johnson take some of them" into account while Jackson and I have 

just given the Coulombic gluon a mass comparable to the quark transverse mass 

and explored the effect of this additional parameter. 

The procedure is then straightforward. We parametrisethe colour-spin

flavour of the momentum wave functions as generally as possible, consistent 

with their being Hartree Fock wave functions, evaluate the interaction energy, 

both direct and exchange, add the kinetic and bag energies and minimize the 

total with respect to the colour-spin content of the wave functions as well as 

the bag radius and Fermi momentum. The<effects of this procedure on the bag 

shape are small but the type of wave function can vary dramatically. I shall 

outline here only the qualitative features. 

(a) Direct Interaction terms only: 

Several very different configurations have energies which are extremely 

close to each other so that other effects, not considered here, would dictate 

the precise form of the ground state. When there are only 6 quarks per 

momentum state (3 colours - 2 flavours) typical wave functions are: 

(i) All quark spins point along the 2 axis but two of the colours 

have s = + t and the third s = - t. There is a colour current 
"-

circulating in the ~ direction within the cylinder and a 
8 

static magnetic gluon field of A type along the z direction 
within the cylinder. In the case of the dinotor this magnetic 

flux would flow continuously round inside the torus. 

(ii) The three colours have "spins" pointing perpendicular to the 

cylinder axis and 1200 apart. The flow of colour current and 

colour magnetic field is interchanged compared to (i). 

(iii) Variants of (i) and (ii) where one colour has spin pointing along 

the negative z axis, s = ~ t, and the other two at an angle +¢ 

and -~ respectively to the 'z axis in a plane including the z 

axis. 
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For the direct interaction the "spins" of the three coloured quarks, in a 

loose sense, like to point a~ far ~~ay from each other as possible. But with 

the conventional strength of the quark gluon coupling e 2 ~ 2.0 the direct 

interactions by themselves are not strong enough to reduce the energy of the 

6 quark per momentum wave function below that of the 12 quark per momentum 

state. The latter is of course a strict local colour singlet state, with no 

spin-colour correlations, and the direct interactions contribute to zero 

energy. 

(b) Exchange plus direct interactions 

The exchange interaction, again in a rather loose sense, pulls in the 

opposite direction to the direct terms. It tends to favour the spins of all 

three colours pointing in the same direction, particularly the z direction. 

There is a large contributio~ from the Coulombic gluon whose strength is 

parametrised by a gluon mass. Evencwith a large gluon mass nearly twice as 

large as the quark transverse mass the exchange terms are strong enough to 

favour a 6 quark per momentum wave function. The state corresponds to all 

the quarks having the ~ spin s = t in the z direction. This indeed 

reminds one of the smoke ring which suggested the toroidal configuration in 

the first place. 

Including a quark mass independent of colour, flavour or spin, to make 

some allowance for the self-energy graph, changes these quantitative 

conclusions rather little until the quark mass approaches the transverse 

confining mass. Interactions then start getting rapidly very weak. 

Conclusions 

The dinotor is a multiquark state whose main features depend essentially 

only on'the M.I.T. bag boundary condition. Whether or not the anomalon as at 

present experimentally observed, corresponds to this state of matter is a 

completely open question. The dinoter has several of the features demanded -

size, long lifetime, stability, robustness. And if the M.I.T. bag, with its 

boundary condition, is a good model for the colour confinement of many quarks 

systems, then we should expect to see the dinoter or one of its descendents 

some day. 
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Table 1 

System of Ng of quarks EfA kF a p 
non-interacting Quarks per momentum Mev fm- 1 fm -3 fm 

Large Sphere: 
12 855 1.47 .651 Relativistic -

Cylinder: Relativistic 12 823 1.23 1.54 .624 

Cylinder: Non-relativistic 12 942 1.08 1.46 .612 

Cylinder: Non-relativistic 6 1120 1.28 1.23 .514 
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Introduction 

The purpose of this work is to explore the consequences of spontaneously 
broken symmetries in nuclear physics. This might seem an odd task to 
undertake in that spontaneously broken symmetries have played no substantial 
role in understanding nuclear structure. It becomes meaningful, though, in a 
field theoretic description of nuclear interactions. 

There are two types of spontaneously broken symmetries that are relevant. 
in a relativistic field theory appro~ch- to nuclear structure and nuclear 
dynamics;. The pion plays an important role in both. It !=an be viewed as the 
realization of chiral symmetry in the Goldstone.mode. T.D. Lee and G.C. Wick 
showed a number of years ago that .such real i zat i on of chi ra 1 symmetry imp 11 es 
the existence of a new solution to the field equations, leading to a new 
nuclear configuration. l ) The other 'form of spontaneously broken symmetry 
that is relevant is gauge invariance. The consideration of spontaneously 
broken gauge field theory in the context of nuclear physics is a logical 
consequence of the relativistic field theory program, initiated by 
J.D. Walecka, to describe nuclear interactions.?) . , 

That a nucleus could be a relativistic system was investigated by Duerr, 
Johnson and Teller a long time ago. 3) Their idea was motivated by the 
desire to understand two essential properties of nuclear interactions. These 
are the spin-orbit splitting arid energy dependence of the real part of the 
optical potential. They classified nuclear interactions according to the 
Lorentz transformation properties. One part is taken to be a Lorentz scalar, 
which generates attraction, the other a Lorentz vector, yielding repulsion. 
To explain the spin-orbit interaction and the observed energy dependence of 
the optical potential requires the fields to be of colossal strength. They 
find the scalar potential to be a ~-450 MeV and the vector potential to be 
wo~ 350 MeV. Nucleons moving in such potentials are very different from 
quasi-free nucleons, as nonrelativistic theory assumes. The reason that the 
binding energy is small is that these two large potentials cancel in the 
binding. The effective mass of the nucleon still remains quite small, 
m*/mN = 0.56. 

The assumption that the nucleus is a relativistic many-body system is 
supported by a number of recent calculations. A detailed investigation 
reveals that a relativistic approach can account for many known single 
particle properties of nuclei, such as charge and matter distribution, single 
particle energy levels, and total binding energies. 4) A simple relativistic 
model describes these properties better than sophisticated nonrelativistic 
Hartree-Fock calculations. 5} Another area in which the relativistic 
approach has done well is in describing nucleon-nucleus scattering. 6) The 
Dirac phenomenology reproduces known scattering data extremely well, in 
particular, the analyzing power and spin-rotation function. 7) The last area 
in which the relativistic approach is proving itself useful is in 
understanding Coulomb energy anomalies. 

'-112 



Relativistic Nuclear Physics 

Nuclear Matter 
,. 

The physical starting point of a relativistic description of nuclear 
interactions is the known bulk properties of symmetric, N = Z, nuclear 
matter. To recall, nuclear matter saturates at a density of about 0.145/fm3 
with a binding energy of -15.96 MeV.8) It has a compressibility of about 
210 ~ 40 MeV. The saturation properties, of nuclear matter are considered as 
given and not deduced from nucJeon-nu~leon i~t~ractions .. This is an essential 
point. We start from known properties of the, medium aryd the single particle 
wave functions in that medium. Since' the mass, of the nucleon in matter is 
assumed to be much smaller than ih vacuum, the expansion of the single 
particle wave function in the medium in terms of free nucleon wave functions 
is very complex. This means that the nucleon'in nuclear matter is very 
different from that in vacuum. ' 

To reproduce known saturation properties.of nuclear matter we need to 
introduce attraction and repul~ion. The attraction is generated by a scalar 
field cr and repulsion by a vactor field w~,' in direct analogy with electro
magnetism. The simplest renormalizable Lagr~~gian that can be written is 

= J.x i y _a_ - mN ).rl - ~ F F - g Xy. fW + g IT.JJcr 
T' ~ ax .T <t. ~\I ~\I wT.~ ~ ,sT\' 

~ '. 

- U(cr) (1) 

where 

( 2a) 

(2b) 

In the mean field approximation the field operators are replaced by their 
expectation values in the ground state. For infinite, rotationally invariant 
nuclear matter the field equations are 

aU ~" ' 0' 

acr - -gsPs ( 3a) 

m2w = gwPv' (3b) 
W 0 

~ = 0 (3c) 

where 
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with 

2 3 
Pv = 3Tr~ kF = 

( 4a) 

(4b) 

( 5) 

The properties of infinite nuclear matter can be studied as a function of 

g 1m , b/g3 
w w s Let 

(6a) 

C = g 1m mN v w w 
(6b) 

For a given set of (Cs,Cv) nuclear matter can be saturated. This still leaves 
the compressibility and the effective mass as free parameters. To see their 
effect we plot in Fig. 1 the equation of state. The dots correspond to the 
equation of state computed by a many-body hypernetted chain approximation 
using realistac potentials. 9) We can make two comments. First, the low 
density part of the equation of state is insensitive to the compressibility. 
The high density part of the equation of state is not a unique function of 
compressibility.10) Second, the sophisticated many-body calculation for the 
equation of state can be well reproduced by the relativistic model both at low 
and high nuclear densities. Thus the physical content of our model is not 
trivial. 

To explore the physical content of the model we consider the effective 
potential a nucleon experiences in nuclear matter of various densities. This 
has also been computed in the hypernetted chain approximation. ll ) In our 
case the potential is given by 

U eff : E - /( E - (7) 

where the fields are obtained by sblving the field equations of Eq. (2) at the 
appropriate densities. In Fig. 2 the comparison is shown. At normal nuclear 
densities and at low nuclear densities the physics of both calculations is 
much the same. The relativistic calculation can be done on a hand calculator. 
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Finite Nuclei 

To describe finite nuclei we need to introduce Coulomb interaction and 
symmetry energy. The simplest Lagrangian with these interactions is given by 

p -~ f 1 2 1 1 1\ 1\ ~ = - y a + m) - ~ [(a 0) + U(o)] - T F F - T G • G 
~ ~ n ~ ~ ~ ~v ~v ~ uv ~v 

234 
U(o) = a~ + b~ + c~ 

The field equations for the mesonic fields are 

d 
2 

0 + ~ do - ~ + g s f p s( n) + p s( P )J d7 r dr - 00 L 

(8) 

( 9a) 

(9b) 

(9c) 

( 9d) 

Ps = L f,t f (lOa) 
J... 

Pv = I.fL f (lOb) 
.l 

If we take Cs = 16.6 and Cv = 12.6, which correspond to nuclear matter 

* compressibility of 210 MeV and mN/mN = 0.75, then the properties of closed 
shell nuclei can be easily computed by solving the above field equations 
self-consistently. We note that the two-body interaction is not specified at 
all. In Fig. 3 some of the results are shown. The agreement with known data 
is quite good. In particular, the results for 90Z r and 208Pb are 
significant. In Fig. 4 we show some of the best nonrelativistic calculations 
for charge distribution in these nuclei. As one can easily see, our results 
are far superior. 
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The importance of relativistic effects can be assessed by looking at the 
size of the small component of the wave function. An interesting nucleus for 
this is 160. Here the effect of, the small component can be easily seen. In 
nonrelativistic quantum mechanics the Pl/2 and P3/2 wave functions vanish 
at the origin. In the Dirac equation the P1/2 wave function does not 
vanish. The size of the small component is directly measured by +-
In Fig. 5 this difference is plotted. We see that the small component 
accounts for about 5700f the density at the origin or 25~ of the wave 
function. Nonrelativistic calculations for the properties of 160 usually 
predict a hole in the charge distribution at the origin. None is observed. 
We suggest that the absence of the dip at the origin is a consequence of 
relativity." . . i • 

Properties of a Nuclear Lagrangian 

A nucleus experiences all known interactions of nature. Thus, our aim 
should be to encompass as many of these interactions as possible in a 
renormalizable field theory describing a nucleus. The following interactions 
should be considered: 

A) Pion 

To a good degree of approximation the pion is a Goldstone boson. The 
nucleon acquires its mass through sp.ontaneous breaking of chiral symmetry. 
Since an enormous amount of nuclear data pertains to pionic interactions, a 
relativistic chiral field theory;is very desirable. 

B) The rho meson 

In nuclei the separation of,~eutrons from protons requires the 
expenditure of energy. This is. the, so-called symmetry energy. Its importance 
is quite apparent in nuclei with a 1arge imbalance of neutrons to protons, 
such as 208Pb. This ·symmetry energy is due, in a relativistic field point 
of view, to the rho meson field. Thus, in describing nuclear structure 
nonabelian vector field plays an important role. The requirement of 
renormalizability of the field theory can be met by introducing the vector 
field through a SU(2) local gauge principle. 

C) Electromagnetic interactions 

The mesonic fields themselves carry charge. Thus, we need to describe 
these electromagnetic interactions as well .. A consistent electromagnetic 
theory of nuclear interactions requires an expression of the electromagnetic 
current in terms of mesonic and baryonic degrees of freedom. The only known 
way of doing this is through a local gauge principle. In view of the fact 
that the SU(2) field carries charge, the gauge group that can give a 
consistent current operator for nuclear interactions is SU(2)XU(1). The 
powerful implications of this gauge group for nuclear interactions will be 
considered. 

The following sections of this work are devoted to the implementation of 
the above ideas. 
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Chiral Symmetry and Catastrophe Theory 

The easiest way of realizing chiral symmetry of the pion is through the 
Gell-Mann and Levy model. It has a sigma field for nuclear interactions, as 
well as the desired chiral properties for the pion. Surprisingly, this model 
has a fatal flaw. It does not possess a normal nuclear matter ground 
state12 ) for any values of the coupling constants! This problem is directly 
linked to the spontaneous breaking of chiral symmetry. Spontaneous breaking 
of a global symmetry corresponds to a cusp Catastrophe. 13 ) These 
considerations can be made simple andexplicit by considering a model of 
nuclear interactions in which the scalar mesori pote~tial functional has a 
double minimum as a function of cr. A typical U(cr) is shown in Fig. 6~For 
infinite nuclear matter the equations are 

aU 
- = -g p acr s s 

2 m W = g p 
wow V 

( lla) 

(lIb) 

In Fig. 7 the solutions are shown as a function of Fermi momentum. For each 
value of kF the number of solutions is odd. In Fig. 8 the energy per 
particle is shown. The minimum of the equation of state is the Lee-Wick 
state. Normal nuclear ground state does:not ,exist. The modification of U(cr) 
will not cure the problem as long as U(cr) has a double minimum. Thus we see 
that a simple model of chiral symmetry immediately leads to fatal trouble. 
This difficulty is inherent in the model itself. 

As long as the sigma field is not coupled to another field, besides the 
nucleon, the bifurcation problem will persist, as we saw in the above . 
example. This is because of the cusp nature of the bifurcation induced by the 
double minimu~ of the potential function U(cr).13) The only way of avoiding 
the cusp catastrophe' is by coupling the sigma field to another degree of 
freedom, such as the w

il 
field. As a model of seeing this, let's consider 

the case when the sigma field generates not only the mass of the nucleon but 
also that of the vector field. 14 ) Of course,'at this stage the theory is ' 
not a gauge theory. To this question we shall return shortly. 

Let the Lagrangian be 

1 1 2 "2 - ~ F F - ~ A(cr + ~ \ 
't IlV IlV 't. . 

The mass of the vector field is generated by the chiral doublet. The field 
equations for infinite nuclear matter are 
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aU 
aa 

* 

= -

m = m + g a V w w 

The solution to these field equations, with g = 8.35 and m = 650 MeV, is s a 

( 13a) 

(13b) 

(13c) 

shown in Fig. 9. The point a = 0 is a solution to the field equations, but it 
is isolated for Pv = O. Otherwise the system would carry infinite energy. 
We also have a normal solution. The equation of state is shown in Fig. 10. 
The bifurcation problem disappeared, as claimed. The equation of state has 
only one minimum and not two, as desired by Lee-Wick. Nevertheless, there is 
a new finite nuclear state. 

The implication of chiral symmetry for nuclear structure can be quite 
subtle in nature. Chiral symmetry is spontaneously broken, as shown in 
Fig. 11. This implies that a = ±ao are acceptable solutions for the vacuum 
state. By choosing a = +00' we pick out a preferred solution. But, in 
fact, the other state, -00, still satisfies the field equations. Thus, if 
we could hide it inside a nucleus, say, then all the necessary boundary 
conditions of the problem are met, and we realize a new solution to the field 
equations. The two configurations of the sigma field are schematically shown 
in Fig. 12. The one with a kink in the field will lead to kinky nuclei. 

The field equations to solve for such nuclei are 

where 

1 (iU(r) \ 
= r V(r)"::. ~ )'.D. j lm(n J 

The numerical solutions to the equations are obtained by starting the 
iteration process with a reasonable square well for a(r). In Fig. 13 the 
density profile for the abnormal and normal state of 4He is shown. The 
abnormal state has a smaller rms radius, and thus we expect such a nuclear 
state to have a longer mean free path than a normal nucleus. 
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Wu as a Gauge Boson 

The above considerations suggest that a simple way of reconciling the 
pathologies of the linear chiral model is to make the mass of the vector field 
dynamic. This was achieved by the sigma field. A better version of this 
mechanism is to treat the vector field as a true gauge field. This is done by 
introducing a Higgs field 0 that spontaneously generates the Wu mass. For 
the Lagrangian now take 

= -41 F F - ~iy d kiJ- gJi a + iY5t':)~-21 (d 0)2 
uv uv 1\ U u' \ sT' T u 

2 ' " 2 
1 '-aa \ 1 (~Tr ~ (2 2 J.*J.) 

-"2 \a\ J -"2 \:\ ) - U a + Tr , VJ VJ 
(16) 

(17 a) 

2 
= a(cr2 + ~2) + b(cr2 + ~2) + C(cr2 + i2)0*0 

+ d(0*0) + e(0*0)'l.. (17b) 

The interaction between the Higgs field 0 and the chiral singlet cr2 + ~2 is 
necessary. Such a gauge field theory was considered by T.O. Lee in a 
different context of abnormal matter theory.I5) 

In vacuum, the pattern of spontaneous symmetry breaking can be determined 
~ minimizing U with respect to the Higgs field and the scalar field (take 
Tr = 0). We then have 

and 

aU 
-= acr 

* 1 2 o 0 = - d (e + Ccr ) 

ce-2b 
2 4a-c Id 

For given values of a,c,d, the values of e and b can be found so that 
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( 18a) 

(18b) 

(19a) 

(19b) 

(19c) 

(19d) 



( 20a) 

(20b) 

The desired values of e and care 

( 21a) 

2 2 b = - [o c + 20 a] o 0 
(21b) 

Thus a gauge field theory of the omega meson can be easily constructed, which 
also leads to a chiral symmetric theory. 

The gauge nature of the vector field has interesting consequences, as 
first shown by Nielsen and 01esen. 16 ) A solution to the gauge field theory 
is found that possesses a topological quantum number. For this, let's 
consider a solution to the field equations that is cylindrically symmetric. 
Let the Higgs field be 

where ~ is the azimuthal angle. 
Tne field equations for the vector field are given by 

where 

If we 1 et 

( *" " a a *) 2 * 0-,y:-0-071X0. +gw00 
~ ~A~ . ~ 

~ ~ 
~ x z ( ) w=--Wr r . 

then the field equation is, in cylindrical coordinates 

~r (Hi' [rW(rll) - u(d(lw(r) ~~) • 0 

We see that asymptotically 
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(22) 

(23) 

(24) 

(25) 

(26) 



W(r) ~ ~ gr 

and thus the line integral 

n 211' 
g 

( 27) 

(28) 

This is the amount of flux that cuts the x-y plane. The number n is integer 
and its origin is topological in nature. 

SU(2)XU(I) Gauge Field Theory of Nuclear Interaction~ 

There exist no nuclear data to reject the hypothesis that nuclear 
interactions are described by SU(2)XU(I) gauage field theory. In fact, there 
are a number of supporting considerations for this hypothesis. Nuclear 
structure shows that global SU(2) is an exceedingly good symmetry of hadronic 
interactions. Observed breaking of global SU(2) is almost completely 
accountable by the electromagnetic interaction. Breaking of global SU(2) must 
be very small in nuclear physics. This is understandable in terms of the fact 
that v_po mixing is very small. The mixing angle is 

(29) 

Since global SU(2)XU(1), with a small mlxlng angle, is in accord to know data 
so well, it is reasonable to attempt a local extrapolation of this symmetry 
and study the consequences of such an assumption. Furthermore, the extension 
of global SU(2)XU(1) to a local gauge symmetry is motivated by the fact. that 
the only way of building renormalizable nonabelian fielCl theories is through a 
local gauge principle. Thus, for a consistency of the theoretical program to 
describe nuclear interactions through a field theory, it is necessary to 
introduce the local extension of SU(2)XU(I). 

We shall discuss two different consequences of local SU(2)XU(I) gauge 
group for nuclear physics. First, we show that the gauge group implies charge 
asymmetry of nuclear interact ions. Of course, thi s charge asymmetry wi 11 be 
very small. The second implication of the gauge group is that nuclear forces 
undergo a metamorphosis.17) This metamorphosis is accompanied by a new 
quantum number, whose origin is topological in nature and does not correspond 
to an invariance of the Lagrangian. 

SU(2)XU(I) gauge theory of nuclear interactions can be easily 
constructed. Let the fermion doublet be 

: (:) (30) 

The right- and left-hand parts of the wave function are assumed to transform 
the same way. This implies that parity is conserved, as it must be. The 
charge of the Higgs field is indicated by 
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( 31) 

The symmetry is spontaneously broken by the choice of the potential functional 

The covariant~erivative acting on doublets is 

The Lagrangian is then given by 

r 1"" 1 1 2 0.... =-JrF"F -JrG G --.r(dH).-
~ ~v ~v ~ ~v ~v L ~ 

" 

" a" a'" "" F =-R --R +g R xR 
~v ax v ax ~ p ~ v 

~ v 

a a 
=-B --B ax v ax \l 

~ Il 

where R ,B are the SU(2) and U(l) fields, respectively. 
~ ~ 

diagonalized by the following choice of the fields 

p% = R% 
~ ~ 

with 

The A field has zero mass and corresponds to the photon. 
~ 

(32) 

(33) 

(34) 

(35) 

(36) 

The mass matrix is 

(37a) 

(37b) 

(37c) 

The Lagrangian can be expanded in terms of p ,A fields. The electromag
~ ~ 

magnetic current operator is then 

(39) 
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and the Lagrangian has the following terms of interest. 

-g it.. " = -"e. ~~ 'lJJ.- g p • c. ul'[ p u (40) 

1 2 ..... 
+ _ ~wJ,h 0 + 2 -lalTD ... gp" u 

2-
Of particular interest is the term e-~~po. It shows that global SU(2) will 2g' }o[l u 

p 

be violated in our theory. That is, nuclear forces are predicted to be charge 
asymmetric. This charge asymmetry will be very small, of order e2/g o ' 
Such a small charge symmetry breaking is not ruled out by nuclear data. The 
effect of local SU(2)XU(l) gauge field theory for known nuclear structure is 
very small. The group's full impact appears somewhere else. 

Besides the normal Yukawa type ~olutions, the gauge group possesses a 
whole class of other solutions. They are characterized by the fact that in 
these states, the vector field becomes long ranged, and it is accompanied by a 
new topological quantum number. Such a state is called an hadroid. 17 ) To 
see this, we discuss Nambu's results for SU(2)XU(1).18) 

For a solution to exist, we must have 

d H = (2- + J..[~. R + i1I B ) H = 0 u ax 2f u ~ u 
u r~oO . 

This implies that 
{.4 

= -iH+,J, _a_ H (., ax 
u 

If R + and R are defined with respect to H H then we have 

1R~1.. = - (H\jH) a!u (H+t{H) e ijk 

. . +<.-7 
gR 1 = _ r i (H +1: 1 H) H _a_ H r ull) a\ 

gB =
u 

+~ 
ni H _a_ H 

ax 
u 

gG - nf 
uv uv 

a 
ax 

u 

a 
ax 

v 
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+ n = 1 

(41) 

(42) 

(43a) 

(43b) 

(43c) 

( 44a) 

(44b) 



.(0 too +0 ) fv=-21 ax- H ax-H-ax- H ax- H 
~ ~ V V ~ 

A 
For a given Higgs field we can find a solution.R~ and B • 

~ 

(44c) 

Non-Yukawa type solutions emerge if the Higgs field is given a nontrivial 
asymptoti c" dependence on ang le . For ex amp 1 e, 1 et 

Define 

'\'1'1(0, \ 
H=, 't. r 

U(r) J 
,... +" o = H-'tH 

(45) 

( 46a) 

· ~ (.2!~t~ (46b) 

Then another ,set of solutions is generated by the Higgs field of the type 

"" (0 ) H = "(.0 
\ t(r) 

( 47) 

This type of construction can be continued. 

Interesting consequences of the hadroid phase can be inferred without 
much work. First, the number of hadroid states for a nucleus is limitless. 
This follows from the sequential construction of the Higgs fields for these 
states. Furthermbre,the electromagnetic properties of an hadroid nucleus, 
must be different, from that in the normal state. The solution of SU(2)XU(1) 
gauge field theory has a nonvanishing m~gnetic field, even for a 0+ 
nucleus. This is a unique signature of the hadroid. 

Hadroi ds 

The physical picture of nuclear structure' given by the SU(2)XU(1) gauge 
invarian Lagrangian is as follows: For small excitations around the vacuum 
state, the isotopic nuclear interactions are mediated by a massive rho field. 
For nuclear matter it gives the correct value of the symmetry energy. It also 
plays an important role in determining the structure of a nucleus such as 
208Pb. The small mixing angle precludes any significant deviations from 
known nuclear properties obtainable from globa,l SU(2) isotopic spin 
invariance. A significant prediction is that there is a very small charge 
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asymmetry in nuclear interactions. The sign and magnitude agree with recent 
experiment. 

In the hadroid phase the classical balance of nuclear forces is altered. 
The isotopic spin field becomes long ranged and pionic solitons can exist. 
Change in the character of the isotopic force will manifest itself in the 
increased interaction of th~ hadroid with other nuclei. Such phenomenon has 
been observed in projectile fragments and reported at this Workshop. The 
excitation of such anomalous nuclear fragments, according to the present 
model, must be in the isotopic degree of freedom. Those reactions that can 
excite isotopic spin degrees of freedom must be, the most efficacious'in 
creating the hadroid. 

Theoretically speaking, the proposition that nuclear interactions are 
described by a SU(2)XU(l) local gauge invariant Lagrangian is a natural one to 
make. A consistent relativistic quantum field theory of nuclear interactions 
must at least have this invariance. The fact that the rho meson is charged 
requires its gauging, if a consistent electromagnetic theory of nuclear 
interactions is to be obtained. Besides the requirements ,of consistence, the 
theory predicts a number of extraordinary nuclear states, whose existence can 
be checked by experiment. 
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Figure Captions 

Fig. 1a Energy per particle as a function of nuclear matter density Pv for 
various compressibilities and effective masses. The dots are the 
result of hypernetted chain calculation. 

Fig. 1b 

Fig. 1c 

Fig. 2 

Fig. 3a 

Fig. 3b 

Fig. 3c 

Fig. 3d 

Fig. 3e 

Fig. 4a 

Fig. 4b 

Fig. 5 

Fig. 6a 

Fig. 6b 

Fig. 7 

Fig. 8 

Fig. 9 

Energy per particle as a function of density pv for fixed 
compressibility and different effective masses. 

Pressure P as a function of density for various choices of the 
parameters. The dots are hypernetted chain calculations of ref. 9. 

Optical potential in nuclear matter as a functon of density and 
particle energy. FP is the hypernetted chain calculation of ref. 11. 

Charge distribution in 160 as predicted by the relativistic model. 

Charge distribution in 40Ca as predicted by the relativistic model. 

Neutron distribution in 40Ca as predicted by the relativistic 
model. 

Charge distribution in 90Z r as predicted by the relativistic model. 

Charge distribution in 208Pb as predicted by the relativistic 
model. 

Charge distribution in 90Z r predicted by nonrelativistic models. 

Charge distribution in 208pb predicted by nonrelativistic models. 

Difference in the vector and scalar particle densities. It measures 
the size of the small component of the wave function. 

Potential functional with a double minimum that is not symmetric. 

Plot of au/aa and the scalar density Ps for various pv. The 
intersections are solution to the field equations. 

Solutions of the field equations for various Fermi momenta kF. 
The number of solutions is always odd. 

Energy per particle as a function of the Fermi momentum. The normal 
ground state does not appear because the 1 i ne bifurcates. 

Solution to the field equations in the dynamical model. The point 
mN = 0 is isolated, thus preventing bifurcation. 

Fig. 10 Energy per particle as a function of density. The dynamical model 
removes the bifurcations. 
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Fig. 12. 

Fig. 13. 

Potential functional U(~) as a function of ~ that corresponds to the 
equation of state of Fig. 10. 

Schematic representation of the normal and abnormal field 
configuration allowed by chiral symmetry. 

Proton densities in abnormal 4He and 12C. The densities 
surface peaked. A normal 4He density profile is shown. 
abnormal state has a longer mean free path than a normal 
would have. 
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QUASI-MOLECULAR STRUCTURES IN NUCLEAR SYSTEMS 

Y. C. Tang 
School of Physics, University of Minnesota, Minneapolis, Minnesota, USA 

55455 

Abstract: Theoretical and/or experimental evidence is presented to show 
that there exist quasi-molecular structures in light, medium, and heavy 
systems. At relativistic energies, an impulse mechanism, which can 
effectively excite the quasi-molecular states, is described. Plausible 
arguments are given, which suggest that the observation of anomalons and the 
asymmetric fission in the Au-region may both be related to the existence of 
quasi-molecular structures in nuclei. 

1. INTRODUCTION. 

Recent experiments to study the interactions of relativistic heavy ions 
in nuclear emulsions have led to the following interesting observations: 

(i) The production of projectile fragments which have anomalously short 
mean free paths [1-4]. These fragments are now often referred to as anomalons. 

(ii) A large asymmetric-fission yield in the interaction of relativistic Au 
projectiles with emulsion nuclei [5]. This is an important discovery, since 
it was frequently believed that symmetric fission predominates if the 
fissioning nucleus has fewer than 132 neutrons [6]. 

The purpose of this talk is to show that both of these phenomena may be 
associated with the existence of quasi-molecular structures or states (QMS) 
in medium and heavy nuclei. As will be discussed below, these states can be 
appreciably excited by an impulse mechanism which is especially effective 
at relativistic energies. 

Because of the indistinguishability of the nucleons, it is of course 
not possible to give a precise definition for the quasi-molecular structure 
[7]; therefore, only a rather pictorial description will be presented here. 
An QMS is considered as a relatively weakly bound or quasi-bound structure 
consisting of nucleon clusters which do not overlap strongly with one 
another. For such a structure, the characteristic features are: (i) it has 
a large spatial extension and is strongly deformed with a large intrinsic 
quadrupole moment, (ii) it has large reduced width for decaying into con
stituent clusters, and (iii) there exist rather well-formed rotational 
bands with large moments of inertia. 

The reason for the existence of QMS is quite well understood. It is 
associated with the observation that the intracluster interaction is strong, 
but the intercluster interaction is comparatively weak [8,9J. From a 
microscopic viewpoint, these particular features arise as a consequence of 
the Pauli principle and the fact that the nucleon-nucleon potential has a 
strong triplet-even tensor part and a large Majorana component. 
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The best-known example of a quasi-molecule is the nucleus 8Be in its 
lowest 0+, 2+, and 4+ states. Each of these states is unbound and the alpha
particle reduced width is very large, close to the single-particle limit. 
In addition, a theoretical calculation [10] using the generator-coordinate 
method [11] has shown that the average separation distance between the alpha 
clusters is even slightly larger than the sum of their rms radii. These 
findings indicate that 8Be can indeed be reasonably viewed as having a 
molecule-like structure made of two alpha clusters. 

In sect. 2, we discuss the theoretical and experimental evidence of the 
presence of QMS in light, medium, and heavy systems. An impulse mechanism, 
which can effectively excite these states at relativistic energies, is then 
described in sect. 3. In sect. 4, we present plausible suggestions regarding 
the possible significance of QMS in explaining the observation of anomalons 
and asymmetric fission in the Au-region. Finally, in sect. 5, concluding 
remarks are made. 

2. EXISTENCE OF QUASI-MOLECULAR STRUCTURES IN NUCLEAR SY~TEMS. 

2.1. QMS in light systems 

It is well known that nuclei exhibit different kinds of behavior. 
Some of these are due to single-particle features, while others are connected 
with collective motions of the nucleons. The relative importance of the 
various types of behavior can change significantly from nucleus to nucleus 
and even from one level to the next. 

The interesting phenomena of structure change have particularly been 
noticed in light nuclear systems. For instance, in the nucleus 7Li, the 
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Fig. 1: Cluster structure 
of 7Li • 

lowest four levels are QMS having predominantly 
an t + ~ cluster configuration. while the level 
at 7.47 MeV experiences a change in structure 
and has instead an n + 6Li cluster configura
tion (see fig. 1). In the self-conjugate 
4n-nuclei, the study of structure change has 
especially been carried out (for a comprehen
sive review, see ref. [12]) and the result can 
be schematically summarized by the so-called 
Ikeda diagram [13] depicted in fig. 2 where 
the unlabelled smaller circles represent ~ 
clusters. From this figure, it is seen that 
there appear between the ground-state series 
dominated by shell-model character and the 
series formed by complete dissociation into a 
clusters many intermediate quasi-molecular
like series of states. Because of the rela-
tively weak nature of the intercluster 
interaction, the dissociation energy is rather 
small compared to the internal energies of the 
clusters and, consequently, structure change 
can already occur in the region of low ex
citation. As a specific example, consider the 
nucleus 160. The 0+ ground state can be 

150 



OO .... -----CJ:X)-----C/:XX)-----cJ:Xf:X)---- a - CLUSTER SERIES 

............ (a-CHAIN) 

........ '(0 .... , CSD 0:D 
', .... 

"' .... 0 .... , @J l DISSOCIATION 

.......... , 
' .... ",f.:':\ 
~ 

.... " .... " ..... 
GROUND- STATE SERIES 

( SHELL- MODEL- LIKE) 

Fig. 2: Ikeda diagram of structure change in self-conjugate 4n-nuclei. 

reasonably well described by a shell-model wave function, but the second 0+ 
state has been shown by Suzuki [14J to have an a + l2C weak-coupling 
structure, with the l2C cluster mainly in its ground state. The 4a linear
chain structure, originally proposed by Morinaga [15J , may also have been 
experimentally found. The 21-, 4+, and 6+ states [16J , appearing at 17.13, 
18.02, and 19.32 MeV, respectively, follow the energetic se~uence of a 
rotational band with a very large moment of inertia. The 0 member of this 
band has, however, not yet been observed, although a theoretical study [17J 
did indicate that it may occur with an excitation of about 16.8 MeV. 

There is no doubt that a large number of highly-deformed QMS exist in 
light systems. Some of these have even rather long lifetimes. For instance, 
the 3a linear-chain state of l2C at 7.65 MeV has a half-life of about 10-17 

sec, very long on the nuclear time scale. On the other hand, it is not at 
all clear whether there exists any light QMS with a lifetime as long as, 
say, 10-11 sec. This is an interesting question which certainly merits 
careful theoretical and experimental investigations. 

2.2. QMS in medium-weight systems 

For the discussion of QMS in medium-weight nuclei, we shall concen
trate on 32S as an example, since this particular nucleus has received 
detailed attention from many research groups. The possible existence of 
similar states in other nuclei of this mass region will be only briefly 
mentioned in this subsection. 

As a first step, it will be useful to have a qualitative understanding 
of the main characteristics of the deformation energy or potential-energy 
surface. For this it is important to recognize that the ground and low
excited states of 32S cannot be described by a cluster structure of two 
unexcited 160 clusters [i.e., (ls)4(lp)12 configurationJ in relative motion. 
In these states, at least one of the clusters must be an excited 160* 
cluster. To have a configuration with two unexcited 160 clusters in close 
proximity would require such strong correlations among the nucleons that, 
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because of the Pauli principle, the gain in potential correlation energy in 
keeping the 160 clusters unexcited would not be sufficient to compensate for 
the resultant large increase in relative kinetic energy between these 
clusters. In the oscillator shell-model description of the low-lying states 
in 32S, this implies that some of the nucleons have to be lifted up to the 
2p-1f and higher oscillator shells. 

The above discussion has been schematically and interestingly illustra
ted by Harvey [18]. In fig. 3a, two unexcited 160 clusters at fro are 
shown in a Cartesian representation with filled 1s and 1p orbits character
ized by the oscillator quanta nx ' ~, and nz in the x, y, and z spatial 
directions. As these two clusters gradually approach each other along the 
z-axis, one finds that an excited intrinsic state of 32S (denoted as 32S*) 
is eventually formed which has the structure of an 28Si prolate intrinsic 
state plus four nucleons in the 2p-1f shell. To reach the intrinsic 
structure of the 32S ground state where the latter four nucleons should be 
in the 2s-1d shell, one requires instead (see fig. 3b) that, with one 160 in 
its ground state, the other has to be in a 4p-4h state, presumably that 
observed at about 6-MeV excitation. 

With a reasonable assumption, the intrinsic matter quadrupole moments 
QO of the 32S ground-state structure and the 32S* excited-state structure 
are given by 69 r5 and 194 r6' respectively, where rO is a radi4~ parameter 
related to the radius R of the nucleus by the equation R = rOA1/ • With 
this information and the discussion given in the preceding paragraph, 
Harvey suggested [18] that, along the potential-energy surface, the fission 
path for 32S-+ 160 + 160 must follow the hatched curve shown in fig. 3c. 
Indeed, constrained Hartree-Fock calculations [19,20] did find that this is 
a correct suggestion. In particular, the calculation of Zint and Mosel 
[19] showed that, for the states in the first and second potential wells, 
the intrinsic matter quadrupole moments are equal to 90 and 390 fm2 , 
respectively. This means that the values of rO should be appropriately 
chosen to be about 1.1 and 1.4 fm for these respective states, indicating 
that 32S in its ground state is a more compact system than when it is in 
an excited state belonging to the second potential minimum. 

The considerations given above can be generalized to other nuclei in 
this mass region. Based on symmetry arguments [18,21], one can show 
that if the compound nucleus of an A + B system has more than six protons 
or six neutrons beyond the filled 1s and 1p shells, the potential-energy 
curve will generally have two minima, suggesting the possibility of the 
formation of highly-deformed QMS. For example, the nucleus 28Mg, con
taining sixteen neutrons, may have quasi-molecular states of 14C + 14C 
cluster structure [22] • 

For the purpose of explaining terminology, a schematic diagram for the 
32S intrinsic or deformation energy is given in fig. 4 for a Hartree-Fock 
calculation constrained with respect to the c.m. separation distance. The 
states in the first well, having she11-mode1-1ike character and possessing 
weak clustering correlations, are referred to as c1ass-I states, while those 
in the second well, having quasi-molecular structure and containing strong 
clustering features, are referred to as class-II states. In addition, it 
should be mentioned that the class-II states have sometimes been further 
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Fig. 3a: Schematic diagram of 32S* Fig. 3b: 
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surface in 32S~ 160 + 160 (adapted from ref. 
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Fig. 4: Schematic diagram for 
the 32S intrinsic 
energy as a function 
of the c.m. distance. 

classified into two types of nuclear 
resonances. The barrier-top reso-
nances (BTR) (also known as orbiting or 
surface-wave resonances) have short life
times and are responsible for the gross 
structures in the excitation functions 
and back-angle oscillations in the 
angular distributions. These resonances 
have been carefully studied experimentally 
by Bromley [23] and others. The quasi
molecular resonances (QMR) lie deep in 
the energy pocket and constitute we11-
formed rotational bands with large 
moments of inertia. t 

The existence of class-II states in 
32S is supported by resonating-group 
calculations. In fig. 5, we show the 
160 + 160 phase shifts 0L calculated by 
Ando et a1. [24] with the nuc1eon
nucleon potential V2 (m = 0.65) of 
Vo1kov [25]. Here one notes that there 
exist a BTR band with the bandhead at 
about 11 MeV and two QMR bands at 
lower energies. tt 

32 At present. the best quantitative 
study in S seems to be that of Schultheis and Schultheis [26] ,utilizing 
the microscopic a-cluster model. These authors have performed an elaborate 
calculation with variation after projection. The results they obtained show 
a QMR band with the bandhead at an excitation energy of 7.5 MeV and a ro
tational constant of 77.7 keV. By studying the experimental energy spectrum 
of 32S, they have tentatively identified the QMR 0+, 2+, and 4+ states as 
the states determined experimentally [27] with excitation energies of 8.507, 
9.065, and 10.276 MeV, respectively. In addition, it was found that the 
intrinsic state has a strong degree of 160 + 160 clustering, with the den
sity distribution showing a distinct necked-in configuration (see fig. 6). 
The overlap between the intrinsic states for the QMR band and the ground
state band turned out to be very small, being only equal to 4 x 10-9 • 

It is our belief that the QMR 0+ state in 32S is likely to be found in 
the 7 to 10 MeV excitation-energy region. This implies that the QMR states 
are stable against fission but are unstable against y-decay and light-ion 
emission. The lifetimes should, however, be very long, since the light-ion 
processes have to proceed below the Coulomb and centrifugal barriers and 
all the transitions (except transitions among class-II states which are not 
of interest here) are additionally inhibited because of the very small over
lap between c1ass-I and class-II intrinsic states. 

tIn the following, the term QMS will be used to denote either the QMR or the 
BTR, or both of these types of resonances collectively. 
ttThe number of QMR bands depends on the type of nucleon-nucleon potential 
used in the calculation [24J. 
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V2 (0.65) 

Fig. 5: Resonating-group 
phase shifts of 
160 + 160 
scattering (from 
ref. [24]). 

It should be mentioned that our present understanding concerning the 
nature of QMS in medium-weight nuclei is mainly qualitative. In particular, 
there is no reliable estimate of the lifetimes of these states. For such an 
estimate, one will have to perform ~venmore sophisticated many-nucleon 
calculations that those presently available. 

2.3. QMS in heavy systems 

There is strong experimental evidence that QMS, or fission isomers as 
they are frequently called, exist in actinide nuclei [6]. At present. about 
thirty isomers have been located in the region of the periodic table with 
92 ~ Z ~ 97 and 141 ~ N ~ 151. They are long-lived and highly prolate
deformed; for example, the isomer 240Am has a spontaneous half-life of 
about 10-3 sec and a large intrinsic quadrupole moment of 32.7 ± 2.0 b [28]. 

The existence of fissiQn isomers suggests that the deformation-energy 
function (fission barrier) Vdef(B) should have two minima with respect to 
the deformation parameter B. In fig. 7, we show a schematic plot of 
Vdef(B) for an actinide nucleus having a neutron number N ~ 146. Here one 
sees that, because of structure effects, the fission barrier has two humps 
at deformations B2and S4, with a deep second minimum occurring in-between 
at deformation B3' 

Fig. 6: Density of the intrinsic state 
of the QMR band in 32S. The 
plot is for a cut along the 
axis connecting the centers of 
the 160 substructures (from 
ref. [26J). 
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From the cluster viewpoint, 
the occurrence of such a double
humped fission barrier can be 
qualitatively understood [7] • The 
existence of a first minimum at a 
nonzero B value (B = Bl ) accounts 
for the observation that the ground 
state of a nucleus with N ~ 146 is 
permanently deformed. This minimum 
occurs as a consequence of the 
formation of energetically favored 
substructures by the nucleons out
side of the closed 82-proton and 
l26-neutron shells. which leads to a 
prolate deformation of the nucleus. 
If the deformation is increased 
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Fig. 7: A schematic plot 
of the deform
ation energy for 
an actinide 
nucleus having a 
neutron number 
around 146. 

beyond Bl , then the deformation energy will increase until B reaches the 
value B2. This increase is connected with the fact that some nucleons are 
excited out of the 82-proton and l26-neutron shells. thus breaking somewhat 
these favored configurations. Upon further increasing the value of B, then 
one expects that the energetically favored closed-shell substructures with 
N = 82, N = 50, and Z = 50 will come into play, and the formation of these 
substructures will bring an energy gain and thereby a decrease in the 
deformation energy. This decrease tends to be not too abrupt however, 
because there is a repulsive component in the effective interaction potential 
between these closed-shell substructures, representing the effect of the 
Pauli principle. At the second minimum where B = B3' the formation of the 
closed-shell substructures_with N =82 and Z = 50 is mainly completed. With 
a further increase in B, Vdef is expected to increase again because these 
substructures themselves now become somewhat deformed which is energetically 
unfavored. This increase in Vdef will continue until B is equal to B4. 
Beyond which, the decrease in Coulomb energy starts to become the dominant 
factor and Vdef then decreases monotonically all the way to the scission 
point. 

To explain the extensive set of fission data available in the mass 
region A = 210 - 258, Gonnenwein et al. [29] proposed a two-mode hypothesis 
in which one fission mode (cluster-mode) is determined by energetically 
favored cluster correlations, while the other fission mode (liquid-drop mode) 
is due to liquid-drop effects only. For all nuclei lighter than fermium 
(Z = 100), the cluster and liquid-drop modes correspond, respectively, to 
asynnnetric and synnnetric fission. Proceeding from this viewpoint, these 
authors have further given convincing arguments that, for fissioning nuclei 
with relatively low excitation, the cluster mode should prevail if favored 
closed-shell structures of N = 82, Z = 50, and N = 50. corresponding to the 
cluster configuration at the second energy minimum discussed in the preceding 
paragraph, can be built into the heavy and light clusters, respectively. An 
immediate consequence of this assertion is that, for nuclei with N < 132, 
strong asynnnetric deformations will not generally occur and synnnetric 
fission should be the dominant decay mode. 

For conventional, low-energy fission induced by the absorption of a 
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photon, a neutron .. or a charged light or heavy ion, the above conclusion 
was indeed found to be valid [6] • Here the experimental finding was that, 
with N < 132, the mass distribution is generally symmetric and the proba
bility of observing binary products with a large difference in fragment 
masses is generally quite small. Recently, however, there is evidence to 
suggest that this conclusion may have to be modified. In an experiment [5] 
where relativistic gold nuclei (l97Au) with an initial kinetic energy of 1 
GeV/nucleon were sent into emulsion stacks, it,was observed that there occur 
a number of binary fission events, with each event accompanied by the 
simultaneous appearance of either no other charged-particle tracks or a very 
small number of proton and/or alpha-particle tracks. Out of, these fission 
events, an appreciable fraction (about 30%) .appears t,o be.asymmetric fission 
events in which one fragment has a proton number around 26, and another 
fragment has a proton number around 52 (the uncertainty in charge identifi
cation is about 1 or 2 units). This is an astonishing. discovery, which 
obviously demands that our present understanding of the fission process be 
further examined. In the following, we shall discuss the possibility that, 
by properly identifying the QMS and by taking into consideration an impulse 
mechanism (impulse fission), ,one may explain this observation of a large 
asymmetric fission yield in the Au-~egion. 

3. IMPULSE MECHANISM AT RELATIVISTIC ENERGIES 

In the preceding section, we have discussed the theoretical and/or 
experimental evidence for the existence of QMS in various nuclear systems. 
Now, the important question is: how are these states excited in relativistic 
collisions? To answer this question, we note that, in the case of fission 
in the Au mass region, there is clear experimental indication for the inter
action involved to be peripheral in nature. This'suggests that the ex
citation of the QMS is possibly effected by an impulse mechanism which pro
ceeds in the following manner [4]. With the abrasion of a small number of 
nucleons or nucleon clusters, a projectile fragment (PF) remains. Let us 
now view the peripheral interaction'between this fragment and an emulsion 
target in the Lorentz frame of the PF. As the target nucleus moves by 
with relativistic speed, the nucleons in the PF will experience, on the 
average, an attractive nuclear impulse and a repulsive Coulomb impulse, 
both of short duration and in the transverse direction. Because the 
nuclear force is short-ranged,it is clear that nucleons located in the 
near side of the PF will receive a much stronger nuclear impulse than those 
located in the far side. This is illustrated schematically in fig. 8, where 
b is the impact parameter and the small dots in the PF represent neutrons. 
As a result of these impulses, the nucleons in the near side will acquire 
an appreciable transverse linear momentum, but the amount of angular 
momentum tranferred to the PF perpendicular to the reaction plane will be 
quite small. The consequence of this is that'there should be a sub
stantialprobability for the excitation of highly-deformed, low-angular
momentum states, such as thp. QMS. 

It should be pointed out that the impulse mechanism is effective 
mainly at relativistic energies. If the incident kinetic energy per nucleon 
does not satisfy the criterion of being much higher than the Fermi energy 
( ~ 40 MeV), the projectile nucleons will have sufficient time to react to 
the changing field of the target nucleus as it goes by. The result is that 
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the PF will more likely be excited to a class-I higher-angular-momentum 
state than to a class-II low-angular-momentum state. 

Based on the model discussed above, Bayman and Fricke [30] have made a 
simple calculation to estimate the excitation energy E* acquired by the PF 
as a function of the impact parameter b. In this calculation, each nucleon 
in the PF, considered as a sphere of uniform density, is interacting with 
the target nucleus through an optical potential of Woods-Saxon shape. This 
latter potential is assumed to have a depth parameter of 50 MeV and geometry 
parameters determined entirely by the size of the target nucleus. Finite
range effects of the nucleon-nucleon potential are not taken into account in 
this calculation. The results at a kinetic energy of 1 GeV/nucleon for 32S 
and 197Au projectiles interacting with various nuclei are shown in fig. 9, 
where the solid arrow indicates the impact parameter for grazing collision. 
To correct for the fini~e range ( ~ 2 fm) of the nuclear force, we have made 
a crude compensation by simply shifting the solid arrow to the left by an 
amount equal to the difference between the rms radius of the folding 
potential and the matter rms radius of the target nucleus. This shift 
results in a compensated grazing distance indicated by the dashed arrow. 

For 32s , the values of E* for grazing collisions are equal to 1.6, 17.0, 
and 25.2 MeV when the target nuclei are C, Br, and Ag, respectively. These 
values should be compared with the excitation-energy value of 7-10 MeV 
estimated for the QMS 0+ state. In the case of 197Au , the situation is 
rather similar. Now, the E* values for grazing collisions are 2.4, 36.7~ and 
57.0 MeV for target nuclei of Ne, Br, and Ag. respectively. Here the quanti
ty to be compared with is the barrier height f~r. symmetric fission in the 
Au-region, which is equal to about 20 MeV [6]. 

Keeping in mind the crudeness of the calculation, one can make the 
following qualitative conclusions.: tt 

(i) The impulse mechanism does 

r 
b 

-L..---! 8 --

yield excitation energies of the desirable 
magnitude required for an appreciable 
excitation of the QMS. 

(ii) The heavier nuclei (Br-Ag) may play 
a more effective role than the lighter 
nuclei (C-N-O) in the emulsion. 

(iii) Especially in the 32S case, it is 
noted that the E* value from the carbon 
target is a fair fraction of the QMS 
excitation energy, indicating that the 
lighter elements in the emulsion must still 
be considered when the detailed behavior 
of the PF is the subject of the 
investigation. 

tThe barrier height for asymmetric fission 
may be substantially smaller. 

Fig. 8: A schematic plot of an 
impulse mechanism. 

ttTo reach more definitive conclusions, one 
must perform a better calculation which 
takes into account finite-range effects, 
surface transparency for light nuclei, etc. 
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4. ANOMALONS A1~ ASYMMETRIC FISSION 

4.1. Anomalon production 

We propose now that the PF with anomalously short mean-free-path (mfp) 
or anomalons are, in fact" QMS of rather low angular momentum. This proposal 
is made in view of the following observations: 

(i) The reaction cross section of the QMS is much larger than that of the 
corresponding normal nucleus. Again, consider 32S as an example. The calcu
lation of Schultheis and Schultheis [26] showed that the intrinsic proton 
quadrupole moment has a very large value of 208 fm2 , corresponding to that of 
a classical uniformly-charged spheroid of axis ratio 2.3 (remember that the 
actual density distribution has a necked-in configuration). Using these 
values one can estimate that, as far as reactions at relativistic energies 
are concerned where geometrical arguments are valid, the cross-sectional 
area presented by the 32S anomalon is about 2.5 times larger than that 
presented by a normal 32S nucleus. 

(ii) The QMS may have a lifetime longer than 10-11 sec. Without an elaborate 
calculation, it is of course not possible to give a precise estimate of the 
QMS lifetime. However, the overlapping argument mentioned in subsect. 2.2 
does indicate that it is not unreasonable to ~xpect such a large value. In 
this respect, wp should mention again that there .are QMS in actinide nuclei 
which are known to have long lifetimes; for example, the experimentally 

determined half-life of the fission 
30 isomer of 242Am is 14 msec [6] . 
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(iii) ~he production probability of the 
QMS may be 'large. Here again. a de
tailed calculation will be necessary 
to yield reliable information. Because 
of the many-nucleon nature of the pro
blem, such a calculation is, however, 
expected to be extremely difficult. 
Meanwhile, it should be noted that. in 
the related phenomenon of asymmetric 
fission in the Au-region. a large 
yield has been experimentally ob-
served [5] • This can be considered 
as an indication that the impulse 
mechanism, which excites the compound 
nucleus or PF directly into its 
collective degree of freedom. is capable 
of yielding a large magnitude for the 
production probability. 

Accepting the proposal of QMS as 
anomalons, we can proceed to discuss the 
following effects: 

(a) Local-mfp effect. i.e., variation of 
the mfp A of the PF with distance D from 
the point of origin. To discuss this 
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effect, let us further consider 32S. For this nucleus, the normal mfp is 
about 10 cm. On the other hand, according to the discussion above, the QMS 
may have a much shorter mfp equal to about 5 cm. Assuming a production pro
bability of 50%, one then finds that A(D < 2.5 cm) = 6.8 cm and 
A(D> 2.5 cm) = 7.8 cm. The difference of 1 cm is comparable to the observed 
effect [1] • 

(b) Memory effect. The 32S calculation of Schultheis and Schultheis [26] 
further showed that the QMS in its low-angular-momentum state has a larger 
radius and a more diffused surface than the corresponding normal nucleus. In 
addition, it was found that the intrinsic structure of the QMS has a neck of 
substantial thickness. This means that, when the QMS interacts with a 
target nucleus in a peripheral collision, only a very small number of nucleons 
will be abraded owing to the abnormally low density in the surface region and 
the PF will continue forward with just a small reduction in its size. From 
the viewpoint of the intrinsic structure, one can reach the same conclusion 
by noting that, after the abrasion of a small fragment, matter will flow 
across the neck to yield another necked-in configuration. Thus, it is 
rather natural to expect a memory effect in the QMS anomalon model. 

(c) Isotope effect. Even for a fixed value of Z, the projectile fragments 
do not have a homogeneous composition. In addition to nuclei within the 
valley of stability, there may also appear in PF long-lived neutron-rich 
isotopes such as 9Li, l6C, and so on. Because of anticipated low abundances, 
the effect on mfp arising from the presence of such isotopes is generally 
not expected to be of major significance. However, there are special 
situations where a careful account of the isotope effect should be made. One 
such situation is the Z = 2 (He) case, where even a rather small fraction of 
6He may cause the appearance of a seemingly anomalous behavior. The reason 
is as follows. The isotope 6He is a lightly bound, particle-stable system 
and the isobaric-spin partner of 6Li in its excited T = 1 state. Its mfp in 
emulsion should be substantially shorter than that of ~i (T = 0 ground 
state), which is about 14.5 cm. A reasonable guess would be, say, 10 cm, 
which is much shorter than the mfp of either 3He or 4He in emulsion. As a 
numerical examEle, we take A(3He or 4He) = 20 cm, A(6He) = 10 cm, and a 10% 
population of He, and study the local-mfp effect. The result is A(D < 3 cm)= 
18.3 cm and A(D > 3 cm) = 19.1 cm. Although the difference in these two 
A-values is fairly small, He-fragments are abundantly produced and one may 
be able to detect a difference of this :magnitude in the future. 

(d) Projectile effect. Only one interesting question will be discussed here. 
This question is: could the 6He population in the Z = 2 PF depend sensitively 
on the type of projectile used? The answer is possibly in the affirmative. 
In anomalon investigations, the projectile used is usually 56Fe which has 26 
protons and 30 neutrons. If we view this nucleus as consisting of a Z = 20. 
N = 20 core plus 6 protons and 10 neutrons in' the outside region, then the 
neutron-richness of the surface may cause an enhancement of 6He production 
in the projectile fragments •. This is in contrast to the case where l2C or 
160 nuclei are used as projectiles; here, no such enhancement is expected 
and the 6He population should be rather low .. Thus, the observation of a 
local-mfp effect in the Z = 2 case may be projectile-dependent, a possibility 
which is certainly worth looking into. 

(e) Detector effect. In addition to nuclear emulsion, CR-39 with composi
tion C12H1807 has recently also been used as track detector. So we are now 
faced with the question as to which of these t~.,o types of detectors is more 
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appropriate in studying the anomalous behavior of the PF. Our discussion 
in sect. 3 indicates that heavier nuclei .Br-Ag may be more effective in 
exciting the QMS than lighter nuclei C-N-O. This would imply that anomalons 
may be more readily produced in nuclear emulsion than in CR-39, although it 
is our belief that some anomalous effects may still be observed in the 
latter detector. In making these statements, we should mention again that 
we are relying entirely on the E*-results shown in fig. 9, These results 
were obtained from a calculation [30] which is based on non-relativistic 
concepts and is quite crude at this stage. Therefore, it would be prudent 
to view these statements as merely suggestive and postpone more definitive 
conclusions until a better calculation has been performed. 

(f) Energy-threshold effect. There·was suggestion [31] for the existence 
of an energy threshold below which the anomalous behavior may be quite in
significant. In the QMS anomalon model, energy-dependent effects arise 
because the impulse mechanism is effective in exciting the QMS only at 
relativistic energies. As is discussed in sect. 3, such a mechanism will, 
in particular, be ineffectual when the kinetic energy per nucleon is not much 
higher than the Fermi energy. Thus; an energy threshold may very well exist, 
although the lack of a detailed calculation prevents us from making any 
quantitative statement at this moment .. 

(g) Odd-even effect. The question here is [32]: do .odd-Z and even-Z PF show 
different anomalous behavior? Our opinion is that they probably do not. If 
one adds a proton to the 32S anomalon, the resultant structure may have 
slightly larger binding; however, the nucleus will remain in its QMS and 
there may be only a slight reduction in the geometrical size. Thus, any 
odd-even effect is not expected to be appreciable. 

Finally, we wish to discuss the often-asked question concerning the 
lowest value of Z below which anomalous behavior is not expected to be 
present. In the case ·of QMS consisting of binary clusters, the discussion 
in subsect. 2.2 indicates that such ,structure with a sufficiently long 
lifetime may not exist below Z = 12. However,there may appear in the 
lower-Z region other exotic structures such as the linear-chain structure 
mentioned in subsect. 2.1. For such structures, the main problem is that 
there is no reliable calculation to give us any information about the 
lifetime. Clearly, much work has yet to be done in order to establish 
whether or not these exotic structures may turnout to be low-Z anomalous 
projectile fragments. 

4.2. Asynrrnetric fission in the Au-region 

The observation by Freier and Waddington [5] of a large asymmetric 
fission yield in the Au-region is a 'new and exciting discovery in the field 
of nuclear fission. According to the two-mode theory of Gonnenwein et al. 
(see subsect. 2.3), one must now.lookfor the QMS or binary-cluster ;tate 
which is responsible for such a fission process. In constructing this state, 
it is important to keep in mind energetic~lly-favored substructures and 
symmetry-energy considerations [7] . "The general guidelines are: Ci) 
closed-shell clusterconfigrat::lons with a few outside nucleons playa 
dominant role in determining the characteristics of asymmetric fission, 
and (ii) the neutron-to-proton ratio.in each cluster must be nearly the same 
as that in the original compound nucleus; i.e., Nh/Zh ~ N£/z£ ~ N/z, where 
(N,Z)g (Nh,Zh), and (N£,Z£) represent the neutron and proton numbers of the 
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compound nucleus, the heavy cluster, and the light cluster, respectively. 
By assuming in addition that, near the scission configuration, the surplus 
nucleons form the neck joining the two clusters and that there is nearly 
equal scission probability anywhere along the neck, one can then obtain a 
reasonable account of the essential features of the primary fragment mass 
distribution. 

We discuss now the neutron and proton configurations of the heavy and 
light clusters. First, we note that, for nuclei around Au, the neutron-to
proton ratio is about 1.50 Then, to comply as closely as possible with the 
guidelines mentioned above, we choose (Nh,Zh) = (82,50) for the heavy cluster 
and (N~,Z~) = (28,20) for the light cluster. With this choice, the neutron
to-proton ratios are Nh/Zh = 1.64 and N~/Z~ = 1.40. This will leave a 
neck that is proton-rich, except in the unlikely event that, during the 
peripheral collision between the Au projectile and an emulsion target 
nucleus, most of the abraded nucleons were protons. To produce these 
doubly-closed-shell clusters and a proton-rich neck requires some re
distribution of the original nuclear charge. The important point to note 
here is that this charge redistribution could be facilitated as a conse
quence of the sharp Coulomb impulse received by the compound nucleus. In 
conventional experiments where low-energy particles initiate the formation of 
fissioning compound nuclei, such a mechanism is not readily present. As a 
result, the probability of exciting class-II configurations in these ex
periments is not appreciable and asymmetric fission yield in the Au region 
was found to be quite small. 

After scission takes place across the neck, the resulting light fragment 
will have a proton number between 20 and about 28, in agreement with the 
recent experimental finding of Freier and Waddington [5]. This indicates 
that the new features discussed here, namely, impulse excitation of class-II 
configurations and charge redistribution by Coulomb effects, are important 
and should be incorporated into any complete theory of nuclear fission. 

It should be mentioned that there was experimental evidence for 
asymmetric fission even in lighter elements. The 190-MeV [33] and 600-MeV 
[34] proton-induced fission of Ce (natural composition; Z = 58) showed that 
the mass distribution is asymmetric with mass peaks at about 50 and 80 
mass units. t This suggests that doubly-closed-shell configurations with 
(Nh,Zh) = (50,28) and (N~,ZV = (28,20) may be involved in the fission pro
cess and QMS may be present also in this mass region. 

To complete our discussion, we consider again asymmetric fission in 
the Au-region. When the compound nucleus is on its way to scission, the 
neck becomes more and more stretched, and this stretching will in turn 
exert a significant influence on the structures of the heavy and light 
clusters. Thus, it is distinctly possible that, after scission takes 
place, the resulting fragments may be left in their respective excited 
class-II configurations. For the light fra~ent, the discussion in 

tAsymmetric mass distributions have also been observed for Pr with Z = 59 
[33] and La with Z = 57 [34]. It would be of interest to perform an 
experiment in which relativistic La projectiles are sent into emulsion 
or other suitable target. 
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subsect. 2.1 indicates that the QMS involved may have an C + Ca or other 
similar cluster configurations. For the heavy fragment, the observation of 
asymmetric fission in Ce, mentioned in the preceding paragraph, suggests 
that here the QMS may have a binary-cluster nature with (Nh,Zh) = (50,28), 
(N~,Z~) = (28, 20), and a few loosely bound nucleons. If, in addition, one 
assumes that these QMS happen to have also sufficiently long lifetimes, then 
some of the fragments from asymmetric fission will behave as anomalonsT--a 
very interesting and intriguing possibility! 

Although the above suggestion is quite speculative, there is, in fact, 
some experimental evidence in its support. In their experiment with Au 
projectiles, Freier and Waddington ([5] and private communication) found that 
11 out of 14 asymmetric-fission fragments interacted in the emulsion stack, 
resulting in mfp values which are only about 49% of the expected values for 
the corresponding normal nuclei. This is in sharp contrast to the situation 
occurring in symmetric fission where they found that only 3 out of 22 
fragments created further interactions within the emulsion. Thus, even 
though the number of events is not large, the evidence is quite convincing 
that asymmetric-fission fragments may indeed be anomalous. In this respect, 
it should be noted that heavy fragments from asymmetric fission of uranium 
have the same character as those from asymmetric fission in the Au-region. 
Therefore, it will be of great interest to examine the nature of the heavy 
fragments when relativistic uranium projectiles interact peripherally with 
emulsion nuclei and undergo asymmetric fission. 

5. CONCLUSION 

In conclusion, I wish to make the following statements: 

(i) Quasi-molecular structures may exist in many regions of the periodic 
table. 

(ii) At relativistic energies, the impulse mechanism is very effective in 
exciting the quasi-molecular states. 

(iii)The observation of anoma1ons and the asymmetric fission in the 
Au-region may both be related to the existence of quasi-molecular 
structures in nuclei. 

Many remarks given in this talk are not only qualitative but also 
speculative. It is my hope that much theoretical and experimental work 
will be performed in the future to either support or disprove these 
remarks. 
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Anomalous Nuclei and a Nonstatic Metastable 0 - 'f: Phase 

F. Palumbo 
INFN, Laboratori Nazionali di Frascati 

00044 Frascati, Italy 

Recent experiments(1, 2) have confirmed previous observations(3) of light 
anomalous nuclei. These nuclei are characterized by a lifetime of a least 
10- 11 s and by a cross-section which exceeds the geometrical bound by one 
order of magnitude(1). 

A cross-section exceeding the geometrical bound is something so extra
ordinary that it seems to us to be worthwhile considering any mechanism 
which could possibly explain it, even if an explicit calculation is not possi
ble at present. We, therefore, make here some qualitative considerations 
relating such cross-sections to a possible metastable 0- 'r phase(4) (spin-up 
protons and spin-down neutrons displaced with respect to spin-down protons 
and spin-up neutrons). 

Let us suppose that under the compression caused by the collision a nu
cleus be led to a 0- 'r phase. If the separation energy between the nucleons 
with 03'r3 =1 and the nucleons with 03'r3 =-1 has a local minimum at a sep~ 
ration distance do, and if such separation distance is reached during the co.!. 
lision, after the collision the nucleus will remain for some time in the O-'r 
phase. In such a state the phases 03 'r3 = ± 1 will oscillate around do genera..!, 

• ing a coherent pion field according to the equation 

(1) 

If the oscillation takes place along the 3-axis with frequency 0) 

(2 ) 

and P3(~' 0) will satisfy the time-independent equation 

[.1 - (m~ - 0)2)] P3(rt, 0) = ~~ °3 < S33> I t=O (3) 

showing that the pion has an effective Compton wave-length 1/ Jm; - 2 w. 
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Our suggestion is that this increased Compton wave-length (combined with 
the dislocation do)might explain the observed cross-section. 

Note that it is essential to have a noristatic-o--r phase(5). A static one(6) 
can give rise to coherent effects, but cannot explain a cross-section which 
exceeds the geometrical bound. 

To establish theoretically the existence of this metastable phase is a fo£. 
midable problem due to the essential role played by the short-range XX and 
jXinteractions. It is not known in fact whether these interactions will favour 
or disfavour a first-order phase transition. 

Very much delicate is also the problem of the life-time. If the nucleus 
were to decay by a single step the observed lifetime could probably be ex
plained. The transition probability should in fact be of the order of 
\<p(Il ' z) I p(r.l ' z +do) > 12A, p being a typical single-particle wave function. 

But the lifetime could be drastically reduced by a cascade decay. Due to 
the high degree coherence of the 0- -r phase, however, the steps of the cas
cade could not be s. p. transitions. Every step should involve the rearrang~ 
ment of a number of particles, and it does not appear impossible to us that 
such a number be so high that the lifetime do not be substantially reduced. 
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~, 1052 (1973)). For a review see for instance F. Palumbo, in 'Second 
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Pion Condensates as anomalons 
* G.N.Fowler, S.Raha, R.M~Weiner 

Physics Dept. ,University of Marburg,Germany, 
*-also of University of Exeter,England 

The observation of abnormal- In this model, outside the nuc
ly small mean free paths in hea- leus <vac I CJ \ vac) fa, where r:r is 
vy ion reactions (anomalons) the scalar mate of the fl field. 
continues to puzzle the nuclear Inside the nucleus/the existe~e 
physics community; most of the of the pion condensate is cha
explanations suggested so far racterized by <vac fa- I vac,> =0 
are "exotic" in the sense that and obviously <vac I 7f1 vac> #0 
they are based on assumptions The quantity ~vac J (T 1 vac> ::: 1) 

which are rather ad hoc and for must therefore change as we pa$ 
which there is no convincing in- from inside to outside nuclear 
dependent theoretical (not to matter so that we should really 
say experimental) support. think of 1) as a function of the 

In this paper we propose a 
solution to the anomalon proble~ 
in terms of another phenomenon 
which has been studied inten
sively and for which there ex
ists an appreciable consensus 
that it should occur in nuclear 
matter under appropriate condi
tions; we refer to pion conden
sates. The pion field outside a 
nucleus in which a condensate 
exists can have a much longer 
range than the pion field out
side a normal nucleus. It is 
this longer range which deter
mines the scattering cross sec
tion of the nuclear fragment. 
Physically this enhancement 
comes about because the change 
in the vacuum state characterist
ic of nuclei with pion conden
sates continues for some di
stance outside the nucleus. 

As a theoretical description of 
pion condensates, we use, as 
customary, the chiral V- model 
~ith1spontaneous symmetry break
lng. 

space coordinates. Similar argu
ments hold also for the JT field 
so that2 ~vac ITI I vac > and hence 
.c:::.vac/H Ivac>i a at r~R and al

so lim < vaclrf Ivac>=O. It is 
-(--.c> 

therefore necessary to consider 
the equation of motion of V (and 
rr) outside nuclear matter with 
the boundary conditions which 
account for the existence of tre 
pion-condensate inside the nuc
leus of radius R. These condi
tions are v (r ~ R) =0 and <vac I nl 
vac> -fa for r ~ R. 

The Lagrangian density 
outside the pion conden~ate is 
gi ven by 2. 'I. '1.. 1... 1 
oC:. 1. [(~£ ) +Q1T ) J t- ~ r-(J + If'!. 

:2. ~7J)(r 0'1.,... J l;;v ( .J 

- t ~(T~ 1l'!._~~ + L(j (1) 

The free pion mass m if is 
related to the parameter~by 

~ 'l. 2. '2... 

I'I'Y\,rr ::. - t- -+- ). fT(, (2) 

where frr is the pion decay con
stant; the effective, coordi
nate dependent pion mass m~ is 
given by 
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Furthermore, as usual in the ~ 
model, we take 

The equation 
'L a (T "L 

r"(l)(2. -jor 

(4) 

of motion for (f is 
1-3 'l. ?-

+Ao- tAcrn-C::O(5) 

(vacln2 Ivac)=O isa conservative 
approximation which we are en
titled to make in order to prove 
our pOint. Then by combining 
eqs. (4) and (6), one has, in the 
static ~im~~, 2-". 'I.. 3 (8) 

\] 1J ~ ).'l.{rr V - Xv- ::. 0 
This non-linear equation can be 
solved numerically (cf.below). 
However, in order to get a feel
ing for its implications it is 
worthwhile to study its asympto
tic behaviour. which must be solved with appro~ 

priate bounda~yconditions. In . 
addition to the condition at r=R Scaling the variable r by 
one has to demand lim V· =frr · r I = ). f IT r and by Vi = v/frc and "f.-,oo . 

Taking the vacuum matrix 
element of (5), we have 

'1'2."':1- _ r\J + t<vo..c/r?/V-(A.c) + {(v().Cl({l/v~ 
'CJ~r _ C :::. 0 

We now assume, as usual, that 
the vacuum matrix element of the 
a- field is the dominant one (es
sentially treating ~as classic
al) and find 

'L 2.. 3 1 'lJ 
(j ~ -r~ +).v + ~'\J(\fM(n 1"~P-C:;O(6) 
'0'1-1' . 

where we have used the relation 
(j'L. -:: '" '1.. in ( 6) . 

2n ~he chir~l. symmetric () 
model , 1n the 11m1t Mr , A large, 

linearisin~ by ~ 
~ :: 1- <:> 

we find \]12. $ :: Z ~ 

so that ~ approaches the limit 
fJ'( as 

.. ,,'---::, 1- E·e.Hel::.~--1"I) (9) 
y 

for r 400, where B is a constant. 

one has ~ 

'\} 1.. -+ (vtl.c!n1l v A. cJ :::.. fit 

Thus the effective pion 
mass mIt which is responsible for 
the range of the pionic field 
reaches its physical value mrr 
~rom below at some dist~nces Ra 
outside the nuclear rad1us and 
this constitutes the range en
hancement we referred to earlie~ 
It seems reasonable to interpret 
this R as the effective radius 
of theaanomalon, to be distin

(7) guished from the density radius 
R introduced before. For normal 

and this equation is approximate-nuclei, these two radii coincide 
ly satisfied also for softly br~since outside normal nuclei 
ken chiral symmetries, which is pions are on mass shell. 
our case. 

Eq. (6) could be Zolved if 
one would know (vacln Ivac) at 
r)R (we are only interested in~ 
outside the condensate). However 
it is easy t02show that if we 
assume (vac/n Ivac)=O, we under
estimate the enhancement of the 
range and hence the anomalon 
effect. In other words, 

We have considered/as an 
example, a numerical solution of 
eq. (8) for an anom~lon of radius 
R---..l.75/l)lrr with A =5.63 and fn
=125 MeV. Assuming/for the sake 
of concreteness/that the pion
condensate anomalon has a densi
ty of 2f. ' where f is the nor
mal nuc12ar matterOdensity, the 
normal nucleus with the same A 
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has a radius of R~~2.2/mff • R 
as defined above is,.." 3. 2/m rr tor 
this case. In a geometrical esti
mate, this gives an enhancement 
of the anomalon2cross section 
(o-()v/cr",')"" (R /R ) =2.1. It is easy 
;to check tHatneven for f .... 4 f ' ., 
one gets 0- kr:. ) 1 • . 0 a n 

Given that we have under
estimated the range enhancement. 
by our conserv~tive approxima
tion on .(vacln Ivac> , we con
clude that pion condensates re~ 
presented by the boundary con
dition v(R) = 0 can in principle 
explain one of the two main cha
racteristics of anomalons, name
ly their larger cross sections. 

The other property is i~Tir 
metastability (lifetime ~ 10 
sec.). This feature follows al
so automatically if anomalons 
are condensates since we are 
faced then with a (meta) stable 
phase of nuclear matter. 

Finally the "memory" effect 
of anomalons can now be under
stood in this ~ontext, because 
in order to produce the conden
sate phase, a higher than normal 

that so far no experimental evi
dence for condensates was report
ed has been in a certain sense 
almost as puzzling as the dis
covery of anomalons. We suggest 
that these two unsqlved proble~ 
have a common solution and the 
non-observation of pion conden
sates is possibly due to the 
fact that the identification of 
the proposed specific signals 
might be more difficult in the 
first reaction where the normal 
and condensed phase coexist, 
than in a second or higher or
der reaction, where the conden~ 
ed phase (anomalon) has been 
separated out. Herefrom it fol
lows that some specific signa
tures of pion condensates (e.g. 
abnormal Z/A ratios) should be 
looked for in anomalon scatter
ing. Another consequence of th~ 
anomalon theory is that the ano
malon being also a coherent 
state, Bose-Einstein correla
tions of identical pions emitted 
by anomalons in anomalon + nuc
leus collisions s~ould display 
coherence effects much in ex
cess of those observed in nor
mal events. 

density is necessary. Once this Furthermore, the coherence 
is achieved in the first colli- property m~ggt lead to super
sion, the probability to bbserve scattering , , i.e. effects in 
a~ ano~alon in successive reac- ·whic~ the crosz-section is.pro
t10ns 1S enhanced due to two fac- port10nal to A , where A 1S tre 
tors: (i) a higher than normal anomalon mass Humber. 0 
density already exists and (ii) 
the primary anomalon can survive. 

The advantage of the pre
sent approach over the other mo
dels lies, in our opinion, in 
the fact that more than any 
other model,it is based on ac
cepted concepts and that the ' 
discovery of pionic condensates 
in relativistic heavy ion reac
tions was generally expected, 
although there was less agree-. 
ment on what the signals of 
these objects would be. The fact 

Finally, if the anomalon 
phenomenon is due to a long 
range field some specific ef
fects like smaller momentum 
transfer than in "normal" nuc
le1r reactions should be observ
ed . 
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Nuclear Chromodynamics and "Anomalons"* 

Y.E. Kim and M. Orlowski 
Department of Physics, Purdue University 

west Lafayette, IN 47907 

We propose a new theoretical explanation of "anomalons"l based on a uni
fied theory of nuclear chromodynamics formulated recently by us. 2 

In our theory for the np system, the 3S1 deuteron wave function (we neg
lect the 3D! component for simplicity) is written as 

(1) 

where q, and q, are the three-quark (3q} colorless nucleon bags of radius R 
n p 

with normalization <q, Iq, ~ = 1 = ~q, Iq,~, X (r ~ r ) is the deuteron wave 
n n p p Ed - 0 

function generated from the boundary~condition model (BCM) potential of Lomon 
and Feshbach 3 (LF) and is normalized, <X

E 
IXE > = 1. q, (r < r ) with its 

d d s - 0 
amplitude A(Ed) is also normalized, <q,slq,s> = 1, and represents a quark com
pound bag (QCB), consisting of gluons and six quarks (6q), which we call "soul" 
and denote by the letter s. r is the radius of the "soul" QCB and lies some
where in the transition region~ R < r < 2R. 

o 

The continuity of the probability current at r leads to the energy in
o dependent boundary condition (BC) 

X
E
' (r ) 
d 0 

XE (r ) 
d 0 

q, '(r ) 
s 0 , .(2) 

In addition to the above BC, the "soul" state, q, , must satisfy the require
ments of the perturbative quantum chromodynamicss(QCD) at short distances such 
as the asymptotic freedom and scaling laws. 

The scattering state ~d at a compound resonance energy, E = Er' (excitation 
of q,s) can be viewed as a quasi-bound 3S1 state and is written as 

~ 0 (r) a: N (E rH q, XE (r > r ) + A (E ) q, (r < r ) 
d n p r - 0 r s - 0 

(3) 

where X
E 

(r > r ) is the 3S1 scattering solution at ~generated from the LF 
r 0 

two-nucleon potentia1 3 and is orthogonal to X
E 

(r > r ), <XE IXE > = O. The 
o d - 0 r d 

subscript d stands for "angel" deuteron which is a maximum "soul". At the 
resonance energy, E = Er , ACE) has a maximum and its shape determines the 1ife-

I. -1 
time, T = nr ,of the "angel" deuteron resonance, r being the total width of 
the angel resonance. Using the resonating group method approach the six-quark 
(soul) probability amplitude A(Ed) in the deuteron bound state is determined 
by the resonance energy Er , the partial width rnp of the deuteron channel, 
deuteron binding energy and the ratio x = Ix (r) Ix (r )1. In other words, ex-

Ed 0 Er 0 

* Supported in part by the National Science Foundation. 
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perimental knowledge of resonance parameters pertinent to the soul state ¢s 
allows us to determine its probability in the deuteron bound state. In our 
opinion, a good candidate for such six quark compound state is the dibaryon re
sonance recently observed by Kamae et al. 4 in the deuteron photodisintegration. 
Our arguments for the justification of the identification of the angel state 
with Kamae resonance are given in ref. 2. The Kamae resonanc~ occurs at 
Er ~ 2. 35GeV with r ~ 0.34GeV corresponding to T ; 2.2 x 10~2 sec, The total 
width r is less certain than resonance pole energy Er • Assuming that the par
tial width rnp : 10-50 MeV, we obtain the probability of soul component of 
deuteron, lACEd) 12 ::: 1.3-6%.2 

It is natural to expect a considerable admixture of the "soul" ¢s in 
heavier nuclei due to the presence of correlated n-p pairs. The excitation 
threshold energy of ordinary nuclei to angel states by incident projectile 
(say proton) is expected to be ~ 0.5 GeV C.M. but will be smeared out mostly 
due to r - 0.34 GeV, many different ways to distribute energy and much less 
due to the Fermi motion of the pair in the nucleus. The lifetime of angel 
nucleus will be in the same order as the lifetime of a free angel , - 10-24sec •. 
Since the angel-nucleus is a resonance, we expect an enhancement of the cross 
section in the neighborhood of the resonance pole for the specific channel 
which proceeds via the ange l resonance. 

The energy range within which the enhancement occurs will depend on the 
details of the size and structure of projectile and target particles. The mag
nitude of enhancement will depend especially on the probability of finding a 
correlated 3S 1 np pair in the target nucleus for the entrance channel, .i.e. 
channel initiating a reaction. For this reason we expect that the enhancement 
will be larger for lighter nuclei. Because of the enhancement of the cross 
section due to the angel resonance, the mean free path (mfp) in emulsion of 
the pertinent projectile fragments will be shorter. Since the excitation is a 
compound excitation and its energy of 0.5 GeV is compar·able or greater than 
the total binding energy of a nucleus with A < 60, theang.el nucleus, once 
produced, will explode creating an almost isotropic angel star due to its 
short lifetime and nucleon correlations inside the nucleus imposed by the Pauli 
exclusion principle. Such signature and the excitation threshold behavior may 
have been already observed in high-energy proton-nucleus reactions,5,6 

For nuclei with A > 60 the excitation energy of - .5GeV is less than the 
total energy of the nucleus and hence the angel may have a longer lifetime and 
the decay mode of such heavy nuclei might be different from lighter nuclei. It 
would be interesting to verify this point experimentally. 

o 

The direct evidence for the threshold behavior of angel d-excitation 
should be found in high-energy deuteron-nucleus reaction, since we expect that 

o 
the enhancement of the cross section due to d resonance pole will be most 
clearly exhibited in this case, The most recent data by V.G. Ableev et al. 7 

from d + C12 -+p + X reaction at a deuteron momentum of 8.9 GeV/c has a 
shoulder in the proton spectrum corresponding to the production of a dibaryon 
resonance with an estimated mass from 2.0 to 2.2 GeV. This dibaryon resonance 
may correspond to the ~ resonance. Obviously further measurements with other 

o 
nuclear targets are needed to clarify the nature of d, 

Situation in high-energy heavy-ion collisions is more complicated since 
there are several mechanisms for producing angel excitations. An angel state 
can be excited either in the target nucleus or in the projectile nucleus during 
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the collision. An enhanced cross section due to the angeZ excitation implies a 
shorter mfp. Another possibility is that both the projectile and target nuclei 
undergo an ordinary nuclear reaction first and then at a later stage create an 
angel (two-step process) in a coherent excitation. The latter situation would 
not affect the mfp. There is some experimental evidence for the threshold be
havior of angel excitations in high-energy heavy-ion collisions. The anomalous 
effect for the secondary projectile fragments (PF) is seen in the cases of 56Fe 
beams with energies of 1.88 and 2.0 GeV A (0.94 and 1 GeV A, respectively, for 
the primary PF's in the two-nucleon C.M.)1,6 but not seen with 1 GeV A (0.5 GeV 
A C.M.).6 It would be interesting to see if the anomalous effect will go away at 
much higher energies. 

We should point out the differences between our explanation of anomalously 
short mfp and other interpretations proposed so far. In our picture all tracks 
recorded in the emulsion are associated with normal nuclear fragments. So far 
it is commonly believed that the shorter tracks are associated with anomalous 
nuclear fragments with extremely long lifetime (> 10-lOsec.) which have cross 
section one order of magnitude larger than the ordinary one and which neverthe
less have the same characteristics as ordinary nuclear fragments. We find it 
difficult to believe that such longlived particles remained undiscovered until 
now. The anomalously short mfp is explained in our model by the enhancement of 
the cross section of normal nuclear frag~ents due to the excitation of anomalous 
shortlived nuclear matter states, for which the six-quark compound angel s~.ate 
is a very likely candidate. Moreover in our model this anomalous effect, d Kamae) 
resonance, and evidence for the presence of six-quark state in the deuteron are 
consistently explained. Obviously these different effects are related to each 
other and would require a unified description. 

We like to comment on the point emphasized strongly in the recent studies 
of anomalons that the primaries do not display anomalously short mfp at short 
distances, since this seems to be the crucial argument for the creation and 
existence of anomalons in the secondary beams. First we believe that there is 
not enough experimental evidence for this claim. The primary beams consisted so 
far of 16 0, 56 Fe or 40A. 1,6 But the cosmic ray experiments8 show that in the 
case of 1i, the anomalous effect is also observed in the primary beam. On the 
other hand it was found that He (Z=2) particles do not exhibit the anomalous 
effect in any generation. 9 It is probable that the anomalous effect will be found 
in the primary deuteron beam. The negative result of the searchlO for anomalous 
nuclear states cast also doubt on the existence of longlived anomalons. 

We note that all experimental works on "anomalons" reported at this con
ference are either consistent with or in support of our model. In particular, 
the experimental works of Kleinet al. ll and Killinger et al. 12 give the most 
direct support of our model. From their analysis of the emulsion data obtained 
with 56 Fe (1.88 GeV A), 3He (1.88 GeV A) and 4He (2.1 GeV A) primary beams, 
Klein et al!lshow that many "large" stars (nh .:: 9) induced by the short-track 
« 3 em) secondary a's have the characteristic of our isotropic angel stars 12 
with small forward-backward asymmetry. The experimental work of Killinger et al. 
exhibits the energy dependence (threshold and resonance behavior) of the ano
malously short mfp predicted by our model. They find that the mfp depends 
sensitively on the kinetic energy of the PF's and decreases drastically with 
decreaSing energy (degraded toward the angel resonance energy) of the primary 
56Fe beam (initial energy of 1.88 GeV A) only at short distances (2 3 em). The 
two types· of the data analysis carried out by Klein et al. ll and Killinger 
et a1. 12 should be refined and be applied to existing and future emulsion data 
to provide further clarification of the basic points of our model. 
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For further experimental verification of our predictions, we suggest emul
sion experiments with d, Li, B, N, etc. primary beams in the energy range of 
0.1 - 1.4 GeV C.M. Ultimately, it would be desirable to do counter (spectrometer) 
experiments for the inclusive and exclusive proton-nucleus and nucleus-nucleus 
scattering in the kinematic phase space where the energy transfer to the target 
(or projectile) covers the angel excitation of - 0.5 GeV C.M. The results of 
these (difficult) scattering experiments'can provide not only the basic quanti
tative understanding of the "anoma10ns" but also of the quark degrees of freedom 
in nuclei. 

We wish to thank Professor Andy Hirsch for bringing many references on 
"anoma10ns" to our attention. 
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Some Anomalon Phenomenology 

P. J. S. Watson , 
Theory Group, S.I.N. ,CH 5234 Villigen,Switzerland 
Physics Dept.,Carleton University,Ottawa,Canada K1S 5B6 

The list of what we do not 
depressingly 10ng.A shopping list 
a) Mass difference (bm = mR~- mN 
state? 

know about anomalons is 
of unknowns is*) 

from nearest "normal" 

b)lifetime? (or could it be stable?) 
c)decay mode? (weak, electromagnetic or strong?) 
d)enhanced cross-section due to large geometrical 
long-range force? 
e)produced in li~ht ion collisions?(and if not,why 
f)charge states?(fractional? negative?) 
g)cross-sections Z-dependent? 
h)implications of large cross-sections?(e.g. 
peaking?) ,-
i)associatea production or solo? 
j)nuclear excitation (c.f. giant dipole) or 
particle (c.f. hypernucleus) 

size or 

not?) 

forward 

elementary 

Obviously some of these questions are 
interconnected,and in this talk I will attempt to show how 
some can be answered (1). 

The first point to note is that if 6% of projectile 
fragments are anomalous ,then so are 6% of target 
fragments.These stop in 10-11 s, 'long before they have time 
to decay.Hence any evidence of anomalon decay should be 
visible at the end of target fragment 
tracks.lf,e.g.,~m ~200 MeV then some events should decay 
via pion emission,which would be a most unusual event,with a 
fast track leaving a slow one. If Sm rv 50 MeV, then a weak or 
electromagnetic decay would still give a nuclear recoil of 5 
p for an ~-particle,which would be clearly visible but has 
probably never been se~hed for.lf no decays can be 
seen, then there seem to be 4 possibilities: 
1) 'm < 20 MeV 
2) TI/1.> 1 week ( the approximate time before the emuls ion is 
developed) 
3) the decay proceeds by a low energy cascade 
4)the recoiling nucleus is heavy. 

It seems very unlikely that they can be 
stable.Anomalons are produced in roughly 50% of heavy ion 
collisions at E > 1 GeV/nucleon. Taking today's cosmic ray 
flux and integrating oVf.r the lifetime of the universe gives 
a concentration of 10-"-1 anomalons/nucleon in terrest rial 
matter,which is incompatible with fractional charge models 

* This assumes the canonical 6% 
cm. ,model. 
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and barely compatible with isotope searches. Note that 
until the decay can be observed,the crucially important 
question of associated production cannot be answered. 

The problem of long range forces can be partially 
answered.If we consider a long-range force between anomalon 
and nucleon of the form 

111-\ ~ 4 ~h 
V(r) = g a /( a +r ) 

then the cross-section can be calculated in an eikonal 
approximation. The conclusion is that for N > 3,one must 
have a1

,...., (J ,unless g is implausibly large.In other words,the 
only possibility is a l/r~ or 1/r~ interaction:the others 
are short range. 

If the anomalon is taken to be a hard object with a 
Gaussian scattering amplitude 

f (q) = i () e xp (-q R'2. /16 ) 
4 1r k 

then it is possible to make quantitative predictions using a 
Glauber model. This has a number of testable consequences, in 
particular: 
1) the A dependence of scattering from target nuclei is 
strongly reduced.This implies that anomalons must produce 
fewer large stars (i.e. interactions with Ag and 
Br).Unfortunately the quantitative results (fig I) are such 
that \t is essential to look at light fragments. 

0.l5 

O.lO 
(01 

0.25 

17 

~a (I) 

2) the effective anomalon radius is 6 fm 

Fig r. 
Proportion 
of hits 
on H. vs. 
anom. rad. 
a) Glauber 

model 
b)soft 

sphere 

3) the cross-section is strongly forward peaked,(fig II) 
implying that less momentum is transfered.This should mean 
both that the anomalous nucleus is less likely to break 
up, and the target stars will be more symmetrical in the 
laboratory frame. 
4)pion production should be sharply reduced, because the 
t~pical momentum transfer is too small to produce (e.g.) an 
N • 
Unfortunately these predictions are true only for a "pure" 
anomalon. Hence it is crucially im?ortant to study low Z 
fragments. In a pure nuclear ('soft') model,the anomalon 
has a large radius but its components are nucleons.Hence the 
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individual scattering processes will have a fairly large 
(~500 MeV/c) momentum transfer, so only the first prediction 
holds. ..0 I 

~'\ 
fIll 

~;\!»" 
~ 
D 

! 0.05 '. 
,;~ 10.1 :! t 

" 
" j " Co) : 

... ,j r\ ~ 
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Fi II 
d07dt for 
scattering 
off 0 

a)P elastic 
b)P inelastic 
c)An elastic 
d)An inelast. 

Finally there is the light ion problem. There are 
several related points here.There is no direct evidence that 
anomalons are not produced in light ion collisions, except 
for the Carleton-N.R.C scan of D-D film (see R. Saly's 
talk).The gut feeling that many experimentalists seem to 
have that 'if they were there,we would have seen them' is 
false,as one can easily convince oneself by scanning a few 
frames.However there is evidence that there are no unusual 
stable multibaryon states.For example, a search by de Boer 
et ale (2)at S.I.N. for negatively charged heavy objects 
(pi-neuts) has limits at the atto-barn level!(fig 
3).Similarly' Kyle et ale (3) have looked at 

1f"=tD .;,.-> rr- (MM )t++ 
and have seen no peak above the level of 50 nb/sr up to the 

PP threshold 
-2@ 

-30 

-32 

-34 

-36 

-3@ 

-40 

-42 

-44 
+------,----_ .. _-,-
-~.O -~.S -~.O -7.S 

Fig III: 
log( T,J vs. 
log( drr/ dSldp) 
limits for 
S.I.N. 
pi-neut 
search 
M=1500-3500 
MeV 

-7.0 -6.S 

There are two obvious possibilities:either the 
phenomenon is a purely nuclear bne,or there are suppression 
factors operating in light(P~ collisions.lf the anomalon is 
a multi-quark object,(e.g. 6)then its production in 
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P P --> An + (X) 
will be severely suppressed by the requirement that a baryon 
Regge trajectory must be exchanged. The second is specific to 
broken colour models:if the interaction between coloured 
states is quasi-confining, then production in PP will be 
reduced by a tunneling factor,which can easily be ~10~ 
compared to a nuclear collision.Finally it is interesting to 
note that if the large cross-section is related to an 
extended distribution of matter,then even simple 
wavf-function overlap arguments will reduce production by 
~10 .In this connection, one should note that an extended 
object has a large moment of inertia, implying an unusually 
closely spaced rotational band. Thus instead of ~ppearing as 
a sharp spike in a missing mass plot,it would appear as a 
superposition of narrow states,smeared into a wide peak.lt 
seems reasonable to conclude that there are no light 
an6malons with exotic quantum numbers,but there is no real 
eVidence about more normal states.This provides problems for 
quark models, since they rather naturally lead to negatively 
charged states.' , 

Parts of 
W.J .Romo, R. 
F.Deboer for 
publication. 

this work were done i~ collaboration with 
Saly and M.K.Sundaresan.I am grateful to 

permission to quote results prior to 

P.J.S.Watson et al. Phys. Rev D27,1468 (1983) 
P.J.S.Watson Phys Letts ,in press. 
F. Deboer et al. S.I.N. preprint (in preparation) 
G Kyle et al. unpublished. 
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Limits on Anoma10n Production in 
Deuteri um-Deuteri um Colli s ions at 7.9 GeV/ c 

R.L. Clarke, D.N. Fernandes, J.E. Hardy, R.J. Hemingway, D. Kessler, A.H. lefcoe, 
C. Loken, A.C. McPherson, J.L. Pinfo1d, W.J. Romo', R. Sa1y, M.K. Sundaresan, 
P.J.S. Watson and J .L.Wolfson 

Department of Physics, Carleton UniversitYJ Ottawa, Canada 
B. Judek and M. Losty 

Division of Physics, National Research Council, Ottawa, Canada 

Until now the most reliable observations of anoma10ns have been in the 
secondary fragments produced by re1 ati vi sti C heavy' ions inci dent on heavy,' 
targets 1). It is widely believed that the phenomenon does not occur (e.g.) in 
proton-proton collisions: however it appears that no search has ever been made. 
If we assume that they are not produced in p-p collisions, there are three (not 
mutually exc1usiv~) possible reasons. Firstly the simplest anoma10n may be a 
multi-quark state J (n > 3), and hence production in p-p would require baryon 
number exchange which would cause a large suppression. Secondly if the 
anoma10n is an extended system, naive wave-function overlap arguments would 
suggest that it is far more efficient to start from an extended system (such as 
a heavy nucleus). The third argy~ent is an extension of the second for a class 
of models based on broken co1 0urJ) where confinement is no longer complete. It 
is consistent with what is known from high energy collisions that colour con
finement is exact up to a distance of (say) 3f, but beyond that free coloured 
states can escape. 

These three arguments suggest that a useful system to look in would be 
the deuteron. In particular, in the demon deuteron mode1 2), one would expect 
anoma10ns to be fairly readily produced. Furthermore, if low baryon number 
anoma10ns exist, independent of any specific model, there1ative simplicity of 
bubble chamber techniques would allow statistically significant results to be 
accumulated very rapidly. 

With these thoughts in mind, we have made a search for anomalous beha
viour in the interactions of secondary particles produced in deuteron-deuteron 
collisions. This note reports our finding from a scan of bubble-chamber film 
taken at the Alternating Gradient Synchrotron at Brookhaven. 

The experiment (No. 341), a Princeton-Rutgers collaboration, exposed the 
BNL 80-in4)deuterium bubble chamber to an almost pure (~97%) beam of 7.9-GeV/c 
deuterons . Some of this film has been acquired from Rutgers University and 
scanned at Carleton. 

The scan was performed in two parts. In the first part5~ we defined a 
fiducial volume of length 1m and searched for primary beam interactions leading 
to at least one fast secondary track (defined by a template to have a projected 
momentum of at least 1 GeV/c). This momentum cut was imposed to avoid the 
complication of a large variation in the cross section for secondary-partic1e
deuteron collisions, particularly in the resonance region. Above 1 GeV/c, 
these variations will be, at most, a factor of 2~ 

Each fast secondary track has been followed to see whether or not it 
interacted before leaving the fiducial volume. In the event of a secondary 
interaction, all fast tertiary tracks have been followed - and so on. Table I 
summarizes the scanning statistics from a total of 6763 incident beam tracks 
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and 2646 recorded interactions. The track lengths reported here have been 
measured on the scan table and converted into chamber space assuming the 
momentum component normal to the "scan-table plane" is zero. 

From measured cross sections, the primary-beam mean free path would be 
155 cm. For the secondary interactions, 
which have a range of incident momenta 
1-8 GeV/c, we expect the mean free path 
to lie within the interval 140-200 cm 
for d-d, 280-400 cm f06)p-d, and 320-470 
cm for n±-d collisions . In our 100-cm
long scanning volume, with an average 
potential path for secondaries of about 
50 cm (small compared to the expected 
mean free paths), we do not need to 
know either the composition or the 
momentum distribution of the second
aries. We can define the mean free 
path for the non homogenous secondaries 
as 

where N(£) is the number of secondaries 
which did not interact up to the dis
tance £ from primary interaction and ~£ 
is a small interval of £. Expressing N(£) 
as N(£)=~fiexp(-£/Ai)N(O) then, for the 
above quoted mean free paths Ai within 
the interval 140-470 cm and all reasona
ble values of the composition fractions 
fit we find that A(£) is only a slowly 
varying function of· £. In particular, 
over the interval 0-100 cm, A(£) is 
almost constant; e.g., 

IA(O) - A(50)I/A(50) < 0.01 

10% 

100 

0'-----'-----'-' ----L-----1_L._;~---1_.i......_ 
o m ~ w w ~ 

distance from primary inlirraction (em) 

FIG. 1. Measured secondary mean 
free path as a function of distance 
from the primary interaction. 
curves I, II, and III represent the 
expected behaviour for a 6% 
anoma10n admixture with mean free 
paths of 10; 30 and 50 cm, 
respectively. 

-,----,--1 
I 

____ -99 •• ~ 

.>oW," '~>~ ----~: J The measured value for the entire 
interval 0-100 cm was obtained at 338 
± 15 cm. 

From the emulsion datal) we can 
deduce that anoma10ns would have an 
m.f;p. of ~10 cm in liquid deuterium. 
Figure 1 displays the measured 
secondary mean free path A(£) as a 
function of distance from the primary 
interaction. Superimposed are curves 
which represent the expectation 

!< f g 
"f/ ~ 

allowed region 

values of A(£) for a 6% admixture of 
anomalons with AAF=lO, 30 and 50 cm 
assuming a single mean free path of 
338 cm for the rest. Clearly the data 
do not support anomalon production 
with these characteristics. We can 
use a maximum likelihood method to put 
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limits on the fraction (fAF) of anomalons as a function of m.f.p. (A·AF). The 
results are shown in Figure 2. Notice that we are insensitive to very short 
tracks as it is difficult to determine their momentum. 

It is somewhat provocative that the m.f.p. 's for negative secondaries, 
tertiaries and quaternaries are considerably shorter .. The effect in negative 
secondaries can be explained as a somewhat higher production of E-(-300~b) than 
might be expected. However a Monte Carlo model suggests that only one quater
nary should have been observed (instead of four). The same Monte Carlo 
indicated that it would be extremely difficult to improve the limits signifi
cantly using only secondaries. We have therefore commenced a second scan to 
concentrate on these features. To improve the statistics, we have extended 
the length of the fiducial volume from 1 meter to 1.5 meters. In our second 
scanning run, all negatively charged secondaries were followed, as in the first 
run, but only those positively charged secondaries were followed that gave rise 
to at least one tertiary track with a projected momentum of at least 1 GeVjc. 
Table II gives a preliminary summary of the scanning statistics accumulated in 
our scan of 1 roll of film (1194 frames). Included in Table II are a number of 
tracks that were so short that the measurements carried out with templates were 
unable to determine whether or not their momenta exceeded 1 GeVjc. In the 
bracketed data all of these questionable tracks have been excluded. As is seen 
from the tables there is no evidence for anomalous behaviour of the negatively 
charged secondary tracks. On the other hand, there still seems to be some 
evidence of a decrease in mean free path of the positively charged tracks as 
the order of interaction increases, although the sample size is still quite 
small. However, when all tracks with questionable momenta are removed from 
consideration (cf. Tab.,-e-II) the calculated mean free paths seem to be consis
tent with normal behaviour, i.e. the absence of any anomalous behaviour. 

Despite a lack of evidence for anomalous behaviour in our analysis of the 
data obtained to this date, the sample size is still quite small and the 
scanning project continues. It should be noted that this technique is comple
mentary to emulsion results, ang cannot be assumed to contradict it. In parti
cular, if Otterlund's suggestiorfJ that the anomalous m.f.p. in emulsion is -1 cm, 
this would lower the estimate of the m.f.p. in deuterium to 5 cm which lies at 
the limit of the technique described here. 

We thank R.J. Plano for providing us with the film, the optical constants, 
and the facilities at Rutgers to perform a short feasibility study. We thank 
P. Patel (McGill) and T.S. Yoon (University of Toronto) for the provision of a 
Vanguard scanning table and the Physics Department staff at Carleton University 
for rebuilding it. This research has been supported in part by the Canadian 
Institute of Particle Physics and the Natural Sciences and Engineering Research 
Council, Canada. 
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TABLE I. Summary of mean-free-path measurements (first scan). 

All Negative 
secondaries . secondaries Tertiaries Quaternaries 

Number of tracks 3527 159 414 20 
Number of interactions 510 30 41 4 
Total path length (m) 1722.0 63.5 120.6 4.1 
Mean free path (em) 338±15 212±39 294±46 102±51 

TABLE II. Summary of mean-free-path measurements (second scan). 

Number of tracks 
Number of interactions 
Total path length (m) 
Mean free path (em) 

Negative 
secondaries 

382 (376) 
63 (57) 

198.7 (198.6) 
315±40 (348±46) 
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Tertiary 
Tracks 

1118 (1103) 
165 (150) 
451.4(450) 

274±21 (300±24) 

Quaternary 
Tracks 

107 (99) 
15 (8) 
29.1 (28.9) 

194±50 (361±128) 



Are "Anomalons" a Bag Ful'o Colorful Nucleons? 

By F.Kruse and C.C.Noack 

Fachbereich Physik, Univ.Bremen, F.R.Germany 

One of the more intriguing explanations of the possible existence of 

"anomalons" (if they do exist)l) would seem to be in terms of internal color 
excitations of nuclei. While it follows from confinement in QCD that isolated 
nuclei (as well as isolated nucleons) must be in color singlet states, the 
same is not necessarily so for nucleons bound together in a small region of 
space, viz. a nucleus. Thus one can envisage a nucleus in a color-excited 
state as composes of localized 3q-systems (i.e. nucleons) which, however, are 
not all color singlets. We have investigated a particularily simple example 
of such a model which retains as many of the features of "normal" nuclei as 
possible, and at the same time stays close to the physical picture of the 
M.I.T. bag model. We call this a "nuclear bag". 

Consider the simplest case, that of 2 bound nucleons. According to the 
SU(3) reduction formula 

3 ® 3 ® 3 = 1 e 8 e 8 e 10 

a colored baryon could either be an octet or a decuplet. But since the two 
baryons must couple to a total color singlet, and neither 8 ® 10 nor 10 ® 10 
contains a singlet, this leaves us with the octets only. Indeed, totally 
anti symmetric 3q-states which are color octets but otherwise carry the quan-

tum numbers of the nucleon ( S = 1/2 , T = 1/2 , Y = 1) can be constructed. Thus 

our basic assumption is that the exotic nuclear states we are considering 
are M.I.T. -like bags, but with octet nucleons rather than quarks as their 

constituents. This is not identical with a multi-quark bag 2) , since our 
octet nucleons retain their identity as localized objects; they are, in a 
sense, elementary. 

An immediate (if unexpected) consequence of this model is that, in an 

A =2 system, there are, aside from the usual nuclear states
3

) with ( T+ S) 
odd (for which the 2 color octets couple symmetrically), also states with 
( T + S) even, because the two octets in the above reduction formula are diff
erent and thus can be coupled antisymmetrically. 

* With these changes from the M.I.T. model, we have computed masses M 
and radii R of the lowest-lying states of such nuclear bags. Regarding the 
bag model parameters, we have taken the following attitude: 
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(i) bag constant B: there is no apparent reason why a nuclear bag should 
have the same volume energy and thus the same bag constant as the M.l.T. 
bag. We allow B (subject to B >0, of course) to be a free parameter 
(cf., however, the comments below), 

(ii) constituent mass m 8: Obviously we must take m8 ' the mass of an octet 

nucleon, to satisfy m8'::: m
1

:: mN. It can, however, be shown that m8 

approximately satisfies the inequalities 

1 -
1 

2 
< 

* M 

A"""iiIg 
< 

4 
1 + 

3 

2 
(_x_ ) 

m8 R 

here A is the number of nucleons in the bag, and x, as usual, is a 
solution of the bag equation 

For R larger than the usual nuclear radius, we have (~R ) 2« 1 , 
* m8 1 ) 

and thus M ~ A m8 . Since from the anomalon experimental data we 
* * expect the excitation energy per nucleon, E := (M -M)/M to be less than 

0.5, we have simply set m8 := mN 

(iii) zero-point energy Zo: as with B ,we let Zo be a free parameter (sub

jectto Zo>O) , 

(iv) one-gluon exchange correction ~E: with similar assumptions as in the 

M.I.T. model 4
) ,we find 

o 
and 

~EM [9 - 6S(S+1) ]"HM(MIT) 

where ~E (MIT) is the M.I.T. color-magnetic correction for the proton. 
Note that~ for A = 2 , the color-magnetic correction is independent of 
isospin T . 

Some typical results of our calculation are given in Table I below. In 
the first line of each of the two sets, we took as input the "observed" ano-

malon radius R 1) , and assumed the excitation energy per nucleon E* to be 
zero. The fitted bag constant B then comes out smaller than the M.I.T. value 
by a factor of 10. In the second line, on the other hand, we have used the 
M.l.T. values for Band Zo as input. The nuclear radius then comes out 

smaller than the normal nuclear radius 5) . 
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TABLE I 

oJ< 

I E R [fm ] I B 1/4 [GeV ] I Zo 

A = 2 : 

* 
input E , R 0 5.8 0.014 0.48 

input B 1/4 ,Zo 0.24 0.97 0.146 1.84 

A=4: 
* input E , R 0 6.3 0.014 0.76 

. 1/4 1nput B ,Zo 0.19 0.99 0.146 1.84 

The results we obtained in other cases (up to A = 32) show the same ge
neral tendency: an anomalously large nuclear radius can be obtained in this 
model, but only at the expense of an unconvincingly small bag constant B. 

While our results thus seem to point more against the validity of the 
model of a "nuclear bag" than they support it, it must be kept in mind that 
some of our assumptions regarding parameters may be just too crude, and not 
well-founded. We feel in particular that a more careful treatment of the glu
on interaction (we have more or less used similar methods of treating this 
correction as were used in the original M.I.T. model calculations) might 
change the results significantly. In addition, more experimental information, 
above all about the excitation energy E* of the anomalous nuclei, would give 
a better foothold for any attempt at explaining anomalons, including ours. 

1) E.M.Friedlander, Phys.Rev.Lett. 45, 1084 (1980) 
2) cf. K.Johnson, Acta Physica Polonica B 6, 865 (1975) 
3) We assume L = 0 for the lowest-lying states. 
4) T.de Grand et al., Phys.Rev. D 12, 2060 (1975) 
5) The same result - a smaller than normal nuclear radius - is also obtained 

in the multi-quark bag model; cf. Ref. 2 . 
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Results Obtained Using the Plastic Ball 

H.G. Ritter, H.A. Gustafsson, H.H. Gutbrod, B. Kolb, H. Lohner, 
B. Ludewigt, A.M. Poskanzer, T.R. Renner, H. Riedesel, A. Warwick, 

F. Weik, and H. Wieman 

Introduction 

Gesellschaft fur Schwerionenforschung, Planckstrasse 1 
0-6300 Darmstadt 11, West Germany 

and 
Nuclear Science Division, Lawrence Berkeley Laboratory 

University of California, Berkeley, CA 94720 

Single particle inclusive experiments, and experiments that additionally 
measure a few correlations like the associated multiplicity, have provided 
the main contribution to our present understanding of high energy heavy ion 
collisions. The results from those experiments are in overall agreement [IJ 
with calculations of the cascade [2,3J anq hydrodynamical [4J models. In the 
cascade model the collision of two nuclei is simulated as a cascade of 
nucleon-nucleon collisions using measured N-N cross sections. The 
hydrodynamical model, on the other hand, desGribes the nuclear collision as 
that of two fluids and makes use of a nuclear equation of state relating 
thermal and compressional energy densities to pressure. The pressure field 
dominates the expansion phase and leads to collective flow of the reaction 
products in a preferred direction. The observation of such effects in 
inclusive experiments is not well establish~d [5,6J. Collective effects that 
manifest themselves in the shape of the event in phase space are expected to 
be seen best in complete event detectors that measure the final state as 
exclusively as presently possible by measuring most of the charged particles 
emitted in the reaction. In addition, tho~e detectors are well suited to 
test macroscopic concepts such as equil;prium~nd temperature. Global 
methods like the sphericity or thrust analysis [6] take into account all the 
correlations measured in the event and are specially designed to determine 
the shape of an event in phase space and th~$ to define a reaction plane. 

Recent data from the Plastic Ball experim~nt about the study of nuclear 
stopping and thermalization and on global analysis are presented in this 
report. Of course, data from 4n detectors like the Plastic Ball can be 
analyzed under many different aspects. Especially, the characterization of 
events according to charged particle multiplicity, presently still the best 
experimental approximation to impact parqm~ter selection, has yielded new and 
unexpected results, e.g., about the production of composite particles [7] and 
two particle correlations [8J. 

Experiment 

The Plastic Ball [9J is a segmented multielement detector that covers 96 
of the total solid angle. The general layout of the spectrometer is shown in 
fig. 1. The Plastic Wall, placed 6 m downstream from the target, covers the 
angular range from 0 to 10 degrees and measures time of flight, energy loss, 
and position of the reaction products. In addition, the information from the 
inner counters (0 to 2 degrees) is used to produce a trigger signal. 
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The Plastic Ball covers the region between 10 and 160 degrees. It 
consists of 815 detectors, where each module is a ~E-E telescope capable of 
identifying the hydrogen and helium isotopes and positive pions. The ~E 
measurement is performed with a 4-mm thick CaF2 crystal and the E counter 
is a 36-cm long plastic scintillator. Both signals are read out by a single 
photomultiplier tube. Due to the different decay times of the two 
scintillators, ~E and E information can be separated by gating two different 
ADCs at different times. The positive pions are additionally identified by 
measuring the delayed ~+ ~ ~+ ~ e+ decay. The quality of the particle 
identification is shown in fig. 2 for the hydrogen and helium isotopes. 

Figure 3 shows the acceptance of the Plastic Ball experiment for protons 
in the plane of rapidity versus tran~v~rse momentum. In the different areas 
charged particles can be identified with different quality. Different 
projectile-target combinations have been measured with a minimum bias trigger 
and with a trigger configuration that selects central reactions. Results 
from 400 MeV/u Ca on Ca, 400 MeV/u Nb on Nb, and 800 MeV/u Ne on Pb are 
presented. 

Nuclear Stopping and Thermalization 

Thermalization among the participant nucleons in high-energy nuclear 
collisions is predicted by thermal models and is a necessary condition ,for 
the determination of temperature. It is characterized by the fact that the 
originally longitudinal motion of the projectile is equally distributed over 
all available degrees of freedom (longitudinal and transversal). A necessary 
but not sufficient condition for thermalization is that [10J 

1 L 2 ~ 
2 

2" P"l = Pill " , , , 
or ( 1) 

R = 
2 L I Pill 1 
~ L: I Pill I 

= 

A global stopping of the two nuclei at small impact parameters would 
show up in a ratio R = 1 or even larger, if hydrodynamical flow into 
transverse direction exists. In the presence of transparency this ratio 
would always be below 1. Data that fulfill the necessary condition 'of R = 1 
may indicate the existence of a nuclear fireball if, in addition, their 
energy spectra are of Maxwell Boltzmann shape in the center of mass. 

In fi~. 4 (top) contour lines of the yield of events in the plane 
2/~ ~ I pul/A vs ~ I Pilii/A are shown for the system Ca + Ca, the minimum 

1. 1. 

bias trigger applied. Most of the yield is far away from the R = 1 
(isotropy) region. The peak at small P1 but large ~I corresponds to 
peripheral reactions and is dominated by projectile fragments. This 
contribution vanishes as the trigger is changed to a "central" one. Figure 4 
(middle) shows central trigger events with a charge particle multiplicity 
larger than 30. The maximum of the yield is shifted toward the diagonal but 
only a few events reach R = 1, which, for large multiplicities and absence of 
any two jet structure, corresponds to a full stopping of the nuclei. In the 
lower part of fig. 4 for the reaction of 400 MeV/u Nb + Nb the central 
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trigger events with charge particle multiplicities beyond 55 are fulfilling 
the stopping condition (R = 1) on the average~ 

The observed difference between the Ca + {a and the heavier Nb + Nb 
system allows two different interpretations: The Ca nuclei are too small to 
stop one another, so a transparency remains in the longitudinal direction, or 
only a subvolume is fully stopped and eventually thermalized, but the surface 
zones show some transparency and therefore the differences are caused by the 
various surface-to-volume ratios of Ca and Nb. However, one has to keep in 
mind that the high multiplicity cuts correspond roughly to an impact 
parameter selection from 0 to J fm, where in these symmetric systems still 
1 arge parts of the nuc lei mi ght. pass one another rather undi sturbed. 
Although spectator fragments are excluded within slab < 2° with our central 
trigger con~ition, there are still some "leading parti~les" left outside of 
slab = 2°. Anyone of these particles strongly enhances the parallel 
momentum component, thus reduci'ng the ratio R. 

Global Analysis 

It has been pointed out that event shape analysis might be able to 
distinguish between predictions' of cascade and hydrodynamical models. To do 
this the thrust [11-13J and sphericity [12,14J analyses used in high energy 
physics [6J have been proposed.' Because the thrust vector cannot be 
calculated analytically, the sphericity method generally has been used. 

The sphericity tensor 

F .. = ~ p. (v) p. (v) w( v) 
lJ t.: 1 J 

is calcuiated from the momenta of all measured particles for each event. It 
is appropriate to choose the weight factor w(v) in a way that composite 
particles have the same weight as the individual nucleons of the composite 
particle at the same velocity. In this paper the weight w(v) = 1/(2m) as 
proposed in ref. 14 (kinetic energy flow) is used. Other coalescense 
invariant weights such as IIp [12J have been proposed and have been used in 
our analysis. The sphericity tensor approximates the event shape by an 
ellipsoid whose orientation in ,space and aspect ratios can be calculated by 
diagonalizing the tensor. 

The sh~pes predicted by hydrodynamical and cascade calculations are 
quite different. The hydrodynamical model predicts prolate shapes along the 
beam axis for grazing collisions. With decreasing impact parameter the flow 
angle increases up to 90 degrees for zero impact parameter events and the 
shape becomes prolate [11,13,14J. This behavior is independent of projectile 
and target mass. Cascade calculations, on the, other hand, predict finite 
nontrivial flow angles only for. very heavy systems [14]. 

A rigorous comparison of experimental data with predictions is only 
possible if the theory calculates all observed quantities by generating a 
large number of complete events. Those events have to be filtered with the 
known experimental acceptance and efficiency of the detector. Most models, 
however, have not yet reached sufficient sophistication: cascade models do 
not include composite particles, and hydrodynamical codes do not yet produce 
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event-by-event fluctuations. This makes a useful comparison difficult, and 
it is not yet clear that the differences between the two models will show up 
after all distortions are taken into account. 

Another big obstacle in extracting information from a flow analysis is 
fluctuations due to finite particle effects. Recently, Danielewicz and 
Gyulassy [15J have shown that those distortions strongly depend on 
multiplicity and that the flow angle, e, if properly weighted by the Jacobian 
(sine), is much less severely shifted towards higher values than the aspect 
ratios. It now can be shown that the results of the flow analysis of the 
400 MeV/u Ca + Ca data [16J (fig. 5), even though they differ from cascade 
predictions, can be explained with finite number distortions by assuming 
prolate shapes along the beam axis [17J. Deviations from cascade predictions 
seen in the analysis of asymmetric target projectile combinations measured 
with the streamer chamber [18,19J seem to be inconclusive as well because the 
data points in the flow plot do not fall in the region where, despite the 
distortions, nontrivial flow angles and aspect ratios can be detected. 

It is hoped that heavier symmetric systems are less sensitive to 
distortions and that possible macroscopic effects can more easily be 
detected. As shown in fig. 6, the Nb + Nb data at 400 MeV/u reach flow 
angles up to 30 degrees (peak maximum) for the highest multiplicity bins, 
whereas predictions from the Yariv-Fraenkel cascade [2J, filtered with the 
exact acceptance and efficiency of the Plastic Ball never deviate 
significantly from 0 degrees even for the highest multiplicity events. The 
fact that finite flow angles are seen in the data indicates that in those 
events there exists a plane defined by the flow axis and the beam axis, which 
will be called the reaction plane. All events can be rotated by the 
azimuthal angle ~ determined by the flow analysis so that their individual 
reaction planes all fall into the x-z plane, with the z-axis being the beam 
axis. For those rotated events rapidity plots in the reaction plane r13,20J 
can be calculated. The use of Pl/m as proposed in ref. 13 is only of 
theoretical interest as the phase space vanishes. However, the invariant 
cross sections dPx/mdy (in plane) and dp /mdy (out of plane) can be 
plotted, where Px is the projection of t~e perpendicular momentum into the 
reaction plane and Py the projection into the plane perpendicular to the 
reaction plane. Figure 7 shows these plots for 400 MeV/u Nb + Nb data and 
cascade calculations for events with charged particle multiplicities between 
40 and 50, the second highest multiplicity bin considered here. The 
depletion near target rapidities is due to experimental acceptance. The two 
cascade plots and the out-of-plane data plots are symmetric around the beam 
axis, whereas the in-plane data plot is clearly asymmetric. Taking into 
account the multiplicity dependence of the rapidity plots (not shown here), 
two distinctly different trends can be observed. The outer low-intensity 
contour lines seem to follow the trend indicated by the dN/d cos e 
distribution. At low multiplicity they can be described by ellipsoids 
elongated along the beam axis. With increasing multiplicity the ellipsoids 
are more and more turned relative to the beam axis. The peak in the rapidity 
distributions, resulting largely from the projectile remnants, on the other 
hand, is rather independent of multiplicity. It clearly shows a 
perpendicular and longitudinal momentum transfer to the spectator nuclei. 
The longitudinal degradation of about 0.05 units in rapidity is not dependent 
on multiplicity, and the perpendicular momentum transfer varies only slightly 
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from about 30 to 50 MeV/c per nucleon as a function of multiplicity. The 
deflection angle of the projectile remnants always stays below 10 degrees. 

As can be seen from figs. 6 and 7 cascade calculations are not able to 
reproduce the data. An exact comparison with predictions from hydrodynamical 
model calculations is not possible as the impact parameter is not known 
experimentally. However, comparison with cascade events indicates that the 
highest multiplicity bin of the data contains events whose impact parameter 
can be as large as 3 to 4 fermis. Considering such large impact parameters 
the hydrodynamical predictions [13J seem to be in qualitative agreement with 
the dN/dcos e distributions. The deflection of the spectator matter is a 
collective effect that might be due to the effect of a nuclear potential and 
should be explained, e.g., by classical equation of motion calculations r21J. 

For asymmetric systems the flow analysis is usually performed in the 
center of mass of all the measured particles. The velocity Sobs of this 
system in the beam direction should depend on the impact parameter and thus 
on the multiplicity of charged particles mc. Figure 8 shows a contour plot 
of mc as a function of the observed velocity Sobs for the reaction 
800 MeV/u Ne + Pb. This velocity varies from that of the nucleon-nucleon 
system SNN for the most peripheral collisions up to the velocity of the 
compound system Scomp. It significantly overshoots the fireball system 
velocity SFB even though only about one-third of all particles (and 
preferentially the faster ones) are detected. This strongly indicates not 
only that the projectile is stopped as, e.g., predicted by a clean-cut 
fireball model [22J but that the target nucleus as a whole stops the 
projectile. The emission pattern of this "compound" system can be studied by 
a flow analysis. The flow angle distributions dN/dcose for the different 
multiplicities all peak at 0 degrees, but for the highest multiplicities they 
become flat and angle independent, indicating isotropic emission. The same 
pattern is suggested by the rapidity plots. 

Conclusions 

The ratio R of perpendicular to longitudinal momentum per nucleon shows 
that even for the most violent reactions in the Ca on Ca case at 400 MeV per 
nucleon there is always some transparency left, whereas in the Nb case the 
two nuclei are stopped in average and the participant nuclei seem to form an 
expanding fireball. The fact that for Nb finite flow angles are observed 
must not necessarily be in contradiction to this statement as the 
event-by-event variations of R are quite large, and only the rather crude 
classification of events according to the observed charged particle 
multiplicity has been studied so far. 

The dN/d cos e distributions show no finite flow angle for the Ca case 
but reach angles of up to 30 degrees for Nb. However, in both cases a clear 
collective deflection of the spectator nuclei that is nearly independent of 
multipliCity is observed. It will be necessary to study the energy and mass 
dependence of those effects and to compare with cascade and hydrodynamical 
calculations as well as with events generated with the Fai-Randrup code [23] 
where parameters like perpendicular and longitudinal momentum transfer can be 
adjusted before final conclusions about collective effects in relativistic 
nuclear collisions can be drawn. 
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Figure Captions 

Fig. 1. 

Fig. 2. 

Fig. 3. 

Fig. 4. 

Fig. 5. 

Fig. 6. 

Fig. 7. 

Fig. 8. 

General layout of the Plastic Ball experiment. 

Particle identification spectrum for 655 modules after 
gain-matching with (dashed line) and without (solid line) 
scattering out reconstruction. 

Plastic Ball acceptance in the plane rapidity versus transverse 
momentum. 

Contour plots of the perpendicular momentum per nucleon as a 
function of the parallel momentum per nucleon for 400 MeV/u Ca on 
Ca for two different trigger selections (top) and for 400 MeV/u Nb 
on Nb. 

Flow plot for 400 MeV/u Ca on Ca. 

Frequency distributions of the flow angle e for different 
multiplicity bins (data and cascade calculations). 

Contour plots (linear contours) of the projection of the transverse 
momentum in and out of plane asa,function of cm rapidity. 

Contour plot (linear contours) of the charged particle multiplicity 
as a function of the velocity of the cm system of the measured 
charged particles. 
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Search for Flow in the Reaction Ar + Pb 

R.E. Renfordt,l R. Brockmann,2 J.W. Harris,2 M. Maier,2 F.R~ess,2 
A. Sandoval,2 R. Stock,2 H. Strobele,2 K.L. Wolf,2 H.G. Pugh,3 

L.S. Schroeder,3 D. Schall,l and K. Tittel 1 

University of Heidelberg, W. Germany (1) 
Gesellschaft fUr Schwerionenforschung, Darmstadt, W. Germany (2) 

Lawrence Berkeley Laboratory, Berkeley, CA 94720 USA (3) 

Interactions between Ar projectiles and lead are studied in ,terms of 
global observables. The Streamer Chamber at the Berkeley BEVALAC was used to 
record all charged particles produced in collisions between 0.8 GeV/u Ar 
projectiles with a Pb304 target. A hardware trigger selected central 
collisions with Pb nuclei corresponding to a trigger cross section of 1 
barn. In a geometrical picture this is equivalent to an impact parameter 
range of 0-5 fm. 

Three views of the Streamer Chamber pictures were recorded on film. All 
visible tracks were measured on three views and reconstructed in space. 
Particle identification and separation was achieved by visual inspection of 
track granularity and by kinematical cuts. Five hundred events have been 
analyzed so far. Significant experimental biases were found only for 
particles around target rapidity, where absorption in the target, 
proton/deuteron ambiguities, and Streamer Chamber inefficiencies are 
important. Therefore, further analysis was restricted to the particles 
emerging in the forward direction in the event participant center-of-mass 
system, computed event by event from only those particles having transverse 
momenta above 270 MeV/c (see ref. 1). The experimental data were compared to 
400 events generated by the intranuclear cascade code of Cugnon et al. 2 in 
the same impact parameter range as selected by the hardware trigger. In 
addition, we compare our data to events generated by a Monte Carlo program 
using an isotropic angular distribution, the same mean multiplicity 
«M> = 48) and the same slope parameter for the energy spectrum 
(Eo = 110 MeV) as observed in the 
data. The experimental 
inefficiencies were folded into the 
cascade events as well as into the 
isotropic Monte Carlo events. 

The total baryonic transverse 
energy in the forward hemisphere of 

N (,[27 1 
each event (Et = ~ l VPt ; + Mi - M

iJ
, 

N = Number of baryons iri the event) 
was used to define subsamples of 
events corresponding to different 
impact parameter (b) ranges. Figure 
1 shows the correlation between the 
total transverse energy and b as 
determined from the cascade events. 

203 

E t l 2 

(GcV J 

3.0 

2.0 

1.0 

0.8 GcV/u 

0.1 0.3 

Fi g. 1 

Ar. Pb 

CASCADE 

0.5 
b/bmax 



In Fig. 2 contour plots of the mean longitudinal (PI!) versus mean 
transverse (Pt) momentum per event3 are presented for both the 
experimental data and the cascade events, together with subsamples selected 
for high Et (Et > 2.6 GeV, i.e., small impact parameter). The cascade 
events have a significantly higher fraction of events with rather high PII. 
For high Et both data sets are rather isotropic and centered around the 
symmetry line. The slight excess in Pt for the data is due to the bias 
introduced by the Et selection since it is also seen (not shown here) in 
the isotropic Monte Carlo events. 

Differences between data and cascade can be analyzed in more detail by 
studying the Et-dependence of the deflection angle and aspect ratio of the 
momentum flux tensor. 4 Since b is an a priori unmeasurable quantity we use 
instead the total transverse energy and determine the bias introduced by this 
selection criterium with cascade generated events. 

The histograms in Fig. 3 show the angular distribution of the main axis 
of the momentum tensor with respect to the beam direction for the data and 
cascade events. - For high Et the data show an isotropic distribution 
whereas the cascade events are still dominated by rather small deflection 
angles. 

A more detailed evaluation of this difference is obtained by the 
following method: 5 the azimuthal orientation of the main axis of the 
momentum flux tensor is computed for each event; then each event is rotated 
around the beam such that the momentum tensor has the same azimuthal angle 
for all events; finally, for each subsample of events, corresponding to 
different Et intervals, a single momentum tensor (formed by the 
superimposed events) is computed, thus eliminating fluctuations caused by the 
limited number of particles in a single event. 

In Fig. 4 the perpendicular component of the momentum within the 
reaction plane (defined as the plane spanned by the beam and the main axis of 
the flux tensor) after the rotation and summation as described above is 
plotted versus the parallel momentum component PII for a subsample of events 
with Et < 2.6 GeV in a linear plot (4a). The numbers at the contour lines 
indicate the number of particles. A finite deflection angle can be 
observed. For comparison the component of p perpendicular to the reaction 
plane is also plotted (4b). The distribution is symmetric with respect to 
the beam axis as it should be. 

Figure 5 summarizes the result of this analysis. The clear difference 
in the Et-dependence of e between data and cascade events (Fig. 5a) 
emphasizes the earlier finding of an excess in deflection of the data as 
compared to the cascade events. The deflection angles for the isotropic 
Monte Carlo events are consistently higher than the data. The aspect ratio 
R32 (Fig. 5b) as derived from the latter event sample varies with Et as 
expected from the e behavior: elongation of the flux tensor for small 
deflection angles and shapes close to spherical for large angles, which is 
consistent with a zero deflection angle of an undistorted momentum 
tensor. 5 The aspett rat,os for the experiment~l data samples indicate 
near-spherical shapes for the higher Ets by comparing it to the isotropic 
distribution, which shows no dependence on Et • The data indicate a higher 

204 



• 

• 

0.8 Gelflu Ar • P!) 0ata 

all 0.8 GeV/u Ar • Pb Ca.caa. 
all 

('\ " '/2 / (P!),.'21 /1 
I 
I (MeVlC! / (lo.4cV1e) 

500 500~ / 
/ I -' / 

'-00 '-00 

~, 
/ 

300 300 

200 200 

/ 

100 / 100 / 
/ 

100 200 300 400 500 100 200 300 400 500 
(MeV/c) (MeV/c! 

(P. ) ( p.) 

Fig. 24 
Fig. 211 

O.S G.V/u Ar.p!! Data 
etS G.VA. AI. Pb Cascad. 

Et > 2.6 GeV 
Et) 2.6 GC'i 

<"1 >1"'2 '/ 
(P! )-"'<11 

_ (M.V/c) [MeWc! 

500 500 

400 400 

300 
300 

200 300 100 200 300 400 500 

(P. > 

Fig. 2c Fig. 2d 

Fig. 2. Average transverse momentum versus average longitudinal 
momentum per event for expo data (a+c) and cascade events 

(b+d) with and without a cut in the total transverse 

energy measured- per event. 

205 

(M. VIc) 



0.8 GeV/ al~ Ar + Pb 

• Data 
X Cascade 

0.8 GeV/u Et)' Ar + Pb 
, 2.6 GeV 

50 
• Data 
X Cascade 

! 40 
c 
~ .. 

0.8 1 

Fig. 3 

206 

w 
" ..! 
A. 

.! 

W 
It 

..! 
A-

LL 
o 

..... 
" o 

.s 

-.... -200 

r. IM(~J 
Fig. 4 

2.1 

Fig. 5 

2.t 

- see 



degree of thermalization than the cascade predicts. The comparison to the 
isotropic Monte Carlo, on the other hand, indicates a significant deviation 
from simple thermal behavior. Conclusions about the existence of a 
bounce-off effect as predicted by hydrodynamical models 6, however, are only 
possible if detailed predictions are subjected to the same analysis 
procedures as the experimental data such that systematic biases introduced by 
these procedures are the same for the model predictions and the data. 

We conclude that our experimental data cannot be described 
satisfactorily by the intranuclear cascade of Cugnon et al. The deviations 
from the cascade could point towards hydrodynamical flow. However, this can 
only be verified after the hydrodynamical models are modified such as to be 
directly comparable to exclusive data. 

This work was supported in part by the Director, Office of Energy 
Research, Division of Nuclear Physics of the Office of High Energy and 
Nuclear Physics of the U.S. Department of Energy under Contract 
DE-AC03-76SF00098. 
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Evidence on the Equation of State of Nuclear Matter at High Densities 
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One of the primary objectives in the study of relativistic 
nucleus-nucleus collisions is to determine the response of nuclear matter to 
compression and expansion over a wide range of densities. The nuclear 
response is fundamental to understanding the formation and collapse of 
supernovae1 and the stability of neutron stars. 2 In the early stages of 
the universe and subsequent stellar evolution, nuclear densities from 0.1 to 
greater than 10 times normal nuclear matter density (po) are believed to 
occur. Likewise, a broad range of densities is expected in nucleus-nucleus 
collision processes. Furthermore, predictions of phase transitions at both 
high3 and 10w4 densities are particularly important and appealing. 

Predictions of dynamical models 5- 8 of widely varying origin yield 
similar results on the nucleus-nucleus collision process. The one- and 
two-fluid hydrodynamical models, which assume a short mean free path in 
nuclear matter, and intranuclear cascade models with diametrically opposit€ 
long mean free path assumptions, predict a compression-expansion cycle for 
the collisi~n process. This is depicted by the results of a hydrodynamical 
calculation shown in Fig. 1. Densities of 2-4 Po are predicted in both 
approaches. However, there has yet been no direct evidence for high density 
from experiments. Chaotic kinetic effects from heating, represented by an 
increase in temperature in Fig. 1, during both compression and expansion will 
dilute any direct signature of the high-density stage of the reaction. In 
the expansion stage final state interactions and the approach to chemical 
equilibrium further alter observables that may be linked to high densities. 
Several experimental approaches have been undertaken to minimize these 
effects and perhaps gain information on nuclear matter at high densities. To 
emphasize the collective nuclear effects expected at high densities over the 
chaotic thermal effects, chargrs-particle exclusive event analyses using 
global variables are underway. Another approach is the study of 
penetrating particles l1 such as K's and A'S, which are expected to be 
produced in the early compression stage of the reaction process and rarely 
absorbed due to strangeness conservation. A third approach, to be used in 
the following discussion, is the study of pion multiplicities. The interplay 
between nuclear matter density and pion production was first pointed out by 

lInstituto de Fisica, UNAM, Mexico City, 21 D.F., Mexico 
2Cyclotron Institute, Texas A&M University, College Station, Texas 77843. 
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Chapline et al. 12 in 1973. The sensitivity of pion production to the 
compressibility of nuclear matter was later calculated explicitly using 
hydrodynamics by Stocker et al. 13 and is shown in Fig. 2a. The existence 
of density isomers would have drastic effects on the pion production as shown 
in Fig. 2b. 

Two effects combine to make pion production over the Bevalac energy 
range particularly appealing for the study of the high-density stage of the 
collision process. The elementary pion production cross section increases 
rapidly as a function of the available energy, and the relative 
nucleon-nucleon kinetic energy is rapidly degraded in a central 
nucleus-nucleus collision. As a result, the pi~n production is heavily 
weighted towards the compression stage of the reaction. Furthermore, pion 
multiplicities should be less sensitive to chaotic thermal effects than 
differential observables. These concept~ are supported by the results of 
cascade calculations 14 shown in Fig. 3. The density increases rapidly as a 
function of time during the collision process. At the time of maximum 
density approximately half the baryon-baryon collisions have occurred and the 
number of pions + deltas reaches a maximum. From this time onward the 
density decreases, similar to the predictions of hydrodynamical models, and 
the pion + delta particle number remains constant until there are no longer 
interactions. A constant pion + delta yield results from a balance of 
pion- and delta-producing and absorbing reactions. Thus, the eventual pion 
multiplicity observed after decay of the remaining deltas is established at 
the time of maximum density and remains relatively constant thereafter, in 
contrast to differential features which may be altered during expansion. 

The present approach 15 is to study the pion multiplicities at various 
incident energies, which correspond to differing degrees of compression, and 
compare them to predictions of various models to gain some information on the 
response of nuclear matter as a function of density. The pion production in 
hydrodynamical models is very sensitive to the assumptions under which the 
pions are created. In such models particles are created by incorporating 
chemical potentials at a predetermined freeze-out density Pf. The pion 
multiplicities are sensitive to the choice of pf. In fact, one would 
intuitively expect the pions to be produced throughout the nucleus-nucleus 
collision as in the above cascade model approach and that the freeze-out 
description is insufficient. The present approach will be to compare data to 
predictions of the cascade model, which neglects effects of the nuclear 
medium such as compression and other potential degrees of freedom, and 
attribute any systematic differences between data and cascade to these 
effects. Predictions of other models will also be compared to data. 

The intranuclear cascade model of Cugnon et al. 8 is a microscopic 
model of nucleus-nucleus collisions and has been described extensively in the 
literature. Pion production and absorption are assumed to occur through the 
delta resonance, i.e., NN++~N and ~++uN. This particular model was chosen 
for use since it contains recent uN and NN cross sections, has no free 
parameters, and has input data in good agreement with pp, pn, and up data 
recently accumulated 16 in the Bevalac energy range. 

The experiments17 were performed by the GSI-LBL Streamer Chamber 
Collaboration at the Bevalac. A systematic study was made of negative pion 
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ijoOduction and the accompanying nuclear disintegration in the interaction of 
Ar + KCl at incident energies 360, 566, 772, 977, 1180, 1385, 1609, and 

1808 MeV/u. A total of 4,000 to 10,000 events were accumulated at each 
energy in both minimum bias and central trigger modes. Each event was 
categorized by negative-pion multiplicity (nn_)' total charged-particle 
multiplicity (ntot), and number of charged particles observed in the 
projectile and target fragmentation regions (nsoec). The approximate 
number of proton participants (npart) in the co"' 'lsion was deduced for each 
event by subtracting from ntot the number of created charges (2nn_) and 
nspec ' i.e., npart = ntot - nspec - 2nn_. "The central trigger 
corresponds to a reaction cross section of 180 ± 20 mb ~r impact parameters 
b < bmax in a geometrical model with bmax = 2.4 fm for OAr + KC1. 
Plotted i.n Fig. 4 is the observed npart distribution for 4UAr + KCl at 
1.8 GeV/u compared to results of a cascade calculation at the same value of 
impact parameter cutoff as de~ived from the trigger cross section. This 
comparison is typical of results at other energies of this study. 

The negative pion multiplicities <n
1

> observed in the eXReriment are 
displayed in Fig. 5 as a function of incldent energy for the ~OAr + KCl 
system. The <nn> increases rather linearly with incident energy, and there 
are no sharp deviations as predicted in Fig~ 2b if density isomers were 
present. The cascade model prediction for <nn> over the impact parameter 
range 0 < b < 2.4 fm corresporiding to the central trigger of the experiment 
is al~o plotted in Fig. 5. It is systematically higher than the experimental 
<nn> by factors ranging from 4.0 at 360 MeV/u to 1.35 at 1808 MeV/u. This 
overestimate of <nn> is also present for other systems studied at similar 
energies in the streamer chamber: 1.41 for He + KCl (977 MeV/u), 2.09 for 
Ar + KCl (772 MeV/u), and 2.43 for Ar + BaI 2 (772 MeV,u). For comparison, 
using the p + 48Ti (730 Mev) data of Cochran et al.,l the <nn> cascade 
data ratio is 1.2 ± 0.2. The discrepancy between the cascade values of 
<nn> and those observed in the experiment increases rather dramatically 
with the mass of the colliding system. A closer look at the cascade results 
shows that the baryon density increases to values of 1.9, 3.0, and 3.4 for 
the He + KC1, Ar + KC1, and Ar + BaI2 systems~ respectively, and that the 
overestimate factor for <nw> is directly proportional to the density. This 
concept of density increase or compression is not present in proton-nucleus 
and pion-nucleus collisions where cascade models have been found to work 
quite wel1 19 in describing pion production and absorption. If the 
overestimate in <nw> is indeed related to the density a systemataic 
analysis of the response of nuclear matter under compression can be 
undertaken. 

The internal energy per nucleon can be written as 

( 1) 

where Eo is the ground state energy, Ec(p) is the compressional energy, 
and Et(p,T) is the thermal energy at a given temperature T and density p. 
However, in the cascade model there is no compressional energy and E(p,T) is 

(cascade) (2) 
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Thus, at a given internal energy per nucleon the cascade model will have an 
excess amount of thermal energy due to lack of compressional energy. This 
excess thermal energy results in an overprediction of the number of pions 
<nn> at a given energy per nucleon as pointed out in Fig. 5. In fact, the 
same value of <nn> is observed in the data at an energy E as predicted by 
the cascade at a lower energy E'. Quantitatively, this difference in cm 
energy E - E' can be interpreted as the compressional energy assuming the 
same amount of thermal and ground state energies are included in the cascade 
and data to produce equal numbers of pions. Clearly, this is only a first 
approximation. It is presently impossible to disentangle the compressional 
energy from other effects of the nuclear medium. However, these nuclear 
medium effects are indeed those which must be understood in ultimately 
determining the response of nuclear matter at high densities. 

Before studying the compressional energy as a function of density, a 
closer look at the nuclear matter densities predicted by the cascade model is 
necessary. The density in the cascade approach is derived simply by counting 
the number of nucleons in a sphere centered in the participant cm system 
after transforming all nucleons to this cm frame. The size of the sphere 
cannot be so large that it extends into regions outside the colliding 
nuclei. On the other hand, it must be large enough so the density is not 
dominated by fluctuations due to the small number of nucleons inside the 
sphere. The density as a function of time during the collision, shown in 
Fig. 3a for 977 MeV/u Ar + KC1, was determined from a sphere of diameter 
3.0 fm. A density p = 4po corresponds to 10 nucleons within such a 
sphere. Smaller sphere sizes become dominated by fluctuations, thus the 
choice of 3.0 fm diameter for the sampling sphere of Ar + KC1. Displayed in 
Fig. 6 is the so-determined maximum density as a function of incident energy 
for Ar + KCl central collisions. Also shown is the mean density weighted by 
the n + A production rate. Although somewhat lower, it reflects the maximum 
density and will be used in the subsequent pion-related analysis. Both 
densities increase with incident energy up to approximately 1.2 GeV/u where 
the densities saturate. The cascade has reached the onset of nuclear 
transparency where the number of collisions is no longer sufficient to 
randomize the initial longitudinal motion. Furthermore, excitation to higher 
resonances above the A(1232) becomes important at these higher energies20 
and their inclusion into the cascade would decrease the transparency. For 
heavier systems this transparency should occur at even higher energies. 

The compressional energy per nucleon Ec = E - E' may now be read from 
Fig. 5 and plotted against the mean density observed in Fig. 6 at the 
corresponding energy E. The resulting plot of the nuclear matter equation of 
state is shown in Fig. 7. Values of Ec - 10 MeV are plotted to account for 
the ground state binding energy of mass 40 nuclei (Eo = 10 MeV in eq. 1), 
which is not present in the Cugnon cascade (Eo = 0 in eq. 2). The dashed 
lines are parabolae representing equations of state without phase transitions 
for compressibility constants K = 200 and 250 MeV. The best fit to the data 
occurs with K = 240 MeV, a rather "stiff" equation of state. Note that above 
1.2 GeV/u incident energy the values of Ec are constant as is the case for 
the densities in Fig. 6. In addition, ·.analysis of the 772 MeV/u 
40Ar + BaI2 system yields a point in Fig. 7 in good agreement with those 
of the Ar + KCl system. 
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The 139La + 139La system was recently studied at 950 MeV/u in the 
streamer chamber using a central trigger corresponding to a reaction cross 
section of 35S±40mb or b < 3.4 fm in a geometrical model. As expected, the 
charged-particle multiplicities «ntot> = 97±11) are much higher than for 
the lighter systems studied previously. Negative pions are significantly 
easier to detect than the more abundant positively charged particles 
due to their opposite curvature. The mean negative pion multiplicity 
<n~-> = 7.2 ± 0.6 is shown in Fig. S along with the Ar + KCl points from 
Fig. 5. Results of the cascade model for La + La with b < 3.4 fm are also 
shown in Fig. S. The cascade overpredicts the <nn-> by a-factor of 2.8 at 
950 MeV/u. 

An identical procedure to that used for the Ar + KCl system may be 
undertaken to derive an additional point for La + La on the equation of state 
plotted in Fig. 7. Displayed in Fig. 9 are a) the maximum baryon density and 
b) numbers of pions and delta-particles as a function of time in 1.0 GeV/u 
139La + 139La collisions with impact parameters b < 3.4 fm. The mean 
baryon dens it ies are s 1 i ght ly hi gher for 139La+ l"39La « Pw> = 3. S ± 
0.2 po) than for Ar + KCl «Pw> = 3.4 ± 0.2 po) at 1.0 GeV/u. Like the 
Ar + KCl system for b ~ 2.4 fm the numbe~ of pions + delta-particles (nn+~) 
in the 139La + 139La system for b < 3.4 fm reaches a peak at the time of 
maximum density. However, in 139La + 139La the nn+~ decreases by 15% 
from this time until the end of the collision. This difference between the 
n +~ plateau in Ar + KCl and the slight decrease in nn+~ for 139La + 
1j9La may be attributed to an interplay of two effects: 1) increased 
pion-absorption in the factor 3.5 larger volume for 139La + 139La and 2) 
increased stopping power of 139La + 139La reducing pion production in the 
later stages of the collision. Thus, in the later stages of 139La + 
139La collisions a slight increase in pion-absorbing processes and/or 
decrease in pion-producing processes primarily due to the larger volume will 
tilt the balance present in the Ar + KCl system. Nevertheless, the total 
pion multiplicity nn in 139La + 139La reflects the high-density stage 
of the collision since both nn and Pmax increase with incident energy and 
the decrease in nn+~ is small and present at each calculated energy. 
The compressional energy per nucleon at 950 MeV/u taken from Fig. 9 is 
Ec = E - E' = 106 MeV/u. Plotting Ec - E (10 MeV/u) = 96 MeV/u versus 
the mean baryon density Pw = 3.S2 Po at 9g0 MeV/u, an additional point is 
added to Qn expanded Fig. 7 and displayed in Fig. 10. This point for 
139La + 139La agrees reasonably well with the previous data for Ar + KCl 
and Ar + BaI2. 

A comparison of the observed Ar + KClpion multiplicities to predictions 
of various models strongly supports the concept that the pion multiplicity 
reflects the high-density stage of relativistic nucleus-nucleus collisions. 
Displayed in Fig. 11 are the data 7 along with predictions of the 
fireball,21 cascade,S hadrochemical,~2 and hydrodynamical~3 models. 
The fireball model like the cascade, which was discussed previously, contains 
only a thermal energy component (as in eq. 2) and drastically overpredicts 
the multiplicity by a factor of -3. The hadrochemical model, which solves 
the characteristic equations of hydrodynamics, uses an ideal gas equation of 
state. Since this is analogous to a Boltzman approach, the hadrochemical 
model predictions should be similar to those of the cascade. However, the 
initial assumption of a complete overlap of the two nuclei with density 
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p = 2po and subsequent radial explosion are probably unrealistic. The 
reduction of energy available for pion production into collective flow in the 
hadrochemical model reduces the predicted pion multiplicities from an 
expected result similar to the cascade prediction down to the values shown in 
Fig. 11. Th~ hydrodynamical model, on the other hand, inherently 
incorporates compression by using an equation of state and generally 
underpredicts the pion multiplicities unless some form of viscosity is added 
to increase the thermal energy available for pion production. 9 In other 
words, the basic zero mean free path assumption of hydrodynamics results in 
too much compressional energy (in eq. 1) and subsequent collective flow and 
thus necessitates the addition of viscosity to increase the thermal energy 
available for pion production. The hydrodynamical curve in Fig. 11 is a 
calculation after adjusting the viscosity. The dependence of the pion 
production on the freeze-out density in the present hydrodynamical models was 
discussed earlier in this paper. Comparison of these predictions with the 
observed pion multiplicities suggests the existence of compression and the 
importance of the interplay between the compressional and thermal degrees of 
freedom. 

It has been suggested 24 that the compressional effects reflected in 
the pion multiplicities can be explained in terms of multi-nucleon pion 
absorption. This idea is based primarily on a suggestion25 that 
100-200 MeV pions impinging on a nucleus are absorbed on 3-5 nucleons. 
However, subsequent comparison between pion- and photon-absorption26 on 
nuclei yields similar spectra suggesting the two absorption mechanisms are 
the same (i.e., A production) rather than multinucleon absorption. 
Furthermore, the pion multiplicity data tend to rule this out along with the 
possibility of an onset of such "exotic" pion absorption mechanisms at higher 
densities. The cascade model removes pions by the nNN ~ AN ~ NN two-step 
process. The rate of this process should be linear in the nuclear density 
due to the independence of the two steps. For multinucleon'pion absorption 
the pion would interact simultaneously with n correlated nucleons and the 
density dependence of this process would be steeper -pn. This "exotic" 
multi nucleon pion absorption would be enhanced at higher densities. As 
observed in Table I, this explanation cannot serve as an explanation of these 
observations. For a given system (40Ar + KC1) the overestimate of the pion 
multiplicity by the cascade decreases with increasing density. If "exotic" 
multi nucleon pion-absorption were present, the largest discrepancies should 
be seen at the highest energies for a given system. It is just the opposite. 

In summary, evidence has been presented that supports the idea that the 
pion multiplicity <nn-> reflects the maximum density attained in central 
relativistic nucleus-nucleus collisions. A comparison of the <nn-> data 
with predictions of vastly different models (hadrochemical, hydrodynamical, 
fireball, and cascade) suggests the presence of high-density nuclear matter. 
A systematic discrepancy between the observed <nn-> and those predicted in 
the cascade model correlates with the predicted density increase (as seen in 
Table I for various systems at similar energies) and anticorrelates with 
incident energy (as in Table I for one system at different energies). This 
latter observation argues against "exotic" multinucleon pion absorption •. 
Removing energy from the pion-producing degrees of freedom at high densities 
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into potential degrees of freedom, excluded from the cascade model, explains 
these observations. Disregarding higher order corrections and simply 
associating this excess energy with the compressional energy, a parabolic 
nuclear matter equation of state is derived with a compressibility constant 
K = 240 MeV. Furthermore, the present analysis suggests that for 
40Ar + KC1 collisions no more than one-third of the available cm energy can 
be associated with the compressional energy that would manifest itself as 
collective flow. However! the tremendous overestimate of the cascade model 
for the <n~-> of 139La + 39La results in approximately one-half of the 
cm energy going into compressional energy, neglecting other potential degrees 
of freedom. Thus the magnitude of the compressional energy may be 
approaching that of the chaotic thermal energy, and searches for collective 
effects may become feasible for heavier systems. Clearly, other explanations 
may be possible, but they are most likely related to changes in the dynamical 
behavior of nuclear matter at high densities (such as the possible quenching 
of 6 production in dense nuclear matter due to the size of the 6 wave 
function). Of course, such phenomena are not included in the cascade model. 
In fact, it may be necessary to develope a description in terms of a more 
fundamental quark model approach due to the high densities involved. 
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TABLE I. The overestimate of <n.~> in the cascade model versus the data is 
tabulated as a function of incident energy and the colliding system. The 
mean density calculated in the cascade model is listed in parentheses. 
(*the incident energy for 139La + 139Lawas 950 MeV/u). 

system 

4He + KCl 40Ar + KCl 40Ar + BaI
2 

360 4 . 50 (2. 6 po) 

556 2.50 (2.8 po) 

772 2.09 (3.0 po) 2.43 (3.4 po) 

977 1.41 (1.9 po) 1. 85 (3.4 po) 2.76 (3.8 po)* 

1180 1. 53 (3. 5 po) 

1385 1.46 (3.4 po) 

1609 1.31 (3.4 po) 

1808 1.31 (3.4 po) 
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Figures 

Fig. 1. 

Fig. 2. 

Fig. 3. 

Fig. 4. 

Fig. 5. 

Fig. 6. 

Fig. 7. 

Results of a hydrodynamical calculation5 for the compression and 
expansion of matter for incident energies Elab = 0.2, 0.4, and 
0.8 GeV/u. Shaded areas represent the temperature increase due to 
viscosity. Two different equations of state, solid curve (-0) and 
dashed curve (-02), are displayed. 

Mean pion multiplicity <n~> per nucleon plotted versus incident 
energy as predicted by the hydrodynamical model of ref. 13. 
a) Results of a soft (Ko = 100 MeV) and a stiff (Ko = 300 MeV) 
nuclear equation of state are shown. b) Results of a calculation 
with a density isomer in the equation of state. Curve a is the 
normal nuclear matter curve (Ko = 300 MeV) and curves band c 
have secondary minima in the equation of state at 0 = 500 with 
binding energies Bl = 0 and -140 MeV, respectively, as depicted 
in the insert. 

Results of a cas~~de model calculation for central collisions 
(b < 2.4 fm) of UAr + KCl at 977 MeV/u. Plotted as a function 
of time during the collision are the a) baryon densities in units 
of Po, b) cumulative number of baryon-baryon collisions, and c) 
numbers of pions and delta-particles. 

Distribution of the number of proton participants as derived in the 
text for central collisions of 40Ar + KCl at 1.8 GeV/u. The 
curve is the result of the cascade prediction for central 
collisions with b < 2.4 fm. 

~he.mean negative pion multiplic~t~ (triangles) as a function of 
lncldent energy for cehtral colllslons of 40Ar + KC1. Open 
circles represent the results of cascade calculations. The 
vertical lines for Elab > 1.4 GeV/u represent estimates of the 
uncertainty of the calculation due to multiple pion production from 
single NN collisions, which are not included in the calculations. 
Horizontal arrows are values of Ec = E - E', the compressional 
energy per nucleon, determined at each experimental point (see 
text) . 

Maximum density as a function of the incident energy predicted by 
the cascade model for 40Ar + KC1. The circles represent the mean 
density, which is the maximum density weighted by the rate of pion 
plus delta production, which is the derivative of the top curve of 
Fig. 3c. 

Values of Ec plotted as a function of the mean baryon density. 
Points determined at 1.6 and 1.8 GeV/u are identical to that at 
1.4 GeV/u and are not shown. The dashed curves represent parabolic 
equations of state with compressibility constants K = 200 and 
250 MeV. 
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Collective Effects in Subthreshold Pion Production 
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Introduction 

One of the main aims in the field of nucleus-nucleus collisions at higher 

energies is the production and study of hot dense nuclear matter with proper

ties very different from its ground state. A necessary condition for the pro

duction of such exotic nuclear matter is the fast transformation of most of the 

energy of the relative motion into internal energy of compression or heat; such 

a fast transformation requires the fast slowing down of the relative motion. 

The production of mesons represents an ideal probe for the study of such 

violent nucleus-nucleus collisions since mesons are produced only by the partic

ipant parts of the colliding nuclei and thus originate solely from the internucle

ar collisions zone. This is in contrast to the observation of nucleons whose 

spectra also show components caused by the emission from the spectator por

tions of target and projectile. Pions are the mesons to be produced at the lowest 

projectile energies; below the production threshold for free N-N-collisions of 

280 MeV/u they can still be created either through a single N-N-collision where 

the intrinsic Fermi motion provides an extra boost or alternatively through a 

cooperative production mechanism involving a collective interaction of all or at 

least a large portion of the nucleons from the two collision partners. From the 

observed production cross section and its dependence on target and projectile 

mass, on projectile energy and on pion energy and angle one can hope to identi

fy the relevance of the suggested alternatives. 
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Experiments 

Experiments on the production of pions from nucleus-nucleus collisions at 

intermediate projectile energies have been performed at different accelerators 

us i ng magnetic spectrometers l' 2 and scintillation detector telescopes 3; both 

techniques are similar in their rather low solid angle of around 10 msr; the first 

method can achieve an energy resolution of 0.5 to 3 MeV. The good energy 

resolution is needed for the spectroscopy of distinct nuclear states excited by 

the completely coherent pionic fusion process, which has been observed 4 recent

ly with 3He projectiles; but with heavY'ions the expected small cross sections 

cannot be observed easily with· such low solid angle instruments. For reaction 

mechanism studies through the more abundant statistically emitted pions acting 

as "probing particles" neutral pions are especially well suited, because they can 

escape from the collision zone undisturbed by the Coulomb field of the reaction 

fragments. Their decay into two high energy gamma rays allows their detection 

even for very low momenta; these long wavelength pions may probe a large vol

ume of nuclear matter coherently without being influenced by strong differential 

absorption effects. 
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The production of lTD'S in collisions of 12C and 180 projectiles of 60-84 

MeV/u from the CERN synchrocyclotron and of 4°Ar ions of 44 MeV/u produced 

by GANIL was studied with targets ranging from C to U using a new lead glass 

spectrometer. This lTo-hodoscope developed on the basis of an instrument used 

previously5 for lower energy pions is shown in Fig. 1. It consists of two con

centric rings of lead glass Cherenkov detectors with position sensitive multiwire 

proportional chambers in between; they determine the position of the electrons 

and positrons produced in the inner ring, which thus acts asan active convert

er, whereas the ,outer, the calorimeter ring, measures their remaining energy. 

The detection efficiency for r's and lTD'S was calculated by Monte Carlo tech

niques using the Electron Gamma Shower (EGS) code system'. The 

calculations' were adjusted with IT.o's of very low energy from the IT-(p,lTO)n 

reaction. For them the efficiency is around 3%, whereas in an intermediate ener

gy range from 10 to 200 MeV it is around 1% nearly independent of lTD angle. It 

should be pointed out that the instrument covers all pion emission angles; as an 

effect of the lTD decay kinematics the detector elements missing along the beam 

line cause only a small disturbance. The rather high sensitivity of the set-up 

allowed experiments to be carried out for angle integrated lTD production cross 

sections as low as 50 pb/MeV. The background - e.g. from cosmic rays - can be 

suppressed very effectively by requiring the two gamma rays to yield the prop

er invariant mass of the lTD although the invariant mass resolution of the instru

ment is rather moderate ("'45%) due to its moderate energy resolution. 

Another source of background due to chance coincidences of an abundant 

low energy component in the singles gamma spectra (cf. Fig. 2) limited the 

instantaneous count rate which could safely be taken in some of the 

experiments. As can be seen from the figure, this non coincident radiation falls 

off much steeper to higher gamma ray energies than that part of the spectrum 

known from its coincidence properties to originate from the lTD decay. This 

excess radiation, which is especially intense at and below 80 MeV, is identified 

with nucleus-nucleus bremsstrahlung; its intensity and exponential slope indi

cate - according to classical bremsstrahlung formulae 8 
- a rather violent slowing 

down of the collision partners. 
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Analysis of the pion spectra 

, 
The 1[0 spectra from the l2C + 12C collision at 84, 74 and 60 MeV/u - Lo-

rentz transformed into the c.m. system - are shown in Fig. 3. The exponential 

fall off in the spectra suggests a description on the basis of a thermal emission 

process. Such a description has been discussed and applied to the charged pion 

emission studied at the two higher energies; this analysis is contained in a 

contribution' to this workshop. Since the neutral and charged pion data are in 

accord with each other, it is sufficient to repeat briefly the results of the 

respective analysis' of the neutral pion data, which - due to the highly efficient 

set-up as discussed above - have significantly better statistics. The analysis' 

allows the extraction of an average number of conjugate particles emitted 

together with the pion from the collision zone, whose temperature is obtained 

from the damping of the available kinetic energy assuming microcanonical equi

librium. Since it is not obvious how many nucleons from target and projectile 

participate in the equilibration process, the number which is actually 

determined lOis the reduction factor in the number of degrees of freedom in the 
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final state relative to the case where all participating nucleons emerge as free 

particles. In other words, this factor determines the averaged atomic mass num

ber of the fragment, associated with the emission of a pion. From the data tak

en at 84 MeV/u this number turns out to be 2.4, whereas at 60 MeV/u it is 

nearly 4. At the lower energy obviously more degrees of freedom are frozen, 

i. e. less and consequently larger fragments are emitted. 

The above mentioned contributed paper' also contains an evaluation of the 

pion production yield expected from N-N-collisions when the Fermi momentum is 

taken into account. An exact prediction is difficult since: (1) the tails of the 

Fermi distribution are unknown; (2) the "elementary" cross section for NN-+l£NN 

is not well known at low pion momentum and unknown off the energy shell, i. e. 

inside a nucleus; (3) at low energies Pauli blocking effects are very large. In 

spite of these ambiguities it is obvious" 10 that the contribution from 

N-N-collisions is very small and can be neglected in our spectra. 
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The drawn lines in Fig. 3 are from another type of analysis which also 

yields spectra falling off exponentially. In this analysis 12 the pions, as Gold

stone bosons of the strong interaction, are assumed to be produced from the 

slowing down of the strong field in the two colliding nuclei during the collision -

analogous to the emission of l-quanta in nucleus-nucleus electromagnetic 

bremsstrahlung. The data taken at different incident beam 'energies and with 

different nuclei can be described simultaneously by using as the only fit param

eter the slowing down length (corresponding to a slowing down time which is 

inversely proportional to the initial relative velocity). A Fermi type time 

dependence of the velocity is assumed along a straight line trajectory and the 

Coulomb energy between the two partners is subtracted beforehand, since the 

deceleration caused by the long range Coulomb field is slow and does not con

tribute to the high Fourier components necessary to create pionic bremsstrah

lung. 

Pion angular distributions 

In the center of mass system the angular distributions of the 1T
D

'S produced 

from 12C + 12C collisions are forward-backward symmetric around a minimum at 
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Fig. 'I: Angular dependence 
of the 1TD production cross 
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8'1 MeV / u , i nteg rated over 
three spectral regions. For 
the lowest region there is a 
large distortion in the data 
which could explain the dif
ference to the "pionic" 
bremsstrahlung calculation 
(drawn lines for coherent, 
dashed line for incoherent 
sum, renormalizedJ. 



90 0
; as can be seen from Fig. 4 the anisotropy increases with increasing pion 

energy. The fact that the cross section assumes a minimum at 90 0 indicates 12 a 

destructive interference of the pion intensity emitted from the target with that 

originating from the projectile. Such an interference pattern obviously requires 

a coherence between the two sources which, since we are dealing with the emis

sion of bosons of axial vector character, implies a coherence of the nuclear spin 

directions. This is confirmed by comparing the experimental angular distrib

utions to those calculated 12 coherently resp. incoherently (cf. Fig. 4). 
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Fig. 5: Contour plot of the 
production cross section in 
the 1T

o momentum space Lor
entz transformed into the 
c .m. system for the l2C+ 12C 

system. The 12C+23 aU data 
are plotted in the same sys
tem to demonstrate how the 
center of the contours is 
shifted. The cross section 
rises by '12% between subse
quent contours. 

Requiring a forward-backward symmetry also for the asymmetric system 

l2e + 23 a U enables one to determine the mean velocity of the sou rce emitting 

the pions. This is best seen in a contour plot of the cross section in the 1T
o 

momentum space (i. e. versus its transversal and longitudinal momentum). The 

low momentum parts of the pion distributions from the two collision systems are 

shown in such a plot in Fig. 5. The center of the contours observed with 
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l2e on 238U is shifted considerably as compared to l2e on l2e; this is charac

teristic for the emisson from a much slower source (nearly as slow as the com

pound nucleus system indicated by the cross of the dotted lines). This is a 

strong indication for a cooperative production of the 1To'S from at least a big 

portion of the two nuclei acting as a whole. It is unlikely that the observed pat

tern can be explained by rescattering and absorption of pions emitted symmet

rically from a source moving with the velocity of N-N collision systems; this is 

borne out from the large wavelength of the pions and the consequently large 

mea n free path. 

Target mass and projectile energy dependence 

The total cross section for the production of 1To'S from the bombardment of 

different targets with 12C and 180 beam of 84 MeV/u is plotted in Fig. 6 versus 

the target mass; it increases much more slowly than linearly with the mass. A 

linear dependence is expected for a collision of two clouds of free weakly inter

acting nucleons with Fermi motion, whereas a thermal pion production is 

expected to be proportional to the number of participant nucleons; the corre

sponding thin lines 13 also overpredict the cross section at large A considerably. 

The production by the two nuclei as a whole should be characterized by a pro-

. 1° h d f· h I f A21/3*A22/3,. the data portiona Ity to t e pro uct 0 t e two nuc ear sur aces 

seem to follow such a trend as given by the thick lines in Fig. 6. 
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The 1T o production cross section as shown in Fig. 7 rises very quickly with 

increasing beam energy. Our three data points for the l2C + l2C system at dif

ferent projectile energies are reproduced quite well by the "pionic" bremsstrah

lung calculation. It is very surprising that this calculation - using the same 

characteristic stopping length of 1 fm - also is in reasonable agreement with the 

measu red production 14 yield from 4 ° Ar on 40Ca at 44 MeV /u (after a renormal

ization to target and projectile mass using the semiempirical mass dependence 

shown in Fig. 6). (Even a data point obtained recently1S by the Stony Brook

Oak Ridge - GSI collaboration with a similar set up at the 14N beam of 35 MeV/u 

is in rough agreement to this calculation.) This remarkable consistency of the 

model and its parameters over a wide range of masses and energies gives strong 

support to the underlying picture. Unfortunately such pionic bremsstrahlung 

calculations are not yet available for nonidentical collision partners, where a 

large amount of data exists. 
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Conclusion 

Concluding one can say that cooperative effects in the pion production 

from collisions of 60-84 MeV/u 12C and 180 projectiles as well as 4°Ar ions of 

44 MeV/u with targets from A = 12 to A = 232 seem to be established. The 

picture 12 of a coherent bremsstrahlung like pion emission caused by a collective 

deceleration of the projectile (resp. an acceleration of the target) describes the 

data reasonably well. It is tested by also observi ng 1 0 electromagnetic brems

strahlung, i. e. high energy gamma rays. Using the slowing down parameters 

fro~ the analysis of the TI
o spectra one calculates electromagnetic 

bremsstrahlung B with an intensity of about the same order of magnitude as that 

part of the observed gamma spectra which is' not originating from TIo decay. 

This consistency indicates the possibility to perform a detailed study of the 

internuclear collision dynamics and especially the slowing down process by 

observing bremsstrahlung of the strong' and electromagnetic interactions simul

taneously. From the analysis of the pion production data available so far it 

appears that at energies around 60 MeV/u violent nucleus nucleus collisions are 

occuring in which a big portion of the kinetic energy is taken out of the relative 

motion through a fast slowing down process taking place within about 1 fm. 
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V. Bellini, G. Lanzano, A. Palmeri 
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Pions being one of the most commonly produced particles in heavy ion 
collisions, one ought to have a very clear understanding of the associated 
pion production mechanism. Data obtained from subthreshold pion production 
inclusive measurements (1,2) can be compared with the predictions of some 
of the conventional models. Nevertheless they are not sufficient to discri
minate among these different models. For that, a necessary step is the re
alization of exclusive measurements. 

This paper describes an attempt of coincidence experiment between charged 
pions and forward emitted charged particles. A few results from a preliminary 
analysis of the data are presented. 

The experiment was carried out with the l2C beam (85 MeV/A) of the CERN 
Synchrocyclotron (May 1983). The duty cycle was about 40 %. A plastic scin
tillator range telescope was used to detect pions. The telescope consisted 
of 11 plastic scintillators allowing to detect and to identify pions between 
20 and 90 MeV. The method to separate 1T+ and 1T- is very efficient and allows 
to get reliable ratios N1T+/N1T- (3,4). To detect forward charged particles, 3 
thin scintillators (2 mm thick) Cl, C2, C3 were used, followed by two C4 and 
C5 scintillators, 5 mm thick. Four other thicker scintillators were also used 
at a little longer distance from the target. The figure 1) shows the experi
mental set up. The covered angular range was between 4 and 15 degrees. 

The target was a l2C foil 150 mg thick and the beam current was equal 
to 1 nA. The telescope was located at 9 = 90 0 with a sub tented solid angle 
of 15 msr. The pion telescope was also used to detect protons in coincidence 
with forward emitted particles in order to compare charged particles spectra 
in coincidence with pions or protons. 

The figure 2) represents the time of flight difference between protons 
or pions stopped in the fourth element of the telescope (T1T = 20 MeV, Tp = 50 
MeV) and the charged particles (Z > 2) travelling through the Cl, C2 and Ml 
scintillators. The number of random coincidences is pratically zero. One can 
deduce from the peak positions and the FWHM that the energy range of the frag-

+ On leave from lNFN Catania. 
++Present address CERN, Geneva, Switzerland. 
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ments fn coincidence is equal to 85 ± 25 MeV/A. The time peak for pions was 
obtained after a very careful pion identification. In fact electrons detected 
in the telescope can produce an appreciable broadening of this peak. The fi
gure 3) shows a scatter plot of the energy deposited in the C5 and Ml scin
tillators of the forward wall. It is clear that the charge separation is sa
tisfactory from Z = 2 up to Z = 6. 

The figure 4) represents the relative yields for the different charge· 
values (Z ~ 2) in the cases of inclusive fragment production, and of fragments 
in coincidence with protons and pions respectively. In spite of the low counting 
rate, pions have been observed in coincidence with Z = 2 to Z = 6 fragments. 
The charge distribution of the fragments in coincidence with protons and pions 
look similar. Future and more elaboratored experiments should give more pre
cise energie and charge distributions of the fragments in coincidence with 
pions allowing a characterization of the peripheral or central nature of the 
pion production reaction. 
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Fig. 2 
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CURRENT STATUS OF HIGH ENERGY CASCADE MODELS 

E. A. Remler 

College of William and Mary, Williamsburg, VA 23185 

Normally a status report describes progress towards a commonly perceived 
goal. In the present case however, few physicists share or even have a percep
tion of where such a goal might stand and therefor how to move towards it. 
Some doubt the goal stands; some that it is worth attempting. It is therefor 
necessary to begin by describing where the cascade model stands on a kind of 
map of theories. That is, to describe its status relative to other approxi
mations to Quantum Mechanics. In addition I will say why the area near it 
in theory space is worth further exploration. Finally the current status of 
such explorations will be described. 

Figure 1 is a sketch of part of the map. For orientation, some neighbor
ing approximations are also shown. The sketch is necessarily rough not only 
because I am ignorant of most of it but also because it's multi-dimensionality 
and multiple connectedness cannot be represented in two dimensions. The 
following discussion will hopefully help decipher it. 

Theories designed to predict exculsive measurements generally start with 
Schroedinger's time dependent equation for the wave function and approximate 
it. Conversely, to predict inclusive measurements, it is generally advisable 
to approximate the quantum Liouville or von Neumann equation (h = 2n) 

ap/at = [-iH ,p] 

which is the exact time evolution equation for the density operator. The 
matrix elements of this operator equation can be written in the Wigner repre
sentation defined as follows(l) 

-+-+ 
-+ -+1 -+ ip.y -+ 1-+1 1-+ 1-+ (x,p p) = Jdye <x-2Y p. x + 2Y> 

-+ -+( 1) -+( A) -+ -+( 1) -+( A) ... 
where x = (x , ... ,x ), p = (p , ... ,p ) are each 3A dlmenslonal POSl-
tion and momentum vectors for the A-body system and (~plp) is called the 
Wigner representative of the density operator p. It is also convenient to 
abbreviate 1,p by ¢ which therefor denotes a point in 6A dimensional classi
cal phase space. The equation of motion in the Wigner representation takes 
on the form 

For local momentum independent potentials 

=/c +/Q 

(¢I~cl¢l) = -+ -+ 
-(V' a/ax + f·a/ap)8(¢,¢') 
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3A -+ -+ -+ -+ 
o(¢,¢') = h o(x-x')o(p-p') 

1 -+ +- -+ -+-+3 
(¢I.,.eQI¢') = 24 v(x) (a/ax· a/ap) o(¢,¢') + ... 

Thus the quantum part of the Liouville operator is a series whose successive 
terms are of order (~xv ~pp)-\2n+l) where ~xv is the smallest length para
meter in the potential and ~p is the system's width in momentum. For large 
enough ~xv ~Pp we may expect €o be able to neglect the quantum term. and are 
left with classical mechanics. When the density operator describes a pure 
state packet, the momentum width is the inverse spatial width, the classi
cality condition is that the potential varies negligably over the packet's 
size and the validity of the classical limit becomes a corollary of 
Ehrenfest 's theorem. It is not clear whether the classical limit is also 
valid in the more general case of mixed state densities with large momentum 
width but not correspondingly small spatial width. 

The classical Liouville equation 

can be numerically solved on the computer by approximating the initial state 
as a sum of delta functions 

N 

(¢Ipo) ~ V~l o(¢'¢v)/N 

Typically the ¢v would be chosen at random according to the phase space pro
bability distribution function (¢Ipo). N is the number of members of the 
classical statistical ensemble described by the density. As N increases the 
approximation converges weakly, that is 

N I . 
NV~1 g(¢) = Jd¢g(¢)(¢lpo) 

for a reasonable smooth and fixed g(¢). Therefor this approximation's 
accuracy for calculating expectation values of observables, which are always 
overlap integrals of the above form, linear in the density, increases with 
N. Conversely, for calculation of a quantity such as the entropy 

S = -Tr (p ,Q,n p) 

which is non-linear in the density, the delta function approximation cannot 
be directly used. Inserting the approximation into the classical Liouville 
equation shows that the density's time dependence is given by 

N 
( ¢ I Pt) 

1 l: o ( ¢, ¢) t) ) ; ¢)o) = ¢ = 
N v=l \) 

d -+ -+ 
dt Xv = vv 

d -+ -+ 
dt pv = f v 
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Here we see Newton's equations and point particle dynamics appearing 
merely as secondary constructs in a method devised to solve the classical 
Liouville equation. Furthermor~, generally speaking, for more than one parti
cle, this will be the only practical method of calculating (~Ipt). It has 
this power because importance sampling is built into it. That is, the larger 
the value of (~Ipt) the more the computer time spent in approximating it in 
the neighborhood of~. This will also be true of the other non-classical 
approximations to the quantum Liouville equation to be discussed next. 

The cascade model evolves from an approximation to the quantum Liouville 
equation in a limit which is quite distinct from the classical limit just 
discussed. Although cascade has obvious classical features, the practice of 
calling it 'classical' should be avoided because it confuses two physically 
distinct regimes. I have therefor suggested calling it a type of quasi-
clas sical (as distinct also from semi-clas sical which implies a short wave
length limit) approximation. The meaning of 'quasi-classical' will be ex
plicated later. 

It can be shown that(l) for collisions involving large dilute systems the 
Liouvillian can be approximated by 

_ .-,,~ 'V 

=,/... + L. J 
1..0 a<b ab 

where .. ;f is the free streaming term . 0 

and the J b are two-body (, jump') operators which provide the interaction and 
have kern~ls given by 

( ~ ( a) ~ (b) I Jab I ~' ( a) ~' (b)) = 0 ( <p ( ab \ <p ' ( ab)) h 30 (~( ab) _~( ab) , ) 

1
+( a) (b) I s: ( (ab) [ s: (+( ab) +( ab) , ) ( ab) 

x v -v u X -u p -p aT 

( ab) (+( ab) +( ab) , ] 
+ a p ;p 

(ab) " Here <p is the position and momentum of the center of mass of particles a 
and bwhile k( ab) and p( ab) are their relative positions and momenta 

~(ab) = ~(a) _~(b) ; p-( ab) = ~p-( a) _p(b)) 

The total cross-section is aT(ab) and the differential (with respect to 
momentum) cross-section is a( ab) (1/ ab) ;tr( ab)). This expression assumes 
only elastic scattering and neglects spin, isospin etc. , but can easily be 
generalized. 

One important proviso attached to the above is that J b must be treated 
like a pseudo-potential in ordinary scattering theory. Th~s the expansion of 
the propagatorl l )(2) 
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produces a multiple scattering series; that is, terms in which anyone J b 
appears twice in succession are absent. This is already implied by the ~act 
that the Jab are in terms of cross-sections and not e.g. potentials and there
for approximate the net effect of the interaction between a and b over a 
period which is long compared to their interaction time. 

The cascade model is related to this approximation in much the same way 
as classical point dynamics was related to the classical approximation of the 
Liouville equation. The initial density is again replaced by a sum of delta 
functions. This additional approximation however now requires that the 
be slightly altered since point particles interacting via a zero range poten
tial have no chance of meeting. This is done by changing 

o(~(ab)) -+ o(z(ab)) e(B(ab)_lb(ab)I)/OT(ab) 

in the expression for Jab" Here z(!b) is the separation between a and b along 
their relative velocity direction, b(ab) is their relative impact parameter 
two-vector and 

is their interaction radius. This will negligably affect large, dilute sys
tems to the extent that their spatial distribution change slowly on the scale 
of the interaction radius. 

Inserting this interaction into the expansj.on of e;(t shows that parti
cles a and b will scatter into p(ab) from plab)' with relative probability 
o(ab)/OT(ab) if they pass within an interaction radius of one another on the 
impact parameter pl~e. This is just the form of the cascade model imple
mented by Cugnon. l3J As was the case with the classical model, one can ex
press the cascade model in the form of the following equations of motion 

d -+ -+ 
dt x = v 

d~ -p(a) = b~a 1~(a)_~(v)lo(z(ab)_E:)e(B(ab)_lb(ab)I)I(ab); E = 0+ 

where now, l(ab) = _1(ba) is a stochastic impulse with probability distribu
tion function determined by the differential cross-section. 

The diluteness condition appears to rule out any relevance of the cas
cade model to nuclei which, on the scale set by the interaction radius, are 
close packed. How can one then account for the fact that it produces reason
able parameter free fits to much of the particle-nucleus and nucleus-nucleus 
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non-elastic spectra. In fact one can show that(4)(5) because this data is 
highly inclusive (sums over many final states) and because the elementary 
two-body cross-sections involved are strongly peaked forward, cascade becomes 
identical to the Glauber approximation (neglecting relatively small shadowing 
corrections) for low momentum transfers where the latter is known to provide 
a good quantum-mechanical description. This is true for their descriptions of 
the scattering state inside as well as outside the nucleus. Furthermore, 
contributions to such spectra from large angle quasi-free two body collisions 
inside the nucleus are by definition well represented by cascade. Cascade's 
predictive success is therefor due to the fact that it happens, by special 
circumstance, to handle fairly well both of these mechanisms and these in turn 
determine most of such non-elastic spectra. Furthermore, this success is real 
and not just 'due to statistics'. 

There are many things which cascade does not describe. Any Rart of a 
spectrum dominated by coherent scattering by· correlated clusters( ) in the 
nucleus (such as very possibly the high momentum transfer p+nucleus -+ p' +x 
cross-section) is out of cascade's ~resent scope (although practical schemes 
to rectify this have been proposed)(5). Evaporation and fission spectra must 
also be treated separately. 

In addition to such examples, there are other important cascade predic
tions which cannot be trusted for perhaps less Ob(~~US reasons. One of these 
is nuclear densities during heavy ion collisions. Cascade's derivation 
explicitly involves spatial coarse graining with a grain size larger than the 
interaction radius.(l) This shows up most clearly in the arbitrary and un
realistic prescription it uses to determine dp/dt. The choice of prescrip
tion has no affect on dilute systems and, for reasons discussed, has little 
affect on the bulk of spectra from (non-dilute) nuclear systems but, should 
strongly influence many other things including densities during collisions. 
Evidence of this is the fact that the equation of state of a system actually 
obeying cascade's equations of motion, would be that of· a perfect gas. 
Clearly no model with a finite grain size can predict details at a finer 
level. Unfortunately most questions of current interest in heavy ion physics 
lie at levels finer than that reached by cascade. 

Another important area of trouble for cascade is pion production.(7) One 
reason is that in the dilute limit, where the model is correct, no pion ab- . 
sorbtion takes place. Therefor no theoretical guidance as to its form can be 
obtained in an internally self-consistent manner. Since pion reabsorbtion 
is a dominating mechanism in nuclear pion production, this isa serious 
defect. In any case there are no commonly accepted non-relativistic quantum 
mechanical models which could be used to derive approximations to the Liou
villian for the nucleon-pion system. Since pion production is an important 
energy degradation mechanism for nucleons, this difficulty also strongly 
affects cascade's predictions of nuclear densities discussed in the previous 
paragraph .. 

Having discussed some of cascade's ills it is time to mention cures. 
That cures can be developed in a systematic fashion is perhaps the main point 
I wish to make in this talk! In principle the procedurr is straightforward 
and the same as for any model. Having obtained cascade 1) by a well defined 
but not well justified (for non dilute systems) sequence of approximations, 
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one can go back and improve each approximation as much as possible. This 
would not be possible if the sequence were not even well defined! In the 
present case the practical limits to this procedure have hardly been explored 
and certainly not reached. 

A simple, practical and physically transparent first step goes as 
follows. Divide the two body potential into a long and short range part as 
illustrated in Figure 2 (for prototype nucleons). The long range part VL must 
have a smallest length parameter 6x satisfying 

6x6p» I 

where 6p is the momentum width of measurementf t~e theory is designed to pre
dict. Now re-define the interact:i-on)radius B ab and the probability distri
bution function for the impulse Il ab so that particles a and b, moving accord
ing to 

d -* -* 
dt x = v 

d~ p(a) = b~a _aVL(ab)/a~(a)+I~(a)_~(b)lo(z(ab)_E:)e(B(ab)_lb(ab)I)I(ab) 

scatter with the observed two-body cross section (averaged over the momentum 
width). Clearly the interaction radius will now be smaller and the impulse's 
probability distribution fuction will be flatter. The decrease in interaction 
radius should reduce the unrealistic behavior of the model with respect to 
nucleon densities simply because the grain has been refined. The long range 
classical force term takes into account some of the coherence effects in 
multiparticle collisions and also clustering during the final expansion phase 
of heavy ion reactions. 

There are a number 9f other refinements which are already suggested by 
work that has been done. l5 ) These include how to phenomenologically take into 
account scattering by compact multiparticle clusters and, how to alter the 
form of the stochastic impulse term to a more realistic form as dictated by 
a Wigner transform of two body transition matrices. It is not possible to 
discuss these here. 

It is worthwhile to point out that the simple refinement suggested above 
is certainly feasible and may in fact even reduce computation time if properly 
implemented. Experience with many-body theories seems to indicate that 
details of force laws and other aspects of dynamical models are unimportant 
for most questions of interest (equations of state, transport coefficients, 
... critical indices!). One should therefor calculate the long range force 
term in a way which puts a premium on computational speed as opposed to 
accuracy. Similarly the impulse term can probably be taken to be spherically 
symmetric. Finally, the stochastic term will occur less frequently due to its 
reduced interaction radius. These points all tend to reduce computation time. 

In summary, improved approximations such as those outlined above, should 
lead to theories describing particles moving according to some combination 
of deterministic plus stochastic force laws. I propose to call such theories 
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quasi-classical. As indicated in Figure 1 they occupy a broad area in theory 
space which includes ·both the classical and cascade models as 'limit points'. 
Only the very preliminary work referred to in this paper has been done to 
derive quasi-classical theories from the full von Neumann equation. This work 
suggests that quasi-classical theories should be systematically derivable by 
coarse graining the phase space representation of the density operator. It 
will be necessary to make the grain size as small as possible for such theories 
to be applicable to non-dilute systems and to answer current questions of 
interest about intermediate states during heavy ion collisions. The minimum 
value of the grain size is set by the fact that Wigner functions can generally 
become negative. Too small a grain will therefor give rise to 'negative 
valued probabilities'. Although it may be possible in the future to implement 
such a concept in a fashion similar to that discussed above, I have asslnned 
for now that this limitation bounds the concept of quasi-classical theories 
and indicated it by the dotted line in Figure 1. The area within this line is 
virtually unexplored and forms the only sure theoretical foundation for furtl~r 
progress in heavy ion physics. 
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FIGURE CAPTIONS 

Figure 1 illustrates a number of points which will be stated here without 
proof. The text describes some of them in more detail. 1: The 
Schroedinger equation for the wave function is equivalent to the 
von Neumann equation for the density matrix. The time deisplace
ment operators are the Hamiltonian and Liouvillian respectively. 
2: Approximations to the Schroedinger equation are usef~l mainly 
for (nearly) exclusive measurement predictions (corresponding to 
the entropy of the initial and final states ~O), whereas to the 
von Neumann equation, mainly for (highly) inclusive ones (entropy of 
initial and/or final states ~oo). 3: The classical limits of the 
Schroedinger and von Neumann equations are different. One leads 
via the short wavelength approximation to the WKB approximation, 
the other via an expansion in a phase space volume parameter to 
classical statistical mechanics (SM). 4: The OPTICAL, CASCADE, 
FLUID, MASTER (EQUATION) ..... Models are all obtained by projections. 
5: Cascade in particular is obtained by coarse graining which is a 
projection defined in terms of the density operator's representa
tion in classical phase space (Wigner representation). 6: Quasi
classical theories are obtained by using a finer grain than in 
cascade which is necessary for non-dilute systems. 

Figure 2 shows schematically how a nucleon-nucleon type potential is to be 
divided into a long and short range part. 

248 • 



(.\"'I}S$ I (. 4c.. 

L.. I I'Y'I I 'i (w \<. G ) 

"THe-oR..., 

Exe\... \lS "J IT" Y 

\ 

E"O 04 -rl 0 r-J 

(!+t>.nlt.., O,,",lAN) 

t WA-ve ) 

I \ 

S'PAct? 

= 

FI~. i 

249 

I I 

" 0 tJ tJ ';;UM A /JrJ 

cohlA-rloN 

(I..I ov V II..L. 1 ,q";) 

<. 't> eNS ITt) 

/ 

(04~$G 

C.\...ASSICAI.. 

1..11"11"1'" ($1'1) 

~~A ,/\1'1\1(, 

--(-I':-It-"-r-/!-:;-''':'~-(E-)----'~ ~ Sc. ~ V t: 

..... 
~O 

FL.UID 



SCALING PROPERTIES IN THE HYDRODYNAMICAL DESCRIPTION OF 
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Abstract: Simple scaling properties of heavy ion reactions at 
intermediate energies are discussed which follow from the 
hydrodyr'amical equations. The measured as well as the 
calculated hydrodynamical inclusive cross sections exhibit 
scaling in certain kinematical regions. The fireball model 
obeys the same scaling laws, but leads to a differential 
cross section with, a qualitatively different shape. The 
experimental data we analyzed did not show evidence for a 
hydrodynamical flow. 

In the present work the scaling properties of the 
hydrodynamical evolution of the system and of the calculated 
differential cross section derived thereof are studied. The 
collision process may be separated into three stages which 
are ,Ci) the initial compression stage, (ii) the subsequent 
quasi-isentropic expansion, and (iii) the final break-up of 
the nuclear matter. In this contribution we concentrate on the 
expansion phase (ii). For the treatment of the stages (i) and 
(iii) we refer to /1/. . 

For simplicity we consider a nonrelativistic fluid-dynami
cal model which is reasonable for energies up to ~ 500 MeV/N 
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and central collisions. The basic question is whether we can 
find some connection between the observable properties of heavy 
ion reactions for different initial energies per nucleon ( E 
in the cm system) and for different masses A where A=A/2 + A?2 
with identical projectile and target masses A/2. To answer this 
question we shall separate the dimensional physical parameters 
from the dimensionless general properties of the system. To 
achieve this we introduce the characteristic mass m

1
, the 

temperature T , the length 1 , the time t and the velocity u , 
and specify trlrough them dimJnsionless quantities denoted by 1 
a tilde: 

~ 0 ~ 
r = {.1 r 
t = t1 I 

, 

~ (i, t) = ( "r"I1 / i;?) ~ (~, t ) 
-+ ~t ~ ... .-
'U. (r, ) = U 1 'U.. (t=:) t) , 

T(Y-,·r) =T, T(~,t) . 

(1 ) 

Here, ~ is the mass density distribution normalized as 
.r~(jt,t) cL3 t""" = """" A • If we choose the characteristic' scaling 
parameters as ' 

'ht1 = 'W\ A , 

I ~ ( )1/1.. u.1 = 'U..o 1= .lfo I~ , (2) 

t
1

3 = ('t~r~) ~3 A 

then the characteristic dimensionless hydrodynamical functions 
are independent of the total mass number A and of the cm energy 
E before the collision (i. e. at t =" - 00 " ). In general this 
iRitial independence of A and E of the scaled variables may 
not persist as the collision pro8eeds, but there are examples 
where it also holds in the later development of the system /1/. 
We assume in the following this initial independence, and we 
can then study the later development of the system in a mass
and energy-independent manner. 

For simplicity we consider the nonrelativistic dynamics 
of a nonviscous fluid which may be reasonable on the basis of 
the numerical results of /2,3/. The corresponding hydrodynamical 
equations can then be written in a dimensionless form as 

(4) 
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with 

(5) 

which is sometimes called the Strouhal number, and the dimension
less velocity of sound c . Since the velocity of sound 6 is 
known to be of the same 8rder asfue thermal velocity we gave made 
the natura~ assump~ion that th~ sound velocity scales with the 
same veloclty u1 , l.e. C s = u1c s • By choosing the time scale as 

t o 1/3 1/2-
f == .{1 I U1 == ~ ( HI: AI 3) /(2 fo/-wa) -(6) 

we put St = 1 for all masses and energies. As a consequence, if 
two dimeEsionless solutions a and b are identical initially 
(t = 0, t = 0) they remain identical at a later time t =t • 
However, the corresponding physical times are not equa! bat in 
contrast are 

g ill. { )1/2 t = ~. 'U~b tb = (Ao.. '\ " fob t 
a.. 'U. 1 C>.... t1 b A b -) ED 0.. b (7) 

Thus the properly scaled similar solutions are similar to each 
other at different physical times. This is of importance in heavy 
ion reactions where the hydrodynamical expansion lasts for a 
given time t BU until the break-up of the nuclear fluid. The 
observable quantities may exhibit scaling properties only if the 
break-up times satisfy (7). 

As a consequence of the previous considerations, the 
one-nucleon inclusive double-differential cross section can be 
written in the following form: 

rlcr' _ ( A )~/? 1 G-( ~ (8) c1.~ a.J2. - ~ T XI S, , 
. '. 0 

where G(X,8) is a universal structure function depending on 
the dimensionless energy X = E/E and the cm scattering angle 8. 
It can be shown that the differeRtial cross section derived from 

, the thermal model has the same mass number and energy dependence 
but that the function G is different. We have checked the pre
diction of eq.(a) by analyzing some of the experimental data of 
/4/. To make such an analysis meaningful, the quasi free 
contribution to the measured cross section has first to be 
subtracted out. We did this by using the results of /5/ for the 
calculation of the quasi free contribution. The outcome of our 
analysis is summarized in fig. 1. The following conclusions can 
be drawn: (i) After subtraction of the quasi free contribution 
the structure function G has an appr£ximate universal behaviour, 
(ii) The position of the maximum of G agrees with that of the 
thermal G but disagree§ with the one of the hydrodynamical ~ , 
(iii) The fall-off of G with X is much steeeper than for the 
thermal model. These results suggest that neither the ,thermal 
nOT the hydrodynamical model is appropriate for the interpre
tation of the data studied. Probably the ana~zed systems are 
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still too light to show hydrodynamical flow. The need for 
systematic experimental data for heavier systems and for a 
variety of incident energies is obvious. 

Fig. 1. Structure functions in 
the cm system, extracted from 
the experimental proton inclu
sive data of /4/. Full lines: 
The quasi free component is 
subtracted. Dashed lines : The 
quasi free component is in
cluded. The hatched area 
denotes the uncertainties in 
the subtraction procedure at 
400 MeV/N. 
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With the upgraded BEVALAC at LBL, it has now become possible to study 
high energy heavy ion collisions with projectiles as heavy as uranium. Although 
in the past the projectiles were limited to relatively light mass nuclei such as C, 
Ne and Ar due to accelerator capability, measurements of inclusive spectra of 
pions and light fr~ments have brought us fundamental information on the reac
tion mechanism 1). However, it has been difficult to detect clear signatures of 
collective phenomena in the reaction by measuring inclUSive spectra because 
the mean free path of a nucleon is comparable to the reaction size in the lighter 
mass system. With much heavier projectUes such as La or U, we can now expect 
a better chance of observing nuclear collective' phenomena since the reaction 
size will be significantly larger. 

The 800 MeV/nucleon La beam was accelerated at the upgraded BEVALAC, 
The beam intensity on the target was as high as 106 particles/spill. The mag
netic spectrometer was used to measure negative pions in the momentum range 
above 150 MeV /c and light fragments between 400 MeV /c and 2000 MeV /c at 
laboratory angles of 15,20,40,60,80 and 90 degrees. The experimental set up
was the same as that described in Ref 1) except that the spectrometer was 
modified so that we can handle events with higher multipliCities. In addition, two 
sets of AE-E counter telescopes were installed to detect protons and deuterons 
in the momentum range from 350 MeV /c to 700 MeV /c at laboratory angles 
between 80 and 120 degrees. . 

In Fig. 1 and 2, preliminary data for momentum distributions of protons and 
pions at various laboratory angles are shown. In these spectra ,we see charac
teristics similar to those observed in the lighter nucleus collisions. In Fig. 3 and 
4 are shown proton and pion energy distributions at CM 90 degrees for the La + 
La reaction together with the C + C, Ne + NaF and Ar + KCI reactions. We will 
briefly mention three interesting points: 
(1) The slope parameter in the case of La ( -82 MeV) is slightly larger than that 
for Ar ( -79 MeV). In the light mass system, it was observed that the heavier 
the prOjectile and the target masses are, the less steep is the slope of CM 90 
degree spectra. This tendency holds for La, but the difference in the slope 
parameter between La + La and Ar + KCI seems to be small. 
(2) In the CM 90 degree spectrum for proton shown in Fig. 3, the shoulder struc
ture of the spectrum in the low energy region, which is common to a lighter 
mass system, appears less distinct in La + La. The exponential slope seems to 
extend down to very small kinetic energy in contrast to the lighter nucleus case. 
We can say the system looks more equilibrated because of a larger number of 
collisions before the proton comes out of the reaction region ,since the system 
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is much larger. 
(3) The slope parameter of the pion spectrum for La seems to be somewhat 
steeper than that for Ar. 

Those pOints may indicate that the characteristics of the La + La collision at 
BOO MeV Inucleon starts deviating from those generally observed in lighter mass 
systems. Data analysis is still in progress for inclusive spectra as well as for two 
particle coincidence spectra. 

We would like to thank Prof. H. Steiner and Prof. O.Chamberlain for continu
ous encoragement and stimulating discussions throughout the experiment. 
This experiment was supported by the INS-LBL collaboration program, Institute 
for Nuclear Study, University of Tokyo. -
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In the past years, there have been intensive studies of inclusive spectra in 
high energy heavy ion collisions. which supplied us a battle field for various 
theoretical models. The spectra of protons and light fragments generally show a 
shoulder shape at around the kinetic energy corresponding to free nucleon
nucleon scattering and then the cross sections decrease exponentially with the 
kinetic energy of the emitted particles. Although numerous theories have been 
developed to reproduce the general feature of the spectra. it has been very 
difficult to determine which is a right theory because most theories can explain 
the data qualitatively. In the hope of getting more dificriminative inclusive data, 
we have carried out an experiment to measure spectra of protons and light frag
ments with very high momentum at CM 90 degrees where the cross section was 
expected to be extremely small. Our interest was how the kinetic energy of a 
prOjectile can be concentrated to emit a very energetic proton at CM 90 
degrees. If some very bot matter is created in the reaction. then we can expect 
a less steep exponential slope in the higher energy region where the normal 
component becomes smaller. On the other hand. available phase space is gra
dually narrowed as the particle kinetic energy becomes closer to the kinemati-'
cal limit ( the absolute limit is 3.8 GeV for 800 MeV Inucleon C + C) and thus the 
slope of the spectrum tends to be steeper with increasing kinetic energy, since 
the nucleus-nucleus system does not have an infinite heat bath. 

The experiment was designed to measure inclusive spectra of protons and 
light fragments emitted to CM 90 degrees with extreme high energy ( Egll > 700 
MeV or PLab = 2 '" 3 GeV Ic ) as well as correlations between particles emitted ± 
90 degrees in the CM frame. 

We studied the 800 MeV Inucleon 12C + UZC reaction using a newly com
pleted HISS( Heavy Ion Spectrometer System) facility at the BEVALAC. The 
common part of the HISS consists of a superconducting magnet (diameter:2 m. 
gap: 1 m. Bm.u:30 kG), two large drift chambers ( 1 m x 2 m ) and time of flight 
hodoscopes (2 m x 3 m. 2.5 m x 4 m). The schematic view of the experimental 
setup is shown in Fig 1. The very large magnetic volume of the magnet ( 18 KG x 
2 m diameter) enabled us to sweep out low momentum charged particles which 
have large yields. It was also essential to have a long time-of-flight path ( '" 10 
m ) to discriminate between deuterons. tritons and protons because yields of 
composite particles surpass the proton yield by almost two order of magnitude 
in the momentum region of PLab '" 2 GeY Ic. Furthermore. the very good posi
tion resolution of the drift chambers made it possible to select good trajectories 
against large background. The scatter plot of TOF vs lip is shown in Fig. 2. 
which demonstrates how the proton yield is small compared to deuteron and tri
ton yields. 
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A preliminary spectrum of protons at CM 90 degrees is shown in Fig. 3a. At 
first glance. we see an exponential decrease of the cross section up to the CM 
kinetic energy -1100 MeV. The cross section is already B orders of magnitude 
smaller than the maximum cross section at zero energy. How can we kinemati
cally obtain such high energy particles from the BOD MeV Inucleon C + Creation 
? The free nucleon-nucleon scattering gives to a proton only 1B2 MeV kinetic 
energy. If we boost incident nucleon kinetic energy by 270 MeV Ic Fermi motion. 
it can reach only 400 MeV. In order to obtain a kinetic energy of 1100 MeV. 
about 900 MeV Ic Fermi momentum is needed. Even if we take into account a 
cluster in the target nucleus. it is not possible to produce such high energy 
nucleons at CM 90 degrees. The maximum energy of kinematically allowed pro
tons for the BOD MeV proton + C reaction is then 420 MeV at CM 90 degrees. To 
reach a kinetic energy of 1100 MeV in the BOD MeV Inucleon C + C reaction. 
almost four nucleons .both from target and projectile. should collide and 
transfer the kinetic energy to the proton and recoil nucleus. If we take into 
account the Fermi momentum. then two nucleons from the target and projectile 
should give their kinetic energy to the proton. The above consideration indi
cates that the production of the very high energy protons requires at least a few 
nucleons hath from the target and projectile. If we look more closely at the 
proton spectrum. a deviation from the single exponential decrease will be 
noticed. The dashed line in Fig. 3a is a fitted line in ref 1). It is clear that the 
proton energy distribution is not tit by a single exponential slope. This steeper 
exponential decrease of the cross section in the higher kinetic energy region will 
be due to the efiect of phase space limitation in the momentum range measured 
in the present experiments. 

In Fig. 3 band c. the deuteron and the triton spectra are shown. A distinct 
bend of the deutron spectrum is observed at around 400 - 600 MeV. the position 
of which corresponds to the shoulder of the proton spectrum. The solid lines in 
Fig 3b and c are the spectrum shape calculated from the proton spectrum 
based on a coalescence model. Both in the deuteron and the triton spectra. the
coalescence model seems to hold remarkably well in the entire kinematic 
domain from 0 to 1100 MeV. FUrther analysis is still under way. 

We would like to thank Prof. H. Steiner and Prof. O. Chamberlain for continu
ous encoragement and stimulating discussions through the experiment. We also 
acknowledge the collaboration of the member of HISS group at every stage of 
the experiment. This work is supported by the INS-LBL collaboration program. 
Institute for Nuclear Study. University of Tokyo. 
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Abstract 

Critical phenomena in high energy heavy ion collisions have long been of 
interest in view of the possibility of creating new states of nuclear matter in 
the form ofa pion condensate, density isomer, and a quark-gluon plasma. In this 
paper we discuss critical phenomena which may be relevant at much lower densi
ties and temperatures. Instabilities associated with a liquid-gas phase tran
sition and a nuclear break-up when the compressibility becomes negative are 
discussed. Although the phenomena are less exotic than those conjectured to 
occur at high density or temperature, they also rely for their evolution on a 
hydrodynamical description of nuclear collisions. Questions of time scales, 
which are important for all types of critical phenomena, are touched upon. 
Some of the possible experimental signatures, along with present evidence, for 
the onset of critical behavior are described. A discussion of more general 
implications of the behavior of the nuclear equation of state at low density 
and temperature is included. Low temperature critical phenomena have implica
tions on topics as diverse as the nuclear mean free path, anomalons, and the 
evolution of supernovae. 

1. Introduction 

The possibility of creating states of matter resembling those prevailing 
in the early Universe constitutes a major incentive for the study of high energy 
heavy ion collisions. 1

-
3 If energy densities of 2-4 GeV/fm3 can be achieved, 

then according to quantum chromodynamics, a phase transition to a quark-gluon 
plasma may occur. Such a transition represents an extreme example of a criti
cal phenomenon which may exist at high temperatures and densities. Many ques
tions on reaching such a state can be raised--whether, for example, there is 
sufficient time for the phase transition to manifest itself in the brief time 

*This quotation was brought to my attention by J.E. Sedlak in the thesis 
"Nuclear Hydrodynamics with Viscosity and Heat Conduction," University of Wis
consin--Madison, 1982. 
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during a nuclear collision when high compressions are thought to be reached, 
and whether phase equilibrium can be sustained by a finite system consisting 
of a small number of particles. It is of interest, therefore, to explore the 
consequences of other critical phenomena, which may set in at lower tempera
tures and densities and which may be attainable with existing accelerators. 

In this paper some of these low temperature critical phenomena are explored, 
viz a fast mechanical instability leading to the break-up of a nuclear system 
into fragments, anda slower chemical instability involving a transition between 
gas and liquid phases. Both phenomena rely for their development on a hydro
dynamical description of nuclear collisions, and raise issues which may be 
germane to pha~se instabil Hies .of more exotic kinds, such as the quark-gl uon 
plasma and pion condensation. 

The next section of the paper describes the underlying physics of the 
instabilities, and is followed in Section 3 with a discussion of the relevant 
time scales for the processes to be established. Some of the present experi
mental evidence is discussed in Section 4; more general consequences of the 
phenomena in the field of heavy ion science are touched upon in Section 5, and 
the paper in concluded with a summary in Section 6. 

Since at present the theoretical prediction of the experimental consequences 
has only been developed in a phenomenological way, and since few experiments 
have been. carried out at the level of sophistication necessary to confirm the 
existence of these phase instabilities, the quotation at the beginning of this 
section--taken from the work of Boltzmann--is therefore quite apt. 

2. Critical Conditions at Low Temperature 

An accepted picture of high energy heavy ion collisions is shown on the 
right of Figure 1 and illustrates the division of a reaction in the participants 
and spectators. 4 This behavior is established in nuclear collisions at high 
energies and is to be compared with the slower, more gentle, evolution associated 
with the TDHF description shown at the left. We shall assume that the partici
pant-spectator description is valid at energies of 50-100 MeV/nucleon. (Some 
justification for this assumption will be presented in Section 6.) The partici
pant zone is initially compressed and, heated; during the subsequent expansion, 
when the density and temperature drop, it is possible that the system passes 
through conditions favorable to a division into liquid and gaseous phases, 
thereby influencing the production of complex fragments. Although frequent 
discussions of this phenomenon have appeared in the literature (see, for exam
ple, Refs. 5-7) pertaining to the evolution of neutron stars and supernovae, 
its possible manifestation during the dynamical evolution of a heavy ion colli
sion has only recently been raised. 8 - 13 In the following, a simplified analyt-
ical treatment is followed to illustrate the basic ideas; more formal treatments 
can be found in the above references. 

Consider the following parameterization of the energy per particle, E, in 
a nuclear system as a function of temperature, T, and density, p; 
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Figure 1. The participant-spectator picture of high energy heavy ion collisions 
is illustrated at the right by temperature and density profiles cal
culated with a hydrodynamical model. The participant zone initially 
contains high density and high temperature nuclear matter. This 
view of a reaction is contrasted with the picture obtained from a 
TDHF calculation at low energies shown on the left. 

K P-PO 
E = EO + 18 (-p-) 

o 

2 

which is comprised of the ground state binding energy per particle EO' the 
compressional term containing the incompressibil ity K, and a thermal contribu
tion derived from the low temperature approximation fora Fermi gas; £F is the 
Fermi energy and Po the normal nucl ear matter density of approximately 0.16 
nucleons/fm 3

• From the free energy F = E - TS, with the specific entropy 

we obtain 

P 2/3 
(~) 

P 

2 
P-P 

F = E + J5.... ( __ 0) 
o 18 Po 

The pressure as a function of p and T can be calculated from, 
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Figure 2. The equation of state for a nuclear system is illustrated by iso
thermsfor pressure versus density. The isotherms separate into two 
regions which can be identified with liquid and gas phases in a Van 
der·vJaals system, connected bya region of negative incompressibility 
(shown dashed). 

aF 2 aF 
P = (;W)T = P (ap)T 

Results for a more complete calculationS are shown in Figure 2, where it can 
be seen that the equation of state has the form of a Van der Waals system, 
for the simple reason that the nuclear and molecular systems are analogous; 
both are subject to short range attractive forces and very short range 
repulsions. 

As in the Van der Waal s system, there exist 1 iquid and gaseous phases. 
For the unphysical region (shown dashed in Figure 2) where the slope of P versus 
P is negative (implying a negative incompressibility) a Maxwellian construction 
is employed, along which the liquid and gas phases coexist. This region of 
coexistence is illustrated11 more clearly in Figure 3~ which also shows that 
as the temperature increases, the apex of the coexistence region coincides 
with the inflection point of the critical temperature. This point corresponds 
to the condition, 

l!: =,a2
p = 0 

ap ap2 
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Figure 3. Pressure-density isotherms in which the region of negattve compres
sibility is suppressed (compare Figure 2) by the Maxwell construction 
describing a phase transition between liquid and gas. The region of 
phase coexistence is shown by the cross hatching. Above T = 20 MeV 
only a single gas phase exists irrespective of the density. The 
critical density is 0.065 fm- 3 • . . 

A solution of the above analytical expressions with K ~ 210 MeV, consistent 
with measurements of the monopole excitation, gives a result close to that 
obtained from a more detailed analysis, viz Tc ~ 18 MeV and Pc ~ 0.07 nucleons 
fm- 3

• For all higher temperatures only a gaseous phase exists. 

Most studies of heavy ion collisions at relativistic energies have been 
conducted in regions where the temperature exceeds 20 MeV. In the later dis
cussion on observable consequences we shall show that temperatures for the par
ticipant zone of 20 MeV and lower are generated in collisions below 100 MeV/ 
nucleon, implying that intermediate energy heavy ion studies will be most 
important for the investigation of these critical phenomena. 

Another type of instability, which would occur on a faster time scale 
than the liquid-gas transition, has also been discussed recently.14 This con
cerns a mechanical instability where the compressibility of the nuclear system 
K = P ~p becomes negative. Such a region is easily identified in Figure 2 by 
the do~ted lines, but is shown more ~learly in Figure 4 where K is plotted as 
a function of density for different temperatures. The region of zero or nega
tive compressibility falls below the horizontal axis. The corresponding bound
ary is transposed onto the plot of internal energy as a function of density 
in Figure 5. Here the region labelled lIuns table zone" defines where nuclear 
matter becomes dynamically unstable. Expressed alternatively the boundary 
traces out the locus of the tensile stress of nuclear matter as a function of 
temperature. The authors of Ref. 14 argue that the occurrence of nuclear frag
mentation as a dominant reaction process depends on whether the system enters 
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The rigidity p ~p plotted as a function of density for various tem
peratures. The ~egion of negative incompressibility, shown dashed 
in Figure 2, corresponds to the part of the diagram below the hori
zontal axis. The rigidity of the liquid is much larger than that 
of the gas. 

this unstable region. Since the zone has a boundary of lower than normal 
nuclear matter density, it is necessary to consider how it can be reached, 
given that a nuclear system is prepared in a reaction at normal or greater 
than normal density. 

The region labelled "overstressed zone" on Figure 5 defines a boundary 
which will under certain conditions allow the system to reach the unstable 
region. Initially a nuclear reaction carries the system from the ground state 
to some point with higher internal energy. If the energy is transferred by a 
proton, it is plausible to assume that no significant compression takes place. 
On Figure 5 the system moves vertically upwards on the diagram from the minimum 
at normal nuclear density, requiring an injection of approximately 10 MeV per 
particle. On the other hand, for heavy ion collisions we expect some compres
sion to occur, which prepares the system initially at a point to the right of 
the minimum of normal density. From this condition it is assumed that the 
nuclear system will expand along an isentrope until a point of equal internal 
energy is reached on the left. The justification for an expansion at constant 
entropy is based on cascade calculations,15 which indicate that little dissi
pation takes place; other evidence comes from our knowledge of the monopole 
vibration, which has a damping width much smaller than its excitation. 16 In 
Figure 5 the region of appropriate initial conditions which will provide access 
to the fragmentation zone is defined by the dashed boundary of the shaded region 
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Figure 5. The internal excitation energy per nucleon is shown as a function 
of relative density. The shaded portion on the left, labelled 
lI uns table zone ll

, defines the region of negative incompressibility. 
The shaded area on the right defines the overstressed zone from 
which a nuclear system will be able to reach the unstable zone 
through an isentropic expansion. The dotted locus extending into 
the overstressed zone indicates the trajectory expected from theo
retical calculations of heavy ion collisions. 

labelled lIoverstressed zone ll
• For example, a compression of 1.4 over normal 

density is predicted 17 in TDHF calculations at 10 MeV/nucleon (see the dashed 
line to the left of the S = 0 isentrope in Figure 5), and if it is assumed 
that all of this excitation energy is thermalised, then the threshold for frag
mentation would be lowered to 3 or 4 MeV/nucleon. The corresponding incident 
energy in the laboratory, assuming again equal participation from target and 
projectile, would be in the region of 12 MeV/nucleon. Above this threshold 
the system will always come apart in fragments. An observation of the onset 
of fragmentation might therefore provide a means of inferring the density at 
which thermalization takes place; the energy threshold for fragmentation should 
be an increasing function of the initial density. We shall return to this 
predicted behavior in Section 5. 

3. Time Scales 

The mechanical and chemical instabilities we have discussed are quite 
different in nature. One is a first order transition applicable to processes 
that occur slowly enough for an equilibrium to be established across the phase 
boundary. According to the picture of expansion and-rarefaction of the initial 
compressed zone on a time scale commensurate with the frequency of the monopole 
vibration, this time can be estimated from the typical excitation energy in a 
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medium weight nucleus,ls E = nw = 15 MeV, resulting in an expansion time of 
the order 10- 22 sec. This time scale is the relevant one for a mechanical 
instability. It is not clear, however, if a liquid-gas chemical instability 
can be established on this short time scale, since there must exist sufficient 
time for equilibration to be established across the phase boundary. The time 
required for this equilibration to occur is of the same order as the evapora
tion time, an estimate of which can be obtained from the theory of thermionic 
emission. 1s Thus the current density can be expressed as 

J = em T2 (1 - r) e -WIT 
21T2ft3 

where r is the quantum mechanical reflection coefficient (taken as 0), W is 
the work function (taken as B MeV) and T is the temperature. By definition 

J = ~l 
lit A 

where A is the surface area of the emitting source. If we set q = e (equivalent 
to the emission of one nucleon) then lit = Tevap' Assuming a spherical geometry, 
so that A = 41TR2 where R = 3.5 fm. as determlned from the participant-spectator 
model for intermediate impact parameters19 and consistent with determinations 
from pion interferometry measurements,20 the evaporation time is found to be 

~ 3 5 x 10-21 . l2 . eBIT sec. Tevap = • 

T 

Theresultin,g values given in Table 1 are in good agreement with results 
deduced from an empirical fit to the measured widths of compound nuclei for 
A = 20 - 100. 21 Comparing the evaporation time with the time required for 
disassembly it appears that for T ~ B.l MeV (henceforth referred to as the 
breakeven temperature) the liquid-gas phase instability may develop. 

Table 1. Nucleon evaporation times as a function of temperature. 

T (MeV) 
t (10- 22 sec) 

5 

6.9 
10 

0.77 

15 
0.27 

20 
0.13 

Since a liquid-gas phase instability exists only for temperatures below 
the critical temperature and above the breakeven temperature, it is obvious 
that if the breakeven temperature were higher than the critical temperature, 
the liquid-gas instability would not develop. The critical temperature of 
approximately 20 MeV predicted in Refs. 10 and 11 was deduced on the assumption 
that the binding energy per nucleon in nuclear matter is 16 MeVlu compared to 
the phenomenological binding energy per nucleon of B MeV for finite nuclei. A 
more thorough treatment of this question and of effective mass considerations 
is given in Ref. 12, where it is shown that in finite nuclei the predicted 
critical temperature lies between 13.4 MeV and B.1 MeV depending on the choice 
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of effective mass. Thus for temperatures above 8 MeV the liquid-gas instability 
may develop and there is sufficient time for it to do so. 

Collision damping has been neglected throughout this discussion. A simple 
approach22 to the problem begins with the equation for a damped non-driven 
oscillator: 

x + y 2 x + Wo X = 0 

X = P - Pmin (S) 

f = Y 
2 .1 2 

Wo - 4" y 

where Y is the damping coefficient (assumed constant) and Wo is the undamped 
harmonic oscillator frequency. The dimensionless damping coefficient can be 
deduced from experimental measurements of the monopole oscillation characteris
tics. The variable Pmin is the value of the density when the excitation energy 
is a minimum for a given value of the entropy. The damping constant determines 
the rate at which energy is transferred to thermal energy from the collective 
motion, thus determining the temperature. For a given value of the density, 
the entropy can be calculated and Pmin can be determined. Although the oscil
lation in the density coordinate is not a true harmonic motion we shall use 
this approximation for small excursions from the equilibrium density. A solu
tion to the above equation is of the form, 

x ~Ae-Yt/2cos(wt) 

where 

2 2 1 2 W = Wo - 4" Y 

The time required for disassembly is then 

t ~ ~=:::::::::7r===== 
I 2 1 2 

'J Wo - 4" Y 

The empirical full width at half maximum (FWHM) of the monopole excitation 
is typically ~ 4 MeV for an excitation energy of 15 MeV.23 Table 2 illustrates 
how values of the damping constant influence the breakeven temperature for the 
onset of the liquid-gas instability. In Figure 6 the overstressed region is 
redefined assuming that the damping constant remains fixed at f = 0.27 (indi
cative of T = 0 damping) and is not a function of temperature. The minimum 

Table 2. Breakeven temperatures for various values of the dimensionless damping 
constant. 

f/f (T ~ 0) 

Tbreakeven (MeV) 

o 
8.1 
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5 
7.6 

10 

6.9 
20 
5.8 
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Figure 6. Compared to Figure 5~ this figure shows two determinations of the 
boundary of the overstressed zone. One~ labelled r = 0, is identical 
to that of Figure 5, and the-other,: r = 0.25, takes into account 
damping effects during the expansion~ increasing the threshold energy 
for reaching the unstable zone. 

excitation energy of the overstressed region becomes 4.75 MeV above the binding 
energy of normal nuclear matter (E = -16 MeV) with p ~ 1.5 times normal nuclear 
density. For an equal mass of projectile and target the minimum incident energy 
required is 4 times the excitation energy, i.e. approximately 19 MeV per 
nucleon. If this incident energy is insufficient to generate a compression 
of 1.5 times normal nuclear density, then the minimum required energy will be 
even larger. 

4. Experimental Consequences 

The. gfte.a.t ;tJr.a.ge.dy 06 SUe.YLc.e.--tite. .6f.a.yiYLg 06 
a. be.a.u:U6ui. hypo-thu-<-o by an u.gly 6a.c.t 

T.H. Huxley, Collected Essays 

So far ther~ have been-few experim~nts specifically directed at observing 
the influence of low energy critical phenomena~ In this section we review 
some of the types of data which may be relevant. It is well known that in 
high energy proton-induced spallation the cross section for fragment production 
increases dramatically up to energies of a few GeV~ followed by a levelling 
off ilt the cross section. An'example 24 is illustrated in Figure 7 for p + Ag 
leading to 24Na. The saturation is usually attributed to a limitation of the 
energy deposition in the nucleus when it becomes transparent to protons of a 
few GeV. On the other hand, the behavior may be related to the onset of frag
mentation when the system reaches the overstressed region. 14 For the system 
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Figure 7. The cross section for the production of 2~a in spallation reactions 
induced by protons o~ Ag as, a function of incident energy. Follow
ing a rapid rise, the cross section saturates at energies above 
2 GeV. 

p + Ag with about 108 nucleons,our previous-discussion would imply that about 
1 GeV of energy is necessary. Of clear interest here would be a comparison 
with heavy ion induced fragmentation in order to discover if the saturation 
sets in at a lower energy in the ~resence of some compression. A preliminary 
comparison of this type is shown 2 in Figure 8, from which there is some indi
cation that a lower threshold may indeed exist in heavy ion proton induced 
reactions leading to the production of 2~Na and Sc isotopes with a Au target. 

We should also point out that other approaches to high energy proton 
induced break-up of a target have recently been discussed; for example,26 in 
the process of "cleavage" a high energy proton drills a hole through the nucleus 
and when the hole expands bonds are broken_to release the observed nuclear 
fragments. A simple argument can be used to show that the energy per particle 
released in this process may be considerably smaller than the estimate of the 
energy of 10 MeV/particle required to access the overstressed zone. The cleav
age model does appear to give a satisfactorydescripton of the absolute produc
tion cross sections and energy distribution of the fragments, although so far 
it has mainly been applied to more massive fragments than have been explained 
by the models of critical phenomena. 

At very high proton energies of 30-350 GeV, the proton induced data have 
also been interpreted in terms of critical phenomena associated with a liquid-
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Figure 8. A comparison of Yields of 24Na and 46, 48 SC in proton and heavy ion 
induced reactions. There are some indications for differences in 
the energy at Which saturation sets in. 

gas phase transition. 27, 28 The observation that the mass yield of fragments 
obeys a power law in fragment mass number, AF, viz 

with T ~ 2.6 is taken as a signature for fragment formation near the critical 
point. According to the theory of condensation in gases and liquids developed 
byFisher,29 this power law describes the size distribution of resulting drop
lets, and T is predicted to have a value in the interval 2 < T < 3. An example 
of the distribution of fragments fitted with this power law is shown in Fig
ure 9, using an exponent of 2.34. Values of the critical density are found 
to be ~ PO/2 in this study; the extracted critical temperature, Tc ~ 4 MeV, 
is, however, well below the value of 17.5 MeV mentioned in Section 2. We recall 
that this value was appropriate for the case of infinite nuclear matter. When 
a more complete treatment of effective mass and binding energy corrections 
are included the value of Tc is lowered12 to the region 8-13 MeV, but it is 
still much higher than 4 MeV. We must note, however, that there are difficul
ties in extracting temperatures from the experimental data, since the values 
obtained from the distribution of isotopes and energies differ. 

The pure power law form applies strictly only at the critical temperature. 
Following the treatment of Siemens,30 one can write in general that the 
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Figure 9. Yield of fragments from the reaction P vs. Xe, typical of the incident 
energy range from 80 to 350 GeV. The line describes a power law 
dependence AF2. 34 indicative of critical phenomena of condensation. 

probability PA of finding a cluster A in the fluid is given by 

PA tt A- T exp[_b(T)A2/ 3] 

where b(T) = 4'ITrO(T) o~T) with o(T) the surface energy coefficient. At zero 
temperature o(T) takes the value of 1.14 MeV/fm2, familiar from the liquid 
drop mass formula. As the temperature is increased the liquid density approaches 
the. cri tica 1 density of about 0.065 nucl eons per fm 3

; since the gas density 
also approaches the critical density, the density difference at the interface 
vani shes and the surface energy approaches zero. 

In Figure 10 a calculation of the surface energy as a function of tempera
ture is shown 31 for three values of compressibility, where the nuclear poten
tial energy is treated within Breuckner's energy-density formalism with appro
priate corrections for surface and asymmetry effects. We see that for K ~ 230, 
close to values of the compressibility derived from measurements of the mono
pole excitation, a is predicted to vanish at T ~ 12 MeV. A rather similar 
value is obtainec by Sauer et ale 32 who parametrize the surface energy coeffi
cient by 

a = 
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Figure 10. The surface tensi"on a as a function of temperature for several 
ground state compressibil ities. 

which reaches zero at 11.82 MeV. It is encouraging that these deviations result 
in critical values of the temperature in rather close agreement with the values 
deduced from studies of the critical temperature of the liquid-gas phase insta
bility in finite nuclei. The consistency implies that studies of fragment 
production as a function of energy could add to our knowledge of the temperature 
dependence of nuclear ~arameters such as the surface energy coefficient. The 
expected A dependence3 of the cross section for values of the temperature 
below near and above the critical temperature are. shown in Figure 11. In this 
calculation a critical exponent of 2.0, a temperature of 8 MeV, and a surface 
coefficient of 10 MeV were used for T < Tc. The dotted line for T > Tc gives 
a more rapid fall-off as would be predicted, for example, by the coalescence 
model. 33 In this model the production cross section of a fragment of mass A 
depends on the Ath power of the single nucleon cross section, giving rise to 
a steeper A dependence than in the expression for T = T . . c 

In order to determine the incident energies required in a heavy ion col
lision to reach temperatures appropriate to the instabilities,we refer to Fig
ure 12 which gives values of temperature derived from a study of particle 
emission from the participant zone of local high temperature and high density 
nuclear matter. The temperatures were extracted 31f from the energy spectra of 
emitted light fragments ranging from protons to 12C in reactions induced by 
incident projectiles from a particles to Argon. Spectra were fitted with a 
IImov ing source model", characteri zed typically by a velocity half the projectil e 
velocity, i.e. a source of intermediate rapidity such as would be expected if 
projectile and target contribute roughly equal numbers of nucleons to the· 
formation of the hot zone. At high energies of several hundred MeV/nucleon 
and above, direct evidehce for the existence and size of such a localized zone 
comes from experiments on two-particle interferometry.19,35 Although no such 
convincing proof is yet available at intermediate and low energies, we shall 
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Figure 11. 
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ture was 8 MeV for the full 1 ine (see Ref. 30 for deta i1 s). 

also make use of the results of Figure 3 for the temperature as a function of 
incident energy. 

In part justification we note that the trend of temperatures in Figure 3 is 
roughly that expected for a Fermi system composed of equal numbers of projectile 
and target nucleons. Thus, if we write the expression for terilperaturein a 
Fermi system as E* = T2/16, where E* is the excitation energy per particle and 
the factor 1/16 comes from the level density parameter, then the result 
E = 1/4 (EL/A) follows, where EL/A is the incident laboratory energy per par
ticle. Then T = 2/EL/A, and for T= 20 MeV we obtain EL/A = 100 MeV/nucleon 
in agreement with the experimental result.' Temperatures below the critical 
value of 18 MeV are therefore appropriate to collisions below 100 MeV/nucleon, 
placing the observation of the liquid-gas phase instability in the intermediate 
energy regime. 

A power law distribution of fragment,cross sections has been found to 
apply in several other reactions, as for examp1e 36 in the reaction 'of 12C on 
Ag at 30 MeV/nucleon, shown in Figure 13. Here the dashed line corresponds 
to Oz ~ Z-2.G; Z is the charge of the fragment and is roughly proportional to 
the mass. The authors of this work estimate an upper bound for the tempera
ture reached in the reaction of about 12 MeV, which is the value appropriate 
for equal participation of target and projectile nucleons as shown in Figure 12. 
For reactions ,of this type, in which fragments much heavier than the projectile 
are produced, it is quite possible that a much larger volume of the target 
nuc1 eus partiei pates; the associated temperatures wou1 d then be commensurately 
lower. More detailed systematic studies as a function of incident energy will 
be required to clarify the situation. 
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Figure 12. Plot of temperatures as a function of incident energy per nucleon 
above the barrier, derived from a parameterization of the energy 
spectra of emitted light fragments with a localized moving source. 
Results are shown for different emitted fragments p, d, t, 3He, 
4He, lIB, and 12C in reactions induced by a, 160, 2oNe, and 4°Ar 
(see Ref. 34 and references therein for details). 

Models which do not explicitly incorporate critical behavior can also 
be used to explain some aspects of the data we have been discussing. In Fig
ure 13, for example, the data are compared with a statistical model calcula
tion 37 for the idealised case of emission from a completely equilibrated com
posite system. Isotropic particle emission was assumed, angular momentum 
effects were neglected, and the level density was assumed to correspond to 
an ideal Fermi gas at normal density. As indicated by the solid histogram 
the calculation gives a tolerable account of the data. A similar calculation 
of the fragment distribution in Figure 9 for high energy proton induced reactions 
met with comparable success. 38 It bears repeating that only through detailed 
studies over a range of energies will it be possible to distinguish the dif
ferent theoretical models, and to confirm the presence of critical phenomena. 
Other examples of power law behavior are discussed in Refs. 39 and 40. 

In the discussion of mechanical instabilities we made use of the cascade 
result that entropy stays fairly constant during the expansion and cooling 
of the participant zone. A~~lYing this concept also to the case of a liquid
gas phase instabil ity leads to Figure 14, in which the regions of" phase mix
ture and negative compressibility are defined on a pressure-density diagram 
with lines of constant entropy. For entropies as high as S/A ~ 3 the isentropic 
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Figure 13. Element production cross sections in the reaction 12C + Ag at inci
dent energy of 30 MeV/nucleon. The dashed line corresponds to a 
power law dependence Z-2.6, and the histogram to a Hauser-Feshbach 
statistical emission model. 
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Figure 14. The pressure versus density for a nuclear system as a function of 
the entropy per particle in the system. The arrows indicate the 
expansion at constant entropy of the initial compressed and heated 
zone. The regions of liquid-gas phase admixture and of negative 
incompressibility discussed for Figures 2-6 are indicated. 
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lines intersect the region of liquid-gas phase mixture, implying that effects 
of this instability may be present up to very high bombarding energies of sev
eral hundred MeV/nucleon. Now consider a system prepared with initial compres
sion and heating such that the specific entropy S = 2. During the subsequent 
expansion the temperature and density will drop such that the entropy 

i Po 2/3 
S = - T (-) 

2£F P 

remains constant. At the intersection with the phase boundary, if a phase 
transition takes place, the entropy will no longer stay constant but instead 
the volume will increase at constant temperature along a locus parallel to 
the horizontal axis in Figure 14. For a system consisting of nucleons only 
the entropy increase can be derived from the Sackur-Tetrode equation: 

n 
~ = .§. + ln (.:Jl) 
A 2 P 

where nQ is the quantum concentration of nucleons. The entropy change is then 13 

~S = ln PGAS - ln PLIQUID . 

Taking values of P from Figure 14 we find an entropy increase of ~S = 2 for 
the case in point .. A measurement of entropy as a function of bombarding energy 
may therefore be a means of detecting the onset of critical phenomena. 

Recently it was suggested that a measurement of the yield of complex frag
ments can be used to measure entropy.13 In Figure 15 the results of a quantum 

• C (50-110 MeVln) +AgBr 
Bo Jacobson et a I. 

10-4 L-.L--'----'--'---'--..L-L.'--'----'----'----'--'.....L-"----:~ 
He Be CONe Mg Si 

Fragment Charge ..... 

Figure 15. The charge distribution Y(Z) observed in high multiplicity events 
for the reaction of 50-110 MeV/nucleon carbon in emulsions. The 
open symbols and histograms are the distributions predicted with a 
quantum statistical model for two values of the entropy. 
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statistical model of fragment production are shown for S/A = 1.5 and 2.5. The 
calculation for S/A = 1.5 is compared with experimental data 4l on complex frag
ment emission in reactions of 12C in nuclear emulsions at incident energies in 
the range 50-110 MeV/nucleon. With increasing entropy the yield of heavy frag
ments decreases rapidly, by two orders of magnitude in the case of nitrogen 
fragments. 

Until recently, emphasis on entropy measurement in heavy ion reactions 
has focused on the r.atioofdeuterons to protons emitted from the participant 
zone, resulting 42 in values which are always in excess of the entropy at the 
critical point (S ~. 3.3, see Figure 14). It may be that such light fragments 
are produced mainly from a gaseous phase. The comparison with heavier fragments 
emitted from reactions over a wide energy range will be important for establ i sh-
ing the onset of critical .phenomena. .' ... ". 

5. More General Consequences 

The. FW!j T ale..6 06 Sue.n.ee. and the. .to n.g Jte..6uU 
06 time. 

Alfred, Lord Tennyson, Locksley Hall 

Apart from the intrinsic importance of the critical phenomena, there may 
also be other less direct consequences which are of interest. Some of these 
are discussed in this section. 

a) Participant-Spectator Model 

As we mentioned in the introduction, the participant-spectator model of 
nuclear collisions is known to be applicable at high incident energies of hun
dreds of MeV/nuclei; the limit of validity at low energies is unknown but is 
of interest, since it relates to the question of localization of the energy 
deposition in a nucleus. A relevant parameter is the temeerature dependence 
of the mean free path, and the results of one calculation 3 are shown in Fig
ure 16. A rather sudden change takes place in the region of 12 MeV, which has 
its origin in the change of the transport properties of nuclear matter when 
considered as a liquid or as a gas. There are corresponding sudden changes 
in heat conductivity and in viscosity. The onset of a localised excitation, 
or hot spot formation, may therefore set in rather suddenly as a function of 
energy. Another recent calculation suggests 44 a shortening of the mean free 
path at approximately 30 MeV/nucleon. 

A relevant study is the production of spectator fragments in high energy 
heavy ion collisions. 4s Such fragments emerge travelling close to beam velocity 
with a dispersion in momentum determined by the zero point motion of the frag
ment in the parent projectile, i.e. 

2 = 2 F(A - F) 
(J (JO A - 1 

where (J is the momentum dispersion, F, A are the mass numbers of fragment and 
projectile respectively, and (JO = PF/15 in the case where the zero point motion 
is determined by Fermi motion. In Figure 17 the plot of (JOobtained 46 from 
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a variety of fragments produced in fragmentation of projectiles ranging from 
12Cto 4°Ar at incident energies up to 2 GeV/nucleon shows that an energy inde
pendent limit for GO = 90 MeV/c appears to be established at incident energies 
beyond = 50 MeV/nucleon. According to the participant-spectator model, this 
could signal the emergence of the spectator picture with an implied onset of 
the complementary participant localisation. If such an interpretation is sub
stantiated, the energy region of 50 MeV/nucleon may be identifiable with the 
shortening of the mean free path as a result of the liquid-gas phase transition. 
Due to critical opalescence it is even possible that in the vicinity of the 
critical temperature the mean free path may also be influenced by the fluctua
tions between liquid and gas phases. In macroscopic liquids,47 a small change 
of temperature, by as little as a fraction of a degree away from the critical 
point, can cause the substance to change from being almost opaque to almost 
colorless. Although no such sharp changes are expected in a finite nuclear 
system, it is conceivable that some vestige of the phenomenon could persist, 
and indeed a similar shortening of the mean free path due to critical opales
cence has been considered in the case of a phase transition to a pion 
condensate. 47 

b) Exotic Phenomena 

The existence of fragments produced in relativistic heavy ion collisions 
with interaction lengths much shorter than normal is a topic of great current 
interest. 49 Among the many possible explanations put forward, some of which 
have been discussed at this conference, there is one that is closely related 
to the equation of state in regions of low temperature and density such as we 
have been discussing. In this domain, cluster formation becomes very impor
tant, whereas at high density they are supressed by the Mott blocking mecha
nism. so This blocking--itself in the nature of a critical phenomenon--is 
mediated by the surrounding hot medium which alters the effective binding 
energy of the clusters to such an extent that the respective bound states merge 
into the continuum. The density beyond which clustering is no longer possible 

• is called the IIMott density" and it depends on the velocity of the clusters 
relative to the surrounding matter. Clusters that move with high velocity 
are less severely degraded, since the quenching arises essentially from Pauli 
blocking. 

Recent calculations suggest 51 that at very low densities, a-cluster for
mation may give rise to a new metastable phase. We see from Figure 18 that 
this region sets in at densities of 1/10 to 1/15 of normal density for tempera
tures of T = 2-5 MeV. It develops where the pressure once again crosses zero, 
corresponding to a stable point on the phase diagram (compare Figure 2). The 
new region of metastability is shown by the hatching in Figure 19 and dis
appears at temperatures beyond 12 MeV. This behavior could allow the existence 
of a low density isomer with a radius much larger than normal nuclei. The 
authors of Ref. 51 point out that the formation of such a-particle matter may 
be identifiable with anomalons, although they caution that more detailed esti
mates of lifetime and the balance of surface and Coulomb energies are necessary 
to confirm the hypothesis. 

The above results, together with the other phenomena discussed in this 
paper, serve to remind us that the low density and temperature behavior of the 
equation of state may be a source of interesting new phenomena--like the high 
density and temperature counterparts. The information provided may also give 
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insight into other more exotic types of phase transitions, for example to the 
quark-gluon plasma state expected to be formed when the individual hadron 
quark bags are forced to overlap by increasing the density or temperature of 
hadronic matter to high values. Figu~e 20 gives S2 a P-V diagram for this tran
sition in which three regions are distinguished. There is a hadronic gas region 
where the pressure rises with reduction in the volume. Eventually the indi
vidual hadrons begin to cluster, reducing the Boltzmann pressure since a smaller 
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Figure 20. A P-V diagram for hadronic matter. At high densities a phase tran
sition to a quark-gluon plasma is possible. The diagram has a 
close resemblance to that for the liquid-gas phase transition 
represented in Figures 2 and 3 for nuclear matter. 

number of particles are then present. When the quark-gluon plasma phase is 
reached the pressure rises again since thereafter only the hadronic constitu
ents are compressed. Clearly this diagram bears a close similarity to Figure 3 
which dealt with the analogous problem of liquid condensation from the gas 
phase. Indeed, many of the problems surrounding the description and the estab
lishment of a phase transition may be rather similar in the two cases--problems, 
for example, of the time required to establish the transition, the question of 
the validity of hydrodynamical descriptions of the collision, and so on. 

c) Astrophysical Implications 

Finally, we mention briefly the- interest for astrophysical processes S3
,S4 

of liquid-gas phase phenomena. A well known example of two-phase equilibrium 
occurs in the crust of nelltron. stars at temperatures of less than 1 MeV. Al so 
in supernovae, when the inward implosion of collapse is reversed to become 
an explosion, it is also believed that densities comparable to those in neutron 
stars are attained with temperatures of 5 to 10 MeV. An understanding of the 
behavior of matter under those conditions may become possible through studies 
of nuclear collisions of the type we have discussed in this paper. 
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In addition to the exotic phases of quark and pion condensed matter 
conjectured to occur at high temperature and density, a region of 
phase instabilities at low temperature and density discussed in 
this paper is indicated. Each region of phase transition bears a 
close connection with astrophysical phenomena. 

A perspective on the role of- the regions of density and temperature we 
have been discussing is provided by Figure 21. In addition to the three phases 
of Quark Matter, Pion Condensate, and Nuclear Matter usually displayed, we add 
an additional region of phase transition, where liquid-gas mechanical instabili
ties, Mott transitions, and a-condensation may develop. As indicated on the 
diagram each phase bears a relation to astrophysical phenomena for which the 
unusual conditions of temperature and density may now become reachable in the 
laboratory. Thus, while quark-matter may give us our only glimpse of the con
ditions of matter in the earliest moments of the birth of our Universe, the 
state of pion condensation--if observed--would simulate conditions prevailing 
in neutron stars and finally the liquid-gas phase is of direct relevance to 
supernovae. 

6. Conclusion 

This paper has dealt with the possibility of investigating critical phe
nomena in nuclear systems, with particular emphasis on the liquid-gas and 
mechanical instabilities which can develop at a critical temperatere or at a 
critical incident energy. Although the phenomena are frequently discussed 
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and incorporated into calculations of neutron stars and supernovae, the possi
bility of realising the critical conditions during the evolution of a nuclear 
collision has only recently been recognised. A study of the approach towards 
the critical condition can yield information on the temperature dependence of 
nuclear properties, such as the surface tension. Apart from the intrinsic inter
est in these phenomena, the ph~se instabilities may have general implications 
for the relevance of hydrodynamical concepts in heavy ion collisions and for 
the localisation of energy deposition through the shortening of the mean free 
path. The increased interest in the low temperature and low density behavior 
of the equation of state for nuclear matter has also led to more exotic specula
tion, for example the creation of metastable phases of a-clustered matter at 
very low densities, which may be relevant to anomalons. It is also plausible 
that many of the criteria required for the creation of exotic phases of nuclear 
matter at high density and temperature, such as the quark-gluon plasma, may be 
illustrated by phase transitions of the liquid-gas type, the existence of which 
is based on more accepted knowledge of the equation of state. In particular, 
questions of time scales and of hydrodynamical behavior are quite pertinent in 
both cases. 

At present there is only sketchy evidence for the existence of critical 
phenomena of the type we have discussed. The most compelling evidence comes 
from studies of proton-induced heavy fragment production from a target. Some 
of the new accelerators will permit new studies of critical phenomena by pro
viding beams of heavy ions over the critical region from 20 to 200 MeV/nucleon. 
It will take several years for these systematic studies to be completed, 
because, as we know, 
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HIGH ENERGY (30-350 GeV) PROTON-NUCLEUS COLLISIONS AND THE 
DESCRIPTION OF FRAGMENTATION AS A CRITICAL PHENOMENON 

A. S. Hirsch, A. Bujak, J. E. Finn, L. J. Gutay, R. W. Minich, 
N. T. Porile, R. P. Scharenberg, B. C. Stringfellow, and F. Turkot 

Department of Physics and Department of Chemistry 
Purdue University and Fermi National Accelerator Laboratory 

An inclusive experiment in which nuclear fragments from helium to alumi
num were produced in collisions between high energy protons (30-350 GeV) and 
heavy nuclear targets (xenon, krypton) has motivated the description of frag
ment production as a critical phenomenon. l ,2 The observation that the mass 
yield of fragments obeys a power law in fragment mass number, Af • 

(1) 

with T about 2.6 for both targets, was recognized as a possible signature for 
fragment formation near the critical point of nucl~ar matter. l (Fig. 1) The 
power law describes the frequency distribution for clusters (fragments) having 
Af constituents. Clustering according to a power law with an exponent between 
2 and 3 is displayed by many systems near their critical point. 3 ,4,5 Away 
from the critical point, the yield is expected to be damped exponentially, 
thereby suppressing the creation of large clusters. 

In pursuing this description of fragment production, we have generalized 
the classical droplet model by M. E. Fisher for a one component system under
going a liquid-gas phase transition near its critical point. 6 For a single 
species substance, the probability to form an £-particle cluster depends on 
the Helmholtz free energy and the chemical potential per particle 

(2) 

The Helmholtz free energy 

f(£) = U(£)-TS(£) (3) 

contains bulk and surface contributions to both the cluster binding energy, 
U(£), and entropy, S(£). Fisher stated that there existed a term in the free 
energy which contained the parameter T. At the critical point, nearly exact 
cancellation between f(£) and ~ leaves only the term containing T and so the 
power law (1) emerges from (2). This simple description works surprisingly 
well for real gases from the triple point up to the critical point. 3 

From this point of view, nuclear fragments are formed when the remnant of 
the proton-nucleus collision approaches its critical point. Precisely how 
this state is attained cannot be answered at present, but for the sake of 
argument let us accept the power law (1) as evidence that the remnant is at or 
in the neighborhood of its critical point. Thus, large density fluctuations 
occur giving rise to clusters of nucleons, or fragments. The surface free 
energy is substantially reduced near the critical point, and so the system of 
fragments is free to disassemble under the influence of Coulomb repulsion. 
Fragmentation is therefore viewed as a multi-body breakup of the remnant near 
the critical temperature. We expect that inclusive fragment measurements and 
those obtained with a heavy fragment trigger will display the same character
istics, since the observation of a fragment is, within this picture, a 
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flignature for the multi-body breakup of the remnant near its critical point. 
This has recently been confirmed by the data of Warwick et al. 7 

The first step in applying Fisher's model to our data is to parameterize 
the binding energy term in (3). The natural choice is the Heizsacker semi
empirical mass formula. The coefficients are in general temperature and den
sity dependent. Following Fisher, the entropy term, S, in (3) contains a 
bulk term proportional to the number of constituents in the cluster, and a 
surface term, proportional to the surface area of the cluster or A~/3. There
fore, we can absorb the heat contribution to the cluster free energy into the 
appropriate terms in the binding energy parameterization. The Helmholtz free 
energy becomes 

f(Zf,Af ) = avAf - asA~/3 - acZ~/A;/3 - aa(Af - 2Zf)2/Af - 8 (4) 

where 8 = ap/Ai75 for odd-odd nuclei, zero for odd-even nuclei, and -ap/Af75 
for even-even nuclei. The coefficients in (4) represent the volume, surface, 
Coulomb, symmetry and pairing contributions to the free energy. 

Fisher's condensation theory dealt with unimolecular liquids, and thus 
is not directly applicable to two-component systems. To account for both neu
trons and protons we have modified Fisher's model by introducing a chemical 
potential for each. In addition, we account for the entropy of mixing between 
neutrons and protons. Finally then, the fragment yield as a function of 
charge and mass is given by 

C 
= - exp 

AT 
f 

r 
~(Zf,Af) 

where ~N(~Z) is the neutron (proton) chemical potential and S = l/kT. 

(5) 

We have fit our fragment data with the above expression. (See Ref. 2 
for parameters.) As the figures in Ref. 2 show, the fit is quite impressive 
over three orders of magnitude with only 8 free parameters and about 50 de
grees of freedom. It should be pointed out that we have not rigorously just
ified the modifications made to Fisher's theory. However, this model is 
simple and effective in parameterizing a large quantity of data. 

Since the data determine only the products fS and ~S, we cannot uniquely 
set the temperature scale. In the simplest approach, we can choose to normal
ize the parameters by requiring av to be equal to its value in normal nuclear 
matter, 14.1 HeV in the parameterization we have used. With this provision, 
the critical temperature for nuclear matter is about 3.2 MeV. In the spirit 
of the classical droplet model, we may estimate that we have included 8 MeV 
per nucleon of heat in av. This would increase the critical temperature to 
about 5 MeV. Other parameters would be scaled up accordingly. In either 
case, the temperature obtained is well below the average binding energy per 
nucleon in a medium to heavy nucleus of 8 MeV. 

Let us now discuss the kinetic energy spectra. Several features of the 
spectra of fragments from targets in our mass range have been previously 
observed: 8,9,lO 1) the fragments appear to have been emitted from a remnant 
system, Ar, with a very small velocity along the beam direction, vic ~ .002 
for xenon; 2) the fragment (Li and heavier) angular distributions are nearly 
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isotropic in this moving frame; 3) the kinetic energy spectra indicate that 
Coulomb repulsion energies are significantly less than tangent sphere values 
assuming a partner of mass Ar-Af and charge Zr-Zf; 4) the spectra have high 
energy tails which have an inverse logarithmic slope of about 14 MeV. 11 Point 
number 4 deserves some elaboration. 

We expect that this slope parameter, T', characterizes in some way the 
system from which the fragment was emitted. In fact, due to momentum conser
vation~ the nucleons comprising the fragment are correlated to the remaining 
nucleons of the srstem Ar-Af, and thus T' depends on both the remnant mass and 
the fragment mass 2, i.e., 

T' = T o 

It is To and not T' which uniquely characterizes the excited remnant. At this 
point, there is no reason to expect that each fragment is related to a remnant 
of the same Ar and To, yet, when we plot T', obtained from the high energy 
tails, versus Af, we obtain a linear relation (Fig. 2). This implies that 
fragments, on the average~come from a system of approximately 75 nucleons for 
krypton, and that the remnant system has a To of about 14 MeV. Note that a 
linear relation would not obtain if fragment emission occurred sequentially, 
since then each Ar would be progressively smaller. The implication is that 
all the fragments are formed at the same time. Now we must address the ques
tion of the nature of the parameter T. If T is interpreted as a thermal tem
perature, it exceeds by about a factor of two the average binding energy per 
nucleon in a heavy nucleus. If fragments are formed at an average of 14 MeV 
temperature, this leads to an excitation energy of about 20 MeV/nucleon using 
a Fermi gas level density. However, experimental evidence is rather con
vincing that fragments are formed with substantially less excitation energy, 
since high excitation energies-would lead to alpha particle emission 
correlated to the hot fragment's motion. 13 

If we accept for a moment the critical temperature, Tc ' obtained from 
the fit to the isotopic data, we see that the temperature equivalent of the 
ground state mean-squared momentum, i.e., 

+2 pZ 
kT 2/3 <p > 1 ~ (~-14 MeV for a mass 100 nucleus. 14 ) 

2~ 5" ~ 

is substantially the greater of the two. Here <p2> is the mean-squared momen
tum of a nucleon of mass MN in the nucleus and Pf is the Fermi momentum. 
Thus, the high energy tails of the kinetic energy spectra may be dominated by 
the nucleon mean-squared momentum which was present in the cold nuclear tar
get. The additional kinetic energy due to Tc is much smaller. This point of 
view provides a simple and unified explanation of many facets of the data 
mentioned above and is consistent with the droplet model of fragmentation 
which we have developed. 

In summary, the power law behavior of the fragment yield from high ener
gy proton-nucleus collisions with heavy nuclear targets suggests that frag
mentation may be a critical phenomenon. Parameterizing the fragment Helmholtz 
free energy in a form resembling the Weizsackermass formula has enabled us to 
fit simultaneously all of the observed fragment yields from a given target. 
We estimate that the critical temperature for a heavy nucleus is about 3-5 
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MeV. The high energy tails of the fragment kinetic energy spectra provide 
evidence that all of the observed fragments are created at the same time from 
a common system. The tails appear to be dominated by the mean-squared momen
tum of the nucleon in this system, i.e. Fermi motion. Small Coulomb energies 
arise naturally in this description since the entire remnant system undergoes 
disassembly simultaneously. 
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Aspects of data on the breakup of highly excited nuclei 
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1. Introduction 
There is an awakening of theoretical interest in the mechanisms by which 

nuclear fragments (4 < A < 150) are produced in violent collisions of heavy 
ions. With this in mTnd we review some aspects of the available experimental 
data and point out some challenging features against which to test the models. 

The concept of evaporation is tremendously powerful when applied to 
pieces of nuclei of low excitation (1 or 2 MeV/u). Current interest focuses 
on higher excitations, at the point where the binding energy of the system 
vanishes. This is the transition from liquid nuclei to a gas of nucleons, 
and it may be that the critical phenomena that certainly exist in infinite 
nuclear matter will be manifest in finite nuclei under these conditions. 

2. Favorable experimental conditions 
One might study pieces of nuclear matter at excitation energies 

corresponding to the zero binding regime by making central nuclear collisions 
at bombarding energies around 50 MeV/u. However, in these lower energy 
collisions the multiplicity of fast charged particles is always small making 
it difficult to pick out central collisions. Furthermore, leading particles 
and the products of fast knock-out processes are not well separated in 
rapidity space from the fragments formed in the excited mid-rapidity zone. A 
clearer approach is to study asymmetric collisions at higher bombarding 
energies, measuring the products from the highly excited spectator residues. 
In such collisions the multiplicity of fast charged particles is an excellent 
parametrization of the violence of each collision and there is a clean 
rapidity separation between participants and spectators. Figure 1 shows 
angular distributions of a) heavy fragments from the target residue of a 
4t GeV Ne + Au interaction and b) fast light particles from the fireball. 
The residue is almost stationary in the laboratory frame; the fireball has a 
large forward velocity. In the most violent collisions of Ne + Au at 
2.1 GeV/u we have observed complete disintegration of the Au nucleus into 
fragments of A < 10, demonstrating sufficient transfer of energy to the 
spectator residues in such collisions to make them valuable probes of nuclear 
matter at zero binding energy. 

3. Multifragmentation 
For central collisions of asymmetric systems at high bombarding energy 

(Ne + Au above 250 MeV/u), we have observed1) the disintegration of 
spectator residues into several large fragments. It seems likely that such a 
breakup process corresponds to an excitation energy too large to be 
appropriate to a conventional evaporation theory and calls for new models. 

Figure 2 shows an example of such a measurement. Here a fragment of 
mass number 20 < A < 40 from Ne + Au is the trigger for the event; these 
fragments emerge from the highest multiplicity collisions. We plot the 
multiplicity of coincident fragments as a function of their charge. Note 
that with 42 GeV Ne + Au one typically observes several neutrons and protons, 
three heliums, one lithium, one fragment with 4 < Z < 11, and one fragment 
triggering the detectors for this measurement with Z-of about 15. 

295 



C 4C ec 

Frogmen1 energy (MeV) 

• 
.D 
E 

I OO".---,.----r-,---,--,--~ 
2095 MeV Inucleo 

~ 1.0 
"0 
W 
"0 
....... 

C\J b 0.1 
"0 

0.01 ~-==-=-..l.....:-:::':~:-:::--:::-' 
10 70 130 190 

E proton / MeV ( LAB ) 

Figure 1. Angular distributions of light and 

heavy fragments from Ne induced reactions at 
42 GeV. 

4. The mass-yield curve 

a) It is important to realize that light 
and heavy fragments are produced from 
different classes of collision. In the 
case of Ne + Au at relativistic energies 
thi s can be demonstrated by observi ng the 
multiplicity of fast charged particles 
emitted from each collision. 1) High 
multiplicities are from large fireballs 
produced in central collisions and any 
spectator residues are born out of a 
violently disturbed system. Low multi
cities indicate peripheral collisions in 
which residues have low excitation. 
Figure 3 shows contours of yield against 
multiplicity of fast particles and the 
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FIG. 2 Open circles show the mean multiplicities of 
fragments with charge Z associated with a trigger frag
ment of mass A =20-40 detected at e::o:90' from the reac-
tion Ne + Au. The histogram represents the single~ mea
surement of fragment yield as a function of fragment 
charge Z. scaled appropriately for comparison to the mea
sured fragment multiplicities. 

mass of fragments, from 42 GeV Ne + Au. . 
There is a smooth trend; the highest multiplicity collisions produce the 
lightest fragments. Note the contribution of peripherally induced fission to 
the production of fragments around A = 90, accompanied by very few fast 
charged particles. This can be seen again 2) in fig. 4, which shows the 
fission yield peaked around 60 MeV, while the deep spallation contribution 
has a steeply falling spectrum at lower energies. So, for example, one 
should not attempt to invoke a single mechanism to explain the shape of the 
entire mass-yield curve. 
b) At the low end of the mass yield curve an interesting fact shows up in 
the yield of the 3He and 4He. 3) The 3He spectrum is very flat while 
the 4He spectrum contains a very large cross section at low n-energies up 
to a total yield of 13 barns (fig. 5) with a slope parameter of 14-20 MeV. 
The conventional view is that alpha particles come from low energy deposition 
reactions while 3He comes from high deposition energy collisions. We have 
found, however, that 3He and 4He have the same associated multiplicity of 
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Fig. 6 Fragment yields 
compared to the power 
law aA « A-T (with 
varying from 2.33 to 
3.2) of the genera] 
condensation model 

fast charged particles,4) suggesting that they are emitted from the same 
class of collisions. In this case the difference in their spectra can be 
explained by alpha particles emitted late in the lifetime of the cooling 
fireball, with a lower characteristic temperature. 

c) The observed shape of the mass yield curve for A < 20 can be fit by a 
simple power law, ry(A) ~ A-2.6 (fig. 6), following suggestions of ref. 5 
using the theory of condensation. 6) We considered this as a possible 
indication of a liquid-vapor phase transition. However, this same power law 
appears in the total energy spectrum of particles emitted by cosmic-ray 
sources.7) 

There one finds for the probability 0p(E) to observe a particle of 
energy E 

~ (E) - (E + E )-2.6 cm-2 sec-1 MeV-1 
'Pp \ , 0 (Eo = m c2) 

Rewritten as a function of mass A: -2 6 -2 -1 - (E + A 931) . cm sec -1 MeV . 
In the frame moving with the mean particle velocity E is very small 

compared with Eo (E « A 931). Thus: 0 - (931 x A)-2.6 a: A-2. 6. 

In applying the conriensation theory, temperatures of -20 MeV have been 
discussed. In the cosmic-ray sources, however, these high temperatures are 
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never considered. The coincidence in 
the power law observed in high energy 
nuclear reactions and in the particle 
spectrum of cosmic-ray sources might be 
fortuitous. On the other hand, it might 
indicate a common feature of nuclear 
fragmentation. Within the context of 
condensation it would point towards much 
hotter sources in the universe than 
previously considered. 

d) The fireball concept has been 
extended to include composite particle 
production up to A = 20. 8,11) These 
calculations produce a mass yield curve 
of the correct shape in the range 1 < A 
< 11 with an excitation of =20 MeV/u~ 
~eyond mass 12 the model predicts yields 
less than experimentally observed. 
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The inability of fireball-chemical 
equilibrium models to describe the mass 
yield curve above A = 12 indicates 
departures from statistical mechanical 
equilibrium. It is of great interest to 
see a detailed comparison of this part 
of the mass yield curve to the 
predictions of condensation theory. Our 

FIG. 7. Double differential cross sections for frag
ments falling into the heaviest mass bin, for each of the 
reactions studied. The exponential slope parameters (Tl 

are from a fit to the tails of the measured spectra. 

data show that the production of fragments up to A = 30 at a given projectile 
energy are from the same class of violent collisions. Above A = 30 fragments 
are from more peripheral collisions. 

e) In the upper part of the mass yield curve at 2/3 of the target mass 
fragments are observed to have spectra with a slope parameter of To - 7-9 MeV 
independent of the projectile size or incident energy (fig. 7). We consider 
these fragments to be spectator residues from fairly clean-cut abrasion reac
tions with the spectra reflecting the momentum distribution the fragments had 
in the target nucleus. 9) However, a small perpendicular momentum transfer 
has been observed in projectile spectators in 4n data10 ) and might also be 
part of the transverse momentum distribution of these heavy target fragments. 

5. Fireball-residue coupling 
txamination of the energy spectra of fragments from the residues of 

violent collisions shows little dependence of projectile mass and energy 
(fig. 8), and the angular distributions show more or less forward peaking, 
depending on projectile mass and energy (fig. 9). The size, velocity, and 
temperature of the fireball, however, varies enormously with projectile mass 
and energy. 

One way to deal with this effect is to decouple the fireball from the 
residue breakup mechanism, simply allowing enough energy to cross into the 
residue to produce approximately the same excitation at all projectile 
energies. Linear momentum is also transferred to the residue to push it 
forward in accordance with the observed fragment angular distributions. Such 
a scenario might give rise to equilibrium behavior of the residue and 
statistical mechanics could then predict the breakup. II) We find 1) that 
a residue excited to about 20 MeV/u, breaking up statistically, would 
approximately reproduce the measured energy spectra. The initial excitation 
energy is partly used up to break binding as the nuclear remnant breaks up 
into fragments, according to the statistical mechanical probability 
distribution. The remaining excitation is shared among the fragments as 
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FIG. 8. Double differential cross sections for frag
ments falling into the lightest mass bin, for each of the re
actions studied. The exponential slope parameters (T) are 
froma fit tD the tails of the spectra. 

kinetic energy, and the resulting 
spectrum (when modified by the final 
stage Coulomb interaction) almost 
agrees with the data (fig. 10) .. 

A totally different approach 
would be to couple the participants 
to the residue breakup mechanism 
directly.12) For example, fast 
protons from the cascade or fi reba 11 
could knock out preformed cold 
clusters of nucleons forming the 
observed fragments. Early results 
of such IIcracki ngll phenomena look 
promising both in describing double 
differential cross sections and the 
observed mass yield curve. With 
regard to the earlier discussed 
observed power law in the particle 
spectra of cosmic-ray sources this 
model does not require high source 
temperatures. 

6. Change of Mechanism 
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FIG. 9. Angular variation of the spectra of fragments 
of Z = 8 from the reactions (a) 4.9 OeV p + Au, (h) 50e\' 
He + Au, (c) 5 GeV Ne + Au. (d) 8 GeV Ne + Au, (e) 21 
GeV Ne + Au, and (f) 42 GeV Ne + Au. 

Tnere are experimental results to show that fragments of a given mass 
(A = 30, say) originate in the most central collisions at low projectile 
energies while at higher projectile energies these same fragments are most 
likely to emerge from violent collisions. Figure 11 shows the multiplicity of 
fast charged particles for events in which "trigger" fragments or "trigger" 
t.'r(ltons were detected. The proton trigger comes from the fireball itself, and 
its detection necessarily weights the data towards the largest fireballs froln 
the most violent collisions. Thus the trend of proton trigger multiplicities 
is that of the most violent (b z 0) collisions. The fragment trigger 
multiplicities follow this trend up to 10 GeV projectile energy, showing that 
these fragments emerge from the most violent collisions. At higher energies, 
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however, the fragments emerge from collisions of less than maximum violence. 
The corollary is that at projectile energies above 10 GeV one can sometimes 
cause a Au nucleus to disintegrate completely into fragments of A < 10. 

This work was supported in part bY the Director, Office of Energy 
Research, Division of Nuclear Physics of the Office of High Energy and Nuclear 
Physics of the U.S. Department of Energy under Contract DE-AC03-76SF00098. 

References 
1) A. I. Warwick, et al. Phys. Rev. C27 (1983) 1083 
2) A.1. Warwick, et a1. Phys. Rev. Lett. 25 (1982) 1719 
3) A.M. Poskanzer, et a1. Phys. Rev. {3 (1971) 882 
4) H.H. Gutbrod, et a1. Nuc1. Phys. AT87 (1982) 177c 
5) J.E. Finn, et al. Phys. Rev. Lett~ (1982) 1321 
6) M.E. Fisher, Physics 3 (1967) 255 --
7) S.A. Austin, Michigan-State University Cyclotron Laboratory Report 

MSUCL-333 
8) J. Gosset, et a1. Phys. Rev. C18 (1978) 844 
9) A.S. Go1dhaber, Phys. Lett. 5~(1974) 306 
10) H.G. Ritter, et al., contribution to this conference 
11) G. Fa; and J. Randrup, Nucl. Phys. A381 (1982) 557 
12) J. Aichelin, private communication--

300 



The Asymmetric Fission of Relativistic Gold Nuclei 

P.S. Freier and C.J. Waddington 
School of Physics and Astronomy, University of Minnesota, 

Minneapolis, Minnesota 55455 

Abstract. Relativistic gold nuclei have been observed in nuclear emulsions. 
Among the nuclear interactions detected some 6.0% represent a fission of the 
projectile nucleus. One-third of these fission events have strongly asymmetric 
fission products while the other two-thirds are symmetric. This appears to be 
the first observation of a significant yield of asymmetric fission from nuclei 
in this mass range. 

Two small stacks of Ilford G5 nuclear emulsion pellicles have been exposed 
to a beam of gold nuclei, l~~ Au, accelerated at the LBL Bevalac to an initial 
energy of 1.06 GeV per amu. In this report we describe the characteristics of 
a small subsample of the observed interactions which represent fissioning of 
the incident nuclei. 

We have observed a total of 307 nuclear interactions of Au-nuclei in nuclear 
emulsions. They were detected by along-the-track tracing of the tracks of Au 
nuclei which were located by a systematic scan 1 mm below the top edge of the 
emulsion. Allowing for the intervening matter, and using a modified range
energy relation appropriate for nuclei of such high charge,l the initial energy 
of the nuclei detected in the emulsions was 980 ± 10 MeV per amu. Each nucleus 
found in this way was traced through the emulsion until it left the individual 
pellicle, came to rest, or produced an interaction. A total of 18.84 m of 
track was examined, leading to a total observed mean free path for gold of 6.1 
± 0.4 cm of emulsion (23.4 ± 1.3 g/cm 2 ). This mean free path is energy inde
pendent, as are the characteristics of the interactions. In particular the 
fissionlike events occurred at all energies. 

The interactions observed can be separated into classes based on the degree 
of breakup of the projectile by considering how much of the initial charge is 
still carried on fragments with Z > 6, Le., not "released". In this sample 
42% of the interactions show more than 20 charge units, cu, released, 15% had 
between 10 and 20 cu released, while 43% show that less than 10 cu were 
released. Of these latter, 81%, or 107 interactions, have only one residual 
fragment, while the remaining 24 have the charge carried by two or more frag
ments. On six of these the lighter fragment has Z < 10, while on one the 
charge is carried on five separate heavy fragments. On the remaining 17 in
teractions the charge is carried on two fragments, each with Z 2: 20. These 
events represent a splitting of the projectile nucleus into two nuclei and 
appear to be the result of afissioning of the nucleus. They are clearly anal
ogous to the similar fissionlike events observed with a ~ 50% probability when 
uranium beams traverse nuclear emulsions.~3The charges of the two fragments in 
these interactions are shown in Figure 1. 

We will show below that the kinematics of these events are entirely consis
tent with their representing the fissioning of the excited projectile nucleus, 
being characterized by modest impulses and energy releases compatible with the 
changes in binding energies. The validity of this interpretation as a mode of 
fission is important because 5 of the 18 events we are able to analyze in 
detail clearly represent an asymmetric mode of fission, with one fragment 
having approximately half the charge of the other, whereas nine are convention
al symmetric fissions and three show appreciable charge loss and are ambiguous. 
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Fig. 1. Plot of the charge on the heavy frag
ment against the charge on the light fragment. 
Events that could be kinematically analyzed 
are shown as solid points. Lines of no charge 
loss, ~Z = 0, EZ = 79, and of ~Z = 5 are given. 

Experiments where gold targets have been 
bombarded by projectiles of various mass and 
energies have failed to detect any appreciable 
yield of asymmetric fission. 4 - 7 Present models 
of fission appear unable to account for asymme
tric fission of elements such as gold. A clear 
demonstration of the asymmetric fission of gold 
would thus indicate that an alternate mode of 
inducing fission exists that had not been pre
viously considered. We have therefore analyzed 
in detail the kinematics of our events in 
order to establish that these events are con
sistent with a fission mode of decay. 

Z LIGHT FRAGMENT 
Due to the limitations of our technique ~e 

can neither measure the mass of the fragments, nor can we observe any neutrons 
emitted during the interactions. However, we do know rather precisely the 
energy of the incoming gold nucleus at the point of interaction from the amount 
of matter traversed and the energy loss rate appropriate for gold nuclei. 1 

Furthermore, we can at least estimate the energies of the fragments from their 
residual ranges if they come to rest, or from the rate of energy loss of secon
dary low-charged particles produced in further nuclear interactions of the 
fragments. These energy estimates are dependent on our charge estimates, 
which in turn depend on measurements of taper characteristics or comparative 
delta ray counts. Since meson production is generally small at these energies, 
and none have been observed in these particular interactions, these charge 
estimates are also constrained by requirements of charge conservation. We 
have confined our detailed analysis to those cases where the quality of the 
emulsions at the point of interaction allowed a reliable determination of the 
angles of emission of each fragment relative to the beam direction. Our kine
matic analysis is then principally based on a consideration of the behavior 
of the transverse momenta of the fragments since these are invariant between 
the different frames of references. Longitudinal momentum considerations, 
based on residual ranges of stopping fragments, have been used to confirm and 
sharpen up charge estimates and are generally consistent with these momenta 
being larger in those interactions characterized by lower transverse momenta 
but with total momentum transfers still corresponding to energy transfers of 
< 1 MeV/nucleon. 

We assume, as a hypothesis to be tested, that these fission1ike events can 
be represented by the following model. The incoming gold nucleus makes a 
peripheral interaction with a target nucleus of the emulsions. This target 
;nuc1eus is probably, but not necessarily, a heavy nucleus of Br or Ag. The 
modest degree of excitation of the terget nucleus that is characteristic of 
all these interactions, as revealed by the small amount of visible energy re
leased (small Nh) is consistent with this model. The momentum of the Au 
nucleus at the point of interaction is Po MeV/c per nucleon. In the interac
tion only a few of the nucleons of the incident nucleus are directly involved 
and these are either wounded and lose energy to the target nucleons, or 
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released as neutral, single and doubly-charged fragments that proceed with Po' 
The remaining spectator projectile nucleus receives a transverse impulse with 
a momentum of Pi per nucleon, which should be small enough to imply excitation 
but not disruption. This excited nucleus then fissions, releasing two frag
ments and possibly some neutrons. In the fission process the two fragments 
receive equal and opposite momenta, so that each has a perpendicular, p~, and 
longitudinal, PI! ' momentum component. If we make the further assumption that 
in the fission process the neutron to proton ratio in the two fragments is 
constant, Nl/Zl = N2/Z2, so that the total momenta of the fragments scale as 
the charges, then, even if neutrons are lost during the fissioning, values of 
Pi and of PL of each fragment can be deduced from Po,Zl,Z2 and the emission 
angles. From Pi we can determine the impulse energy, Ei' received by the 
residual nucleus in the collision. which presumably is an upper limit to the 
excitation energy. Similarly, from the PL values we can determine a lower 
limit to the energy released per nucleon in the fission process, Ef. In this 
case these are lower limits due to the neglect of longitudinal momenta. Values 
of Ei and Ef, expressed as values Eer nucleon, are given in Figure 2 for every 
event that could be reliably analyzed and had ~Z < 6. 

In order for the nucleus to fission we would expect an excitation of at 
least 20 MeV, or Ei ~ 0.11 MeV/n. Only 5 of the 15 events have Ei more than 
twice this value, while the remainder are consistent with modest excitation. 
The mean for allIS interactions is 0.15 MeV/n, or less than 30 MeV of possible 
excitation energy. In the fission process we should observe the release of 
0.7 to 0.8 MeV/n in binding energy. The actual energy release observed should 
on average be .':2 Ef and the values of Ef listed are generally entirely compati
ble with a fission process. The mean Ef is 0.54 MeV/n, corresponding to an 
average visible energy release of 0.77 MeV/n. The kinematics are thus consis
tent with our model and we do "indeed appear to be observing a form of fission 
similar to the more conventional mode observed in the reference frame of the 
fissionable nucleus. 

A possible indication that the physics of this unexpected asymmetric fission 
might be significantly different from the symmetric case is provided by the 
behavior of the fission fragments. Each of the fragments has been followed 
until it interacts, is brought to rest, or leaves the stack. For fragments 
produced by asymmetric fission 11 of 14 interact, while for fragments from 
symmetric fission only 3 of 22 interact. If the mean free paths, A, are ex
pressed in Z independ~nt units 8 then. the asymmetric fragments have A = 0.49i 
while the symmetric fragments have A"= 2.7l~. 
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In conclusion, we find that approximately 
one-third of the pure fissions induced in the 
Au-nuclei occur via an asymmetric rather than 
a symmetric mode. This appears to be the 
first uetection of appreciable asymmetric 
fission in nuclei in this mass range indepen
dent of how the fission is induced. A recent 
report has suggested that asymmetric fission 
can be induced in still lighter nuclei with 
Z ~ 140 by energetic proton bombardment. 7 A 
model for the asymmetric fission of these Au
nuclei which depends on an impulsive induce-

Fig. 2. Histograms of Ef and Ei' 
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ment during a very peripheral collision with a heavy target nucleus has been 
proposed,9 and seems to be consistent with all our data. The bombardment of 
a gold foil with energetic silver nuclei, in an experiment similar to that of 
Kaufman et a1.,6 would test these results and the proposed model. Similarly, 
bombardment with energetic gold nuclei and a search for coincident fissions of 
both the projectile and the target would be a feasible and definitive test. 
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Angular Correlations Between Target and Projectile Fragments 
Emitted from 238U + Ag(Br) Collisions at 0.85 A GeV 

H. H. Heckman, E.M. Friedlander and Y~J. Karant 

Lawrence Berkeley Laboratory~ University of California 
Berkeley, California 94720 

·Our examination of inelastic nuclear interactions of -lA GeV 238U in 
research emulsions revealed a.large range 'of target/projectile 
multiplicities,from simple binary fission to complete disintegration of both 
the uranium projectile and target nucleus.into nucleons and light nuclear 
fragments. 1 A particular class of U-reactions that we have begun to study 
are those that exhibit the classical target/projectile fragment topologies, 
selected by the criteria that at least 10 target- and 10 projectile- related 
fragments are produced in the reaction. Such reactions, when observed in 
emulsion, are identified with collisions of the iricident uranium ions with 
the heavy component, Ag(Br), of the emulsion. Because of the high 
multiplicities of both target and projectile fragments, statistically 
meaningful measurements on the .angular correlations between the target and 
projectile fragments becomes possible on an event-by-event basis • 

A 4 x 11 x 1 cm3 G-5 ILFORD emulsion stack irradiated by 0.96A GeV 
238U nuclei has been scanned over the beam profile for adistance of 1 cm 
from the entrance surface of the stack. Of a total of 399 interactions 
detected in the interval 0.85 = 0.10 A GeV, 52 fulfilled the selection 
criteria. Of these 19 events 'were deemed unsatisfactory for measurement 
owing to obscuration by nearby beam tracks and/or the proximity, i.e.~ 40~m, 
of the event to either the top or bottom surface of the'emulsion pellicle, 
thereby restricting angle measurements of fragments over the entire 4~ 
steradian. 

This report describes the status of our measurements on the angular 
distributions of i) target fragments whose rates of ionization correspond to 
Z = 1 particles having energies 100 A MeV and ii) projectile fragments, 
Z 2, emitted within a forward 15_200 cone. All emission angles were 
determined by measuring the xyz coordinates of two points along each track 
separated by distances up to -lmm, depending on the energy, i.e. multiple 
scattering, and direction of the emitted particle. From these measurements 
we have obtained the distributions of space - and azimuthal - angles of the 
target and projectile fragments relative to i) the incident beam vector or 
ii) relative to their respective angular "center-of-gravity". As will be 
seen, target and projectile fragments separately show significant asymmetries 
in the azimuthal distribution suggesting jet-like emission. Thus the c.g. of 
angles conceptually identifies the vector of the "jet" axis for each class of 
fragment. 

Figure 1 defines the coordinate systems (lab frame) we have used. a) is 
the "beam" system, where i is along the beam axis, with ~ = lx1. being normal 
to the beam-emulsion plane. b) is the "jet" system, where the 1 axis 
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is directed along the angular c.g. (the jet axis) of either the target or 
projectile fragments, with kl = il X i. The space angles e (e l ) and 
azimuthal angles 0 (0 1

) are-indicated-in their respective systems. 

FIG. 1. Coordinate systems: a) Beam system. b) "Jet" systel!l 

We have defined the "center-of-gravity" of n fragments to be 

;) in azimuth: 

and ii) in space: 

<0> = tan-1 ([sin 0i/LcOS 0i ) 

lL:· <cos 9> = - r.· i, n -1 -

where.Ii is the unit vector of the ith fragment. 

Fig. 2 presents the differences in the c.g. azimuthal angles, in the beam 
coordinate system, of the target and projectile (Z~2) fragments, i~e., 
A0 =<0>TF - <0>PF, based on 28 events. The data show a strong back to back 
correlation; all values of A0 are in excess of 90°, with a mean difference 
A0 = (149 % 4)° and dispersion 0 = 23°. These data are compared with those 
derived from a Monte Carlo simulation of each event assu~ing the target 
fragments are uniformly distribution in azimuth. This simulation is 
necessary in order to remove the bias (spurious asymmetry) inherent to 
choosing the empirical center of gravity as the angular origin. The 
calculated distribution A0 = <0>TF - <0>MC has a mean A0 = (101 % 11)° 
and 0 = (~6 % 8)Oz compatible with that expected for a uniform distr1bution, 
namely 90 and 52 , respectively. 

The verification that the asymmetries used to identify the c.g. of the 
azimuthal angle go beyond the above mentioned bias is that the angular 
distribution of all (643) target fragments measured relative to the c.g. 
angle <0> on an event-by-event basis exhibits a stronger correlation with 
<0>, i.e., a peaking towards 0°, than does the M.C. (isotropic) simulation of 
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the data. In this case, the dispersion of the distributions are 
Dexp. = (73 ± 2)° and DMC = (91 ± 3°), the ratio of the variances 
giving a P«F) - 10-6 
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FIG. 2. Distribution of the differences between the center of 
gravity of the azimuthal angles for a) target and projectile frag
ments and b) target fragments and Monte Carlo silll.llation for iso
tropic emission. 
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The azimuthal correlations described above imply significant correlations 
in the angles of emission of the fragments. In Fig. 3 we show the angular 
distribution of the target fragments in their "jet" frame, where cos G = 0 is 
the jet axis, Fig. lb. A plot of 1n (N-1dN/dcos6) vs. cos G reveals a 
forward-peaked distribution, the linear relationship indicated being 
characteristic of a Boltzmann energy distribution. For a Boltzmann 
distribution, the ratio of 1311, the longitudinal velocity, to 13 0' the 
characteristic velocity (~JTo[TempJ) of the emitting system, is 
erf(~l/Bo) = (1 - F/B) (1 + F/B)-l (see ref. 2). For the observed value 
of F/t!> ± 4.3 = 0.6, 13

11
/13 0 ~ 0.6, i.e., the translational energy 

TI/ ::::t O. 4T o. 

Based on our present data, the "jetll direction of the target fragments 
are also peaked forward, with on average value of <cos G> Z 0.6. The 
average emission angle of projectile fragments in the same events is 
<cos G > = 0.9986 (3°). These angles are incompatible with "bounce-off" 
(elastic) collisions of the U + Ag(Br) system before break-up, although they 
are compatible with two-body kinematics provided the excitation energles are 
about 50 MeV/nucleon. 
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Beyond the obvious angular asymmetries dictated by momentum conservation, 
the measurements we have made to date on these high-multiplicity U events 
suggest that non-trivial angular correlations may be present and extractable 
from data of the type presented here. One such (hydrodynamical) model that 
may be applicable for interpretation of the data is that proposed by 
Beckmann, Raha, Stelte and Weiner3~ whose article stimulated this 
investigation. 

This work was supported by the Director, Office of Energy Research, 
Uivision of Nuclear Physics of the Office of High Energy and Nuclear Physics 
ot the U.S. Department of Energy under Contract DE-AC03-76SF00098. 
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Azimuthal Angular Correlations between Heavy Projectile Fragments and 

Light Particles in the Reaction 18 0 + Ni at 8'1 MeV lu 

W.F.J.Muller, A.Gobbi, K.D.Hildenbrand, A.Olmi, H.Sann, H.Stelzer, 

GSI Darmstadt 

I.Bock, U.Lynen, MPI Heidelberg 

D.Pelte, U.Winkler, Universitat Heidelberg 

R.Glasow, K.H.Kampert, R.Santo, Universitat Munster 

At intermediate energies between 30-100 MeVlu the formation of a hot spot 

has been predicted 1, a reaction mechanism halfway between deep-inelastic 

scattering and participant-spectator behavior. As a localized excitation 

the hot spot may decay by particle evaporation as well as by heat con

duction to the interior of the nuclear residues. In inclusive measure

ments in addition to evaporation from target and projectile a source at 

mid-rapidity has been observed which may result either from hot spot evap

oration or from quasi-free nucleon-nucleon scattering 2. 

To investigate whether the mid-rapidity source in peripheral reactions is 

localized at the nuclear surface a coincidence experiment has been done at 

the 84 MeV lu 18 0 beam of the CERN-SC. the set-up used to study the corre

lation between projectile fragments and light charged particles is 

sketched in fig. 1. Projectile fragments have been detected in 6 scintil

lators covering the angular range between 1.5 0 and 4.5 0
, light particles 

in a 20 scintillator hodoscope covering a solid angle of 21T between 20 0 
-

80 0 (forward) and 100 0 
- 160 0 (backward). The set-up is almost symmetrical 

around the beam-axis in order to avoid systematical errors. 

The azimuthal angular correlation between a projectile fragment and a 

light particle in the forward hemisphere of the hodoscope is shown for 

various projectile fragments in fig. 2. .. In order to select peripheral 

interactions only events with a total light particle multiplicity of one 

were used. For projectile fragments heavier than Beryllium a pronounced 

enhancement of light particles on the opposite .side of the projectile 

fragment shows 

ratio of 2: 1. 

up which in case of Z =8 increases to a peak-to~valley 
p 

In order to derive an asymmetry-coefficient, a the distrib-

utionswere fitted with the expression: 

R = 1 - a cos (6~) 

The dependence of a on the projectile charge is plotted in fig. 3 for both 

the forward and backward hemispheres. In fig. 4 the average asymmetry for 
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z 
p = 4 .. 8 is shown as a function of the pulse height of the 

hodoscope-scintillators. Due to quenching effects and the missing parti-

cle identification this gives only a rough estimate of the particle 

energy. In the forward hemisphere the asymmetry increases with growing 

particle energy whereas at backward angles an asymmetry is observed for 

small energies only. For more central events where two or more light par

ticles are observed in the hodoscope, the asymmetry is strongly reduced. 

An explanation of this angular correlation due to projectile fragmenta

tion can be ruled out since the asymmetry is also observed at backward 

angles and furthermore the maximum shows up for events where the full 

charge of the projectile is detected. With similar reasons also hydrogen 

impurities in the target can be excluded. In a simple hot-spot picture due. 

to the shadowing by the target residue no pronounced peak would be 

expected at the opposite side of the projectile fragment. The observed 

asymmetry could be explained by nucleus-nucleon scattering where the pro

jectile interacts with one or a few nucleons of the target. In this case, 

however, a high transparency of the target nucleus for the scattered 

nucleon must be assumed. 

1 R. Weiner and M. Westrom, Phys.Rev.Lett. 34 (1975) 1523 

2 R. Glasow et al., Phys.Lett. 120B (1983) 71 

-;> 

e = 1.5° ... 4.5° 

~E 

Fig. 1: Experimental set-up. 
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Subthreshold K- Production in Nucleus-Nucleus Collisions 
A. Shor, J. Carroll, E. Barasch, S.Abachi, V. Perez-Mendez, T. Mulera, 

P. Fisher, G. Igo, S. Trentalange, K. Ganezer, and F. Kazeminzhad 

Abstract 

Nuclear Science Division, Lawrence Berkeley Laboratory 
University of California, Berkeley, CA 94720 

and 
University of California, Los Angeles, CA 90024 

and 
University of California, Davis, CA 95616 

We have measured the production cross section and momentum distribution 
of K~ produced at 0° in 28Si + 28Si collisions at an energy of . 
2.1 GeV/nucleon. The K- spectrum is approximately exponential. The large 
yield in the "subthreshold" production of K- that we observe corresponds to 
a production rate of lK- per 50 collisions at impact parameters less than 
If. Productions mechanisms involving collective effects and thermal 
equilibration are discussed. 

Relativistic nuclear collisions (RNC) may demonstrate interesting and 
possibly exotic nuclear phenomena involving abnormally dense nuclear matter,l 
meson condensation,2 or a phase transition to quark-gluon plasma. 3 For 
these nuclear tffects to occur, some degree of equilibration or collective 
interactions among the colliding nucleons must take place. A straightforward 
indication of thermal or collective behavior is the creation of particles 
whose production threshold is significantly above the available nucleon
nucleon collision energy. At the maximum Bevalac energy of 2.1 GeV/nucleon, 
the lightest particle for which production is "subthreshold" is the K-, 
which requires an N-N bombarding energy >2.5 GeV. 

We have recently measured the momentum distribution of K- produced at 0° 
in the reaction 28Si + 28Si at 2.1 GeV/nucleon. Negative secondaries produced 
in the heavy ion collision were momentum selected and transported along a 
magnetic beam line. Three bends, each followed by a detector station, allowed 
for multiply redundant measurements and particle identification. The detector 
stations were instrumented with an array of scintillation counters, focusing 
liquid Cerenkov counters, and high-pressure gas Cerenkov counters at the first 
two locations. Time of flight, along with multiple dE/dX measurements, deter
mined particle mass and charge. Identification of the dominant background 
was made with the liquid Cerenkov counters for P < 1 GeV/c and with the gas 
counters for P > 1 GeV/c. 

As an example of the good particle separation in our data, we show in 
figure 1 the results for laboratory momentum of 2.4 GeV/c. The TOF 
distribution for events that registered at the first two detector stations 
but that did not trigger the Cerenkov counters is plotted. This data set 
represents about 600,000 events prior to the Cerenkov cuts. The events in 
the peak at 0.85 ns are identified as kaons by their mean TOF. Four of these 
events actually survived to the third detector station to register correlated 
TOF information, thus confirming that these events were kaons. Cross 
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sections were determined by taking into account kaon and pion decay, channel 
acceptance, target thickness, and integrated projectile intensity. 

We measured yields of K- at laboratory momenta of 0.63, 0.73, 0.90, 
1.4, 1.9, and 2.4 GeV/c. The invariant K- cross sections, plotted as a 
function of the kaon kinetic energy in the nucleus-nucleus center-of-mass 
frame, are shown in figure 2, which includes the cross section for K- at 
Plab = 0.98 GeV/c that we measured in a previous experiment. 4 In these 
preliminary results from our recent experiment, we have assigned tentative 
error bars only. 

The data, plotted in the c.m. frame, appear to falloff approximately in 
an exponential manner, with a slope parameter Eo of about 80 MeV. This may 
indicate a thermal source at the mid-rapidity region. However, it is diffi
cult to imagine equilibration for a system as small as 28Si. Nevertheless, 
barring a thermal source, it may be difficult to account for the K- at the 
higher momenta. Since the K- requires a relatively large energy for its 
creation, it should be produced primarily at or near the mid-rapidity. For 
the K- to acquire a momentum significantly larger than p = mk S c.m. y C.m. 
(which in our case corresponds to 0.5 GeV/c), it would have to be produced 
coherently or to undergo several hard collisions subsequent to its 
production. (Note that a kaon at the projecti le velocity has a momentum of 
only 1.5 GeV/c.) 

An exponential fit to the seven data points gives a x2 value of 1.43. A 
fit excluding the measured point at 525 MeV gives X2 = 0.43 and a temperature 
of -80 MeV. This last point is then 2.5 S.D. above the 80 MeV line and could 
indicate a change in slope. 

Several models have been studied in an effort to account for the observed 
high K- yields. At 2.1 GeV, the de-Broglie wavelengths of the incoming 
projectile nucleons are about 0.3 Fermi, certainly much smaller than the 
internucleon separation. It is therefore reasonable to assume that the 
nuclear collisions consist of independent N-N interactions. Although N-N 
collisions at 2.1 GeV are below the K- production threshold, the nuclear 
Fermi momentum of the projectile and target nucleons allows for more of the 
N-N bombarding energy to be used for excitation rather than translational 
energy. A calculation has been performed4 that assumed a double gaussian 
parameterization for the Fermi momentum. Although very good agreement was 
obtained for subthreshold anti-proton production in proton nucleus collision, 
calculations for K- production in nucleus-nucleus collisions were more than 
twenty times below what we observed. Recent high energy muon and electron 
scattering experiments5 report systematic differences between the structure 
functions in iron and deuterium. These results indicate a distortion in the 
structure function of nucleons embedded in a nucleus that cannot be attributed 
to Fermi momenta. Theoretical speculations suggest that these distortions may 
be due to 6-quark states in nuclei. This effect would change our picture of 
independent N-N collisions and would have a marked effect on subthreshold 
production. 

We have made an estimate of the effects of intermediate ~-N and ~-~ 
interactions on K- production. A perturbation approach using hadron-hadron 
center-of-mass energies obtained from a cascade calculation show these effects 
to be small. Recently C.M. Ko has shown that hyperon-pion interactions 
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contribute significantly to the K- production rates'? However, his 
calculations assumed thermal pions and did not take into account finite b. 

lifetimes and noncentral collisions, and when these effects are included we 
estimate that this production mechanism accounts for only about 20% of the 
yield at 1 GeV/c. 

With the present K- data, we are able to rule out the ®-Bremsstrahlung 
model proposed. by K.H. Muller. 8 In his model, ®~mesons are radiated by 
decelerated nuclear matter and decay·to K- that are sharply pe~ked at the 
mid-rapidity. It also seems unlikely that the suggestion of KK-condensation 
is reasonable since it implies a structure in the K- spectrum that we do 
not observe. 

Subthreshold K- production will no doubt shed light on the'collision 
dynamics in nucleus-nucleus collisions, if not on new production mechanisms, 
and therefore warrants further investigation. 

This work was supported by the Director, Office of Energy Research, 
Division of Nuclear Physics of the Office of High Energy and Nuclear Physics 
of the U.S. Department of Energy under Contract DE-AC03-76SF00098. 
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NEUTRON EMISSION FROM COLLISIONS OF 390 MeV/u NEON IONS ON LEAD 
R. Madey, J.C~ Varga, B.D. Anderson, A.R. Baldwin, R. Cecil, 

and J.W. Watson 
Kent State University 

Kent, Ohio 44242 
G.D. Westfall 

Michigan State University 
East Lansing, Michigan 48824 

We measured neutron time-of-flight spectra at eight angles (viz., 0°, 
15°, 30°, 50°, 70 0

, 90°, 120°, and 1600
) from collisions of neon ions with 

an energy of 390 MeV/u at the center of a (3.43 g/cm2 ) Pb target. Flight 
paths ranged from 8 m at 0° to 3.5 m at 160°. The apparatus measured the 
time difference between the detection of a neon ion in a beam telescope 
(consisting of two 0.8 mm scintil1ators) and the detection of a neutron in 
one of the eight, mean-timed,l neutron detectors. 2 The neutron energy 
resolution varied from 4% at 100 MeV, to 8% at 400 MeV, to 15% at 800 MeV. 

In order to distinguish between peripheral and cehtral collisions, each 
neutron event was tagged with an associated r-fold (0 < r < 14) coincidence 
of charged particles with a threshold of 27 MeV for protons. The events 
were separated into high (r > 4) and low (r > 0) associated multiplicity 
events. Figures 1 and 2 are-semilog plots of the neutron spectra for 
collisions with r > 0 and r > 4, respectively. The striking peak in the 
r > a spectrum at 0° occurs at a .neutron energy slightly below the beam 
energy per nucleon. Comparison of the spectra in Fig. 1 with those in 
Fig. 2 reveals that the associated multiplicity tag has the greatest effects 
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for neutrons above ~ 100 MeV at forward angles; for example, the cross 
section a(r > 4, 8=0°, T = 380 MeV) is ~ 140 times smaller than the measured 
inclusive cross section a(r > 0°, 8=0, T = 380 MeV), whereas the cross 
sections at backward angles o(r > 4, 8 ~ 120°, T) are only ~ 18.5 times 
smaller than the inclusive cross-sections a(r ~ 0, 8 ~ 120°, T). 

The angular distributions of low-energy (e.g., 30, 50, 90, and 150 MeV) 
neutrons with r > 4 have nearly the same forward-peaked shape as the 
inclusive (r > oT angular distributions. For 8=120°, the ratio of the r > 0 
events to the-r > 4 events equals 18.5 ± 0.4 for the measured energy region 
from 30 to 160 MeV. The inclusive differential cross section a(r > 0, 8, T) 
and 18.5 times the differential cross section a(r > 4, 8, T) for r-> 4 events 
are plotted in Figs. 3 and 4, respectively, versus-the laboratory angle 8 
for 0 < 8 (deg) < 160 for neutron energi es T = 30, 50, 90, and 150 MeV. These 
observations of-forward-peaked neutron angular distributions for r ~ 4 events 
are in sharp contrast to the proton observations. For low-energy (~ 10 to 
40 MeV) protons, Stock et aP observed "relatively flat" angular distri
butions (from about 30° to 150°) for high-multiplicity events and forward
peaked distributions for low-multiplicity events from the reactions of 393 
MeV/u Ne on U and 1.04 GeV/u Ar on U. They concluded that forward emission 
of low-energy protons was suppressed in central Ne and Ar collisions on 
heavy targets. 
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Actually, the "relatively flat" angular distributions of low- and 
medium-energy protons reveal broad maxima at large angles. Stocker et a1 4 
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reproduced this qualitative feature with a nuclear fluid-dynamics (NFD) model 
which includes thermal breakup of the system into free particles when the 
expanding fluid reaches the breakup or freeze-out density. The existence of 
a collective sideward matter flow cannot be concluded definitively from the 
proton angular distributions because these distributions can be sensitive to 
the formation of composite fragments; for example, suppression of protons in 
the forward direction could occur if the process for formation of composite 
fragments were enhanced in the forward direction. In contrast to the NFD 
calculations, the cascade models calculate primordial spectra and reveal the 
same forward-peaked shape of the angular distributions for both peripheral 
and central collisions. The angular distributions of low-energy neutrons 
are similar to the predictions of cascade calculations. 4 The formation of 
composite fragments is expected to distort primordial proton spectra more 
than primordial neutron spectra. 5 ,6 This effect is a consequence of the 
facts that the neutron-to-proton (n/p) ratio of the initial system is 
greater than unity, that the formation of deuterons occurs with a higher 
probability than does the formation of heavier fragments, and that the 
formation of tritons and helium-3 particles occurs with approximately equal 
probability. Thus, since the light composite fragments carry away equal 
numbers of neutrons and protons, the nIp ratio observed in the final system 
is higher than that expected from the nIp ratio of the initial system. 

The neutron angular distributions in Figs. 3 and 4 indicate also that 
the emission of low-energy neutrons at 0° is suppressed in r > 4 collisions. 
In order to examine the degree of the suppression, we plot in-Fig. 5 the 
following ratio as a function of neutron kinetic energy: 

oCr ~ 0, 8=0°, T) - 18.5 oCr ~ 4, 8=0°, T) 
R = 

18.5 oCr ~ 4, 8=0°, T) 

R is about 0.3 for 30 and 50 MeV neutrons and decreases slightly with 
increasing neutron energy to about 100 MeV. The increase in R with 
increasing energy above 100 MeV reflects the fact that central collisions 
suppress the strong peak 
which is observed at a 
neutron energy slightly 
below the beam energy 
per nucleon in the 
inclusive spectrum at 
0°. 7 For T = 380 MeV, 
R '" 7. 

Figure 6 is a linear 
plot of the Lorentz 
invariant cross section 
0I(r ~ 0, 8=0°) in the 
region of the peak at 0° 
versus the neutron 
momentum up to ± 200 
MeV/c. The solid line is 
a Gaussian with a half
width of 58 MeV/c and an 
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offset of 27 MeV/c. The Gaussian is fitted to the data over a momentum 
interval of ± 60 MeV/c. After unfolding the experimental resolution, the 
half-width of the peak is 55 MeV/c. Figure 7 is a semi log plot of the 
Lorentz invariant cross section crI(r ~ 0, e=OO) and 18.5 crI(r ~ 4, e=OO) 
versus the neutron momentum in the rest frame of the projectile for momenta 
up to ~ 500 MeV/c. Note that crI(r ~ 0) falls off exponentially with a change 
in the slope at Po ~ 200 MeV/c. The characteristic (l/e) slope is 46 MeV/c 
below ~ 200 MeV/c and 78 MeV/c above ~ 200 MeV/c. Greiner et ala found that 
the longitudinal momentum distribution of protons emitted within a 12.5 m-rad 
acceptance cone in the fragmentation of (1.05 and 2.1 GeV/u) 12C and (2.1 
GeV/u) 160 projectiles was represented by (dcrf.dP) a: exp(-p,,/65). 
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Two-pion Correlations for 1.2 GeV/nucleon Ar on KCl 

D. Beavis, S. Y. Chu, S. Y. Fung,-W. Gorrt, A. Ruie, D. Keane, 
J. J. Lu, R. T. Poe, G. VanDalen, and M.Vient 

University of California, Riverside, California 92521 

ABSTRACT 
j 

The technique of pion interfero~etry is used to study the pion source 
for central collisions of 1.2 GeV/nucleon Ar on KCl. The data are desc!~~ed 
by a Gaussian source of radius 3.8 ± .5 fm, a,lifetime of (18 ± 6) x 10 
sec and a degree of coherence of .74 ± .17. 

The properties of the pion source pr~Q~ced in relativistic heavy ion 
collisions are a major focus of interest. Measurement of the space-time 
structure and the degree of coherence of the pion source would provide 
important information on the p~on emission process and the total rsaction 
mechan~sm. Studying pion pair correlations through interferometry has 
proven to be a suitable tool for obtaining such information. In this 
paper, we report the preliminary results of a pion interferometry analysis 
for 1.2 GeV/nucleon Ar on KCl central collisions. 

The experimental data was obtained using the Lawrence Berkeley 
Laborator! streamer chamber. The 1.2 GeV/nucleon Ar beam was focused on a 
.44 gm/cm KCl target located inside the streamer chamber. The chamber was 
triggered to preferentially select small impact parameter collisions, 
corresponding to 30% of the reaction cross section. Geometrically, this can 
be interpreted as selecting collisions with impact parameters of 5 fm or 
less. The observed average negative pion multiplicity is 2.3 per event. 
The detection efficiency, incorporating target absorption, scanning losses, 
and other inefficiencies is estimated to be ~ 90%, giving a corrected value 
of average negative pion multiplicity per event of 2.5. The observed 
negative pion multiplicity distribution is given in Fig. 1. The predictions 
of an effective one-pion fireball model including the trigger selection and 
detection efficiency are shown in Fig. 1 for values of the critical 
freeze-out density, p , of 1/3 (solid) and 1/2 (dashed) the normal nuclear 
density, p. For N _ c) 4 the slope of the negative pion multiplicity 
distributi8n is sen~itive to the value of p and the data suggest a value 
between 1/3 and 1/2 p. Later we will showCthat the interferometry analysis 
suggests a similar va~ue. 

The interferometry analysis is performed by fitting the correlated 
two-n_ cross section with the product of a function C and the uncorrelated 
two-n cross section. The function C contains the effects of Bose-Einstein 
statistics, dynamical correlations, fina~ state interactions, etc. For a 
Gaussian space-time pion emitting source with correlations induced only by 
the quantum statistics one obtains 

(1) 
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-+ 
where q and q are the center of mass relative momentum and energy of the 
pion pairs, ROis the source radius, T is the lifetime, A is a measure of the 
degree of coherence, and K is a normalization factor. 

The uncorrelated two-n cross section is generated by combining 
negative pions from different events with the same negative pion 
multiplicity. The effect of the final state ~--n- Coulomb interaction i~ 
corrected for by incorporating a Gamov factor in the uncorrelated two-n 
cross section. The determination of the normalization factor, K, is 
equivalent to requiring the ratio of correlated to uncorrelated two-n- cross 
sections at large relative momentum be unity. 

A subsample of 7200 events with N _ ) 2 is used for the interferometry 
analysis. In addition, a momentum req~irement of P ) 100 MeV/c is 
imposed to minimize multiple scattering effects in t~ target and electron 
contamination from photon conversion and Dalitz pairs. The final data 
sample contains 24,000 pion pairs. All pairs with q ( 60 MeV/c have been 
reexamined to remove any measurement errors. Our results are: 

and 

R = 3.8 ± .5 fm -24 
T = (18 ± 6) x 10 sec 
A= .74 ± .17 

The data and the fit have been summed over the relative energy and displayed 
in Fig. 2. The large statistics in the region for q ) 150 MeV/c gives an 
accurate determination of the normalization factor K and decouples the 
normalization from the source parameters. A Gaussian source radius of 3.8 
fm corresponds to a uniform distribution of radius 5.9 fm. Estimating the 
average number of participant nucleons to be 50, we obtain a critical 
freeze- out density, p ~ .45 p. This result agrees well with the 
expectation of the effgctive ong pion fireball model from the multiplicity 
distribution in Fig. 1. 

-24 The lifetime of 18 x 10 sec ~ 4.5 fm/c is quite reasonable for a 
source 3adius of 3.8 fm. In addition, models such as the intranuclear 
cascade suggest most of the pion production occurs for a period of 10 fm/c 
and therefore agrees well with our Gaussian width of 4.5 fm/c. In .the 
region of phase spa~e whZre q ~ q , Eq. 1 is no longer sensitive to Rand T 
separately but to R + T. This ~nduces a coupling in the determination of 
these parameters. In Fig. 3, the likelihood contours for the parameter 
space of Rand T are shown. A weak correlation in the manner expected is 
evident. 

The determination of the degree of coherence has always been one of the 
goals of the interferometry analysis. We obtained a value of .74 ± .17 for 
the degree of coherence suggesting that a component of the pion source may 
be non-chaotic. The degree of coherence is the only parameter significantly 
affected by the Gamov correction for n--n- Coulomb interaction. A value of 
A ~ .55 is obtained without the Gamov factor. The determination of R and A 
are strongly coupled as clearly seen by the likelihood contours displayed in 
Fig. 4. A value of A = 1 corresponding to a totally chaotic source lies 
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within two standard deviations of the minimum and therefore cannot be 
excluded. 

In conclusion, the pion source parameters for central collisions of 1.2 
GeV/nucleon Ar on KCl have been measured using pion interferometry. The 
radius and lifetime of the source are in agreement with the expectations of 
simple geometrical considerations. The data suggest the pion source may 
have a coherent component, which can be confirmed with a moderate increase 
in statistics. 

We are grateful to M. Gyulassy and W. Zajc for several useful 
discussions. We thank the entire Bevalac staff and in particular James P. 
Brannigan and Dr. Fred Lothrop. This work was supported by the U.S. 
Department of Energy. 
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Figure Captions 

Fig. 1. The negative pion multiplicity distribution for central collisions 
of 1.2 GeV/nucleon Ar on KCl. Predictions of an effective one-pion 
fireball model (ref. 2) for values of the critical freeze-out 
density of 1/3 (solid) and 1/2 (dashed) the normal nuclear density. 

Fig. 2. The data and fit summed over the relative energy as a function of 
the relative energy as a function of the relative momentum, q. 

Fig. 3. Likelihood contours for 1, 2, ••• standard deviations for the 
radius, R, and the lifetime, T. 

Fig. 4. Likelihood controus for 1, 2, ••• standard deviations for the 
radius, R, and the degree of coherence, A. 
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Two Particle Correlations Observed with the Plastic Ball Detector 
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Three different categories of two-particle correlations are being inves
tigated in the analysis of the Plastic Ball data. The first category, which 
has already received the most attention by others in the field of relativistic 
heavy ions, is source size determination using Hanbury-Brown, Twiss type 
interferometry. Two-pion correlations have been measured for this purpose 
with a streamer chamber1 and with a magnetic ~pectrometer.2 Source size 
measurements have also been made with proton-proton correlations3 following 
the calculations of Koonin,4 which include Coulomb and nuclear forces in 
addition to strictly interference effects. In this category of two-particle 
correlations the relative velocities are quite low. For protons the kinetic 
energy in the center of mass of the pair is on the order of 0.5 MeV. 

The second category of two-particle correlations deals with low-energy 
nuclear cluster formation, the kinetic energy in the pair center of mass being 
in the region 1 MeV to 10 MeV. Here one observes nuclear composites--the 
formation and decay of particle unstable isotopes and levels such as 5Li. 

The third category addresses higher energies, 100 MeV or more in the 
center of mass of the pair. In this energy region the possibility exists for 
seeing baryon resonances. For example, delta decay might be observed via 
n+-p correlations or dibaryon resonances by n+-d correlations. 5 

Here we shall be reporting only on preliminary results obtained in the 
first two categories. So far, source sizes and cross sections have not been 
extracted as we have mainly been exploring, looking for those areas where the 
unique features of the Plastic Ball can best be exploited. The most obvious 
advantage of the Plastic Ball for two-particle correlation measurements is 
the large solid angle (-4n) and rapid data collection, which allow better 
statistics than are easily obtained with other devices. On the other hand, 
the relatively coarse angular resolution (3.5° to 10°) and the limited energy 
resolution impose restrictions on the correlations that can be measured. The 
studies described here have been limited to the possible two-particle 
combinations of p, d, t, 3He, and 4He with low relative velocities. 
Particles included in the analysis were stopped in the Ball detector 
(laboratory angle 10° to 160°) where particle type and energy could be 
determined. As work progresses the correlations will be compared for various 
projectile target combinations, but to date our efforts have been· 
concentrated on Ca + Ca at EtA = 400 MeV, the system for which we have the 
largest data set. These data were recorded using a central collision trigger. 

The correlation function F(~p) has been generated in a manner similar to 
that used in two-particle interferometry studies. 3 
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where Ns(Ap) is the number of pairs per unit AP taken from the same event 
and Nd(AP) are the number of pairs per unit AP constructed from different 
events. The momentum AP is the particle momentum in the center of mass of 
the pair. The factor n is chosen arbitrarily such that F(Ap) equals 
approximately one at large Ap. This correlation function is closely related 
to the R correlation function used by Koonin: F(Ap) - 1 = R(Ap). F(Ap) is 
greater than 1 for positive correlations. The particle momentum in the 
center of mass (Ap) was chosen for this analysis for two reasons. First, 
this choice is consistent with the variable used in other source size 
determinations (Ap = IPI - P2i/2 for pairs of like massed particles). 
Second, AP is easily related (nonrelativistically) to Q values and excitation 
energies (Ex) of clusters formed from the pair, i.e., 

AP = 
m m 

2 1 2 (E + Q) 
mI+m2 x 

The resulting correlation function for proton-proton pairs is shown in 
fig. 1. The two solid curves shown with the measured correlation function 
are predictions4 for Gaussian sources with rms radii of ro = 3 fm and 
5 fm and a lifetime of T = O. The expected enhancement in the measured 
correlation function is clearly observed, but it peaks at 30 MeV/c instead of 
20 MeV/c, Koonin's predicted value. Also the peak is broader than predicted. 
Both of these distortions can be blamed on the finite angle subtended by a 
Plastic Ball detector module. This distortion, however, is probably not a 
serious problem for a source size analysis, since the integrated peak area 
should be as sensitive as the peak height to the source radius. 

We have found that p-p is not the only two-particle system to show 
correlations at low Ap. A number of other two-particle systems exhibit 
stronger correlations, some positive, some negative. The most striking 
examples appear in figs. 2 and 3. As shown, there is a strong enhancement in 
the p-4He system at a AP value corresponding to the decay of the 5Li 
ground state. Likewise, d-4He has a Qeak that apparently comes from the 
decay of the lowest excited levels of 6Li. For the d-d system, on the 
other hand, there is a negative correlation. At low relative velocity 
deuterons appear to coalesce into excited states of 4He that decay by 
another channel. The observed depression in the d-d correlation function 
extends up to AP = 150 MeV/c. This is well beyond the AP = 55 MeV/c 
instrumental cutoff imposed by the finite angular size of the detectors in 
the Plastic Ball. The d-d system may be contrasted with the p-t system, 
which couples to slightly lower values of 4He excitation. In this case 
there is evidence again of a positive correlation at low Ap. 

The results obtained so far show that the Plastic Ball with its large 
solid angle can be a useful tool for measuring two-particle correlations. 
The present effort on two-particle correlations will continue along two 
lines. First, work will continue towards extracting source size information 
from proton-proton correlations. The initial question is how much does the 
limited detector angular resolution distort the true correlation function, 
and is this important? Perhaps the integrated peak in the correlation 
function is sufficient for source size measurements. There is the 
additional, more fundamental question, what is the meaning of the source 
size? Maybe this is the freeze-out radius since correlations from an earlier 
stage would probably be largely destroyed through later interactions. 
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The second line of effort will be devoted to extracting relative cross 
sections for the formation of the particle-unstable isotopes and levels that 
we have observed. These can then be compared with phase space models such as 
Fai and Randrup's,6 which predict yields of stable as well as unstable 
clusters. 

This work was supported in part by the Director, Office of Energy 
Research, Division of Nuclear Physics of the Office of High Energy and Nuclear 
Physics of the U.S. Department of Energy under Contract DE-AC03-76SF00098. 
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Figure Captions 

Fig. 1. 

Fig. 2. 

Fig. 3. 

p-p two-particle correlation function as a function of the particle 
momentum in the center of mass of the pair. Solid curves are 
predictions of Koonin for sources with rms radii of ro = 3 fm and 
S fm. The source lifetime is T = O. Values of F(~p) greater than 
1 indicate a positive correlation. 

Two-particle correlation functions for d-4He coupling to 6Li 
and p-4He coupling to SLi. Position of levels known to decay 
to the pair particles are indicated. 

Two-particle correlation functions for d-d p-t both coupling to 
4He. Correlations are shown as a function of the particle 
momentum in the center of mass of the pair. Position of some 4He 
excited states are indicated in the p-t system. 
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Composite Particle Production Measured with the Plastic Ball 
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One of the questions to be answered by studying collisions of nuclei at 
relativistic energies is whether 'phase transitions can occur in nuclear 
matter. Several models have suggested changes in entropy as a signature of 
such a phase transition (1). More recently a suggestion has been made that 
one measure of entropy might be the comparison of the deuteron yield to the 
proton yield (2). A further refinement has been made that proposes measuring 
the number of real and virtual deuterons to determine entropy. This d-like 
quantity as defined by Bertsch and Cugnon (3): 

d-like = 0 + 3/2(He3 + T) + 3He4 

is used in this work. 

.. The measurements of these quantities up until this time has been done 
with single particle inclusive measurements. As has been shown recently with 
results from the Plastic Ball such measurements average over impact 
parameters. Consequently, information about quantities that have a charge 
particle multiplicity or impact parameter dependence is lost. The results to 
be reported on in this work indicate just such a dependence of d-like/p-like 
on charge particle multiplicity, which is defined as follows 

p-like = P + 0 + T + 2(He3 + He4) 

The detection and identification of composite particles by the Plastic 
Ball have several limitations affecting the d-like to p-like ratio. First, 
there is a 40 MeV per nucleon lower threshold, which suffices to exclude 
target spectator fragments that come from a late stage of the collision from 
being included in the measurements. Second, the particle identification 
scheme of the Plastic Ball does not allow a distinction between protons and 
deuterons above a deuteron energy of about 400 MeV. Further limitations in 
particle identification make it judicious to use only the yields as measured 
in the backward hemisphere in the center-of-mass system (which for symmetric 
systems is just the nucleon-nucleon center of mass) and multiplying them by 
two. This effectively excludes projectile spectator matter. The d-like and 
p-like quantities to be presented are measured in this way. 
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The data as seen in Figure 1 are for the systems Ca + Ca at E/A = 400 
and 1050 MeV and Nb + Nb at E/A = 400 and 650 MeV. Clearly, the 
a-like/p-like ratios change as a function of multiplicity but also seem to 
saturate for high p-like values. Furthermore, the data show that for a given 
p-like value the ratio depends on the target + projectile system and the 
bombarding energy. The implications of this await a consensus among 
theorists on just how to extract entropy from a-like to p-like ratios. 
Values extrapolated to high multiplicity, in any case, might be the most 
appropriate to use. 

Fits to these data can be made in terms of the coalescence model, which 
has been recently improved (4) to include the finite size of the deuteron, as 
well as the volume of the participant region. The coalescence radius Po in 
momentum space is related to the deuteron radius rd and the participant 
radiusR by 

a-like 4 3 N 
p-like2 = j1T Po = [1+2(R/rd)2]372 

where N is a normalization factor and R can be related to the observed charges 
by R = ro (2 p_like)1/3 with ro a free parameter. Fits varying the 
normalization and the ratio of ro/rd yield an ro/rd value of -0.34 for the 
systems Ca + Ca at E/A = 400 MeV and Nb + Nb at E/A = 400 and 650 MeV. To 
extract an rQ value the value of rd must be known. The free deuteron 
radius of 2.~ fm gives values for ro that suggest a freeze out density 
greater than normal nuclear matter. However, a recent paper by Schulz et al. 
(5) finds the deuteron radius to be a function of temperature and pressure. 
Their calculations suggest a deuteron size of -3.9 fm at a temperature of 60 
MeV and a density close to normal nuclear matter density. The ro extracted 
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would then be 1.35 fm corresponding to a freeze out density of -0.8 times the 
density of normal nuclear matter, which is clearly higher than expected. The 
question of the deuteron size and the value of the freeze out density remains 
a puzzle. A more complete phase space calculation of cluster production 
using the formula of Gyulassy and Remler (6) yields essentially the same 
values for the freeze out density. 

_ Finally, the formula given above (4) can also be used to extract the 
d-like/p-like values for high multiplicities by rewriting it as 

a-like N p-like 
p-like = [1+2( r o

/r
d

)2(2 p_like)273]372 

For large ~~like values then the factor of one is negligible and the ratio 
simply becomes: 

a-l i ke N 
= --.-"'T7'r"------..-

~-like 2572(ro/rd)3 

The values extracted for il-like/p-like from the fit values of Nand rQ/rd are 
shown in Table 1. These values as a function of the incident projectlle 
energy will no doubt be of interest in looking for phase transitions in nu
clear matter and will be forthcoming from the Plastic Ball. How to determine 
the entropy of a system from these ratios clearly needs theoretical attention. 

Table 1 

System E/A d-like/p-like 

Ca + Ca 400 0.74 

Ca + Ca 1050 0.37 

Nb + Nb 400 0.83 

Nb + Nb 650 0.66 

This work was supported in part by the Director, Office of Energy 
Research, Division of Nuclear Physics of the Office of High Energy and Nuclear 
Physics of the U.S. Department of Energy under Contract DE-AC03-76SF00098. 
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Pion production in the symmetric system Ar + KCl was studied in the 
energy range 0.4-1.8 GeV/nucleon using the Streamer Chamber Facility at the 
Bevelac. The main purpose of this experiment was to measure a complete set 
of pion spectra, in order to test existing and future theoretical models 
describing the pion production and absorption in nucleus-nucleus collisions 
at higher nuclear densities. Up to now there exists no theoretical or phenom
enological approach that reproduces all the features of the pion production 
mechanism, though specific aspects are well reproduced by several models. 

In the following we report some observations that were made in central 
collisions at an incoming energy of 1.8 GeV/nucleon, which to our knowledge 
are not predicted by any of the existing theoretical or phenomenological 
approaches. 

Already in the study of inclusive pion spectra by Nagamiya et al. (1) an 
interesting variation in the angular anisotropy as a function of pion energy 
was observed in the reaction Ar + KCl at 0.8 GeV/nucleon. 

We observe the same behavior of the angular distribution in central 
collisions at 1.8 GeV/nucleon, which has been parameterized according to 

2 
P 1 ~ - (1 + a COS

2
9) 

c.m. dEd)2 

In Fig. 1 the parameter "a" is plotted as a function of the kinetic energy E 
of the pion in the nucleon-nucleon c.m. system. The angular distribution is 
anisotropic for pions in the kinetic energy region corresponding to delta 
decay, but for pions with E > 350 MeV the emission again becomes more 
isotropic. 

To our knowledge none of the existing models predicts this behavior. 
The result for parameter "a" from a nucleus-nucleus cascade calculation (2), 
which does not include multi-pion production, is also plotted in Fig. 1 and a 
comparison shows that pions with energies E > 300 MeV observed in the 
experiment are much more isotropic than those calculated in the cascade. 

This pion emission pattern might suggest that the very energetic pions 
are emitted from a fireball-like interaction region, which is created in the 
very center of the reaction volume, whereas most of the pions are produced in 
the reaction NN = delta N = PI NN and subsequent final state interactions. 
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Further support of this reaction mechanism stems from the transverse
momentum spectrum (pper spectrum) of the pions. In Fig. 2a the pper spectrum 
is plotted and fitted with a single temperature according to Hagedorn's ther
modynamical model (3). The fit gives a temperature of T = 58.2 ± 0.5 MeV; 
however, this fit is completely rejected by the large value of X2, whereas 
the cascade results are fitted quite well with T = 68.8 ± 5 MeV (Fig. 2h). 
In Fig. 3 a fit with two temperature components is applied to the data. The 
two temperatures Tl = 58.7 ± 2 MeV and T2 = 102.4 ± 6 MeV were extracted. 

These two temperatures might be interpreted as direct firehall pions (4) 
with the temperature T2 and pions with temperature Tl originating from 
decaying deltas. 

From the statistical model one would expect a temperature of about 
T2 = 110 MeV for the fireball pions and for pions originating from completely 
thermalized deltas of about Tl = 79.6 MeV (5) if one neglects cooling. The 
temperature of the parent delta distribution in this case is assumed to be 
equal to the temperature of the lambdas (T = 116 MeV), which was measured 
previously (6) in the same experiment. 

We conclude from the analysis of the pion spectra that there is some 
experimental evidence that the pions are mainly emitted from deltas, which 
might to a certain extent be thermalized, whereas a fraction of the pions is 
emitted from a hot fireball-like very central interaction region. These 
pions carry the temperature T = 102 MeV, which agrees reasonahly with the 
prediction of the statistical bootstrap model (4), though the 
forward-backward enhancement of pion emission is not reproduced by this model. 

This work was supported in part by the Director, Office of Energy 
Research, Division of Nuclear Physics of the Office of High Energy and 
Nuclear Physics of the U.S. Department of Energy under Contract 
DE-AC03-75SF00098. 
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Figure Captions 
Fig. 1. Fit parameter "a" as a function of the kinetic energy of the pions 

in the nucleon-nucleon c.m. system. 
Fig. 2a. Transverse-momentum spectrum of the pions fitted with a 

one-temperature component distribution (see text). 
Fig. 2b. Transverse-momentum spectrum of the pions from a cascade 

calculation with a one-temperature component distribution. 
Fig. 3. Same distribution as Fig. 2a but fitted with a two-temperature 

component distribution. 
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Au TARGET FRAGMENTATION AT INTERMEDIATE ENERGIES 

K. Aleklett, W. Loveland, P. L. McGaughey, K. J. Moody, R. M. McFarland, R. H. 
Kraus, Jr. and G. T. Seaborg, Lawrence Berkeley Laboratory, Berkeley, CA 94720 

Target fragment yields 1iere measur:d fot' the interaction of 12.0 and 18.4 
MeV/u 160 and 45.8 and 83.8 MeV/u l2C wlth 1~7Au. 

In Figure 1 we show the isobaric yield distributions for the systems 
studied in this work along with similar data for lower and higher energy ex
periments. Because we have previously shown that the product yield distribu
tions are generally invariant (with the exception of the light fragments) in 
the projectile energy region from 250-2100 MeV/u, we choose to represent all 
"high energy" distributions with a single distribution from the interaction of 
MeV/u 20Ne with 197Au. Upon examining the data of Figure lone observes three 
distinct qualitative changes in the product mass distributions with increasing 
projectile energy. The yields of the light fragments (A<60) increase dramati
cally with increasing projectile energy. The magnitude of the large central 
"hump" in the mass distribution (which generally represents fission events) 
decreases with increasing projectile energy until at the highest energies it 
is barely, if at all, separable from other processes. In addition the cen
troid of the fission product mass distribution moves to lower A values repres
enting a decrease in the average mass ofthe:fissioning system. Such a change 
would, of course, be expected as a consequence of decreasing complete fusion 
and increasing incomplete fusion with increasing projectile energy. The 
yields of those fragments whose mass numbers are between that of the target 
and the fission fragments increase sharply with increasing projectile energy 
while the yields of trans-target species sharply decrease and appear to be 
very small at projectile energies of 45 MeV/u and higher. 

The comparison of the predictions of the nuclear firestreak model and 
this data is quite interesting. Perhaps because the firestreak model empha
sizes the collective aspects of the reactions, which are more important at 
intermediate energies, it appears to do a good job in describing the data. 
It even appears to do a reasonable job of describing the 18.4 MeV/u data. 

To describe the fragment yields from a "low-energy viewpoint", we 
used the generalized sum rule" model of Wilczynski et al. l to calculate the 
cross sections for various incomplete and complete-rusion reactions. The 
excitation energy of each of the many resulting products was assumed to be 
the "optimal" excitation energy as calculated using a semi-classical DWBA by 
Toepffer2 and as used by Hubert et al. 3 tq calculate the yields of transfer 
products in low energy reactions-.- The de~excitation of each primary frag
ment was calculated using the same DFF code used in the firestreak calcula
tions. The agreement between the calculated and measured fragment yields 
for the reaction of 12.0 MeV/u 160 with 197Au seems excellent. Satisfactory 
agreement between the calculations and the data is also seen at 18.4 MeV/u 
projectile energy but when the projectile energy is raised to 45.4 MeV/u there 
appears to be a significant difference betwen measured and calculated 
distributions. This discrepancy may be due to the fact that the only way 
in which the projectile energy enters into the model is the calculation of 
the projectile wavelength giving rise to the situation that the angular 
momentum windows leading to each particular type of transfer are energy in
dependent. 
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The dramatic increase in the yields of the light fragments with increas
ing projectile energy is of considerable interest. In Figure 2 we compare the 
excitation functions for two typical light fragments (24Na and 46Sc ) produced 
in the fragmentation of 197Au by protons and heavy ions. The data used in 
compiling Figure 2 come from various published and unpublished data and 
this work. Above some energy, the fragment yields from the proton induced 
fragmentation become 'invariant with further increases in projectile energy 
while the yields from the heavy ion reactions appear to increase slightly 
with increasing projectile energy. The ratio of yields of a given fragment 
in proton and heavy ion reactions is greater than the ratio of the total 
reaction cross sections. 

The determination of the relative thresholds for the heavy ion and pro
ton induced reactions may be instructive. No simple linear dependence of the 
light fragment production ~ross sections upon l/E~m can be found which indi
cates more than one mechanism is operating in producing these fragments. This 
is consistent with previous observations of the binary or non-binary character 
of these reactions at intermediate and high energies, respectively. Simple 
comparisons of the data in Figure 2 indicate that the heavy ion reactions have 
lower thresholds for the production of light fragments than do the proton 
induced reactions. This situation is predicted by a model due to Bertsch4 
in which the light fragments are produced from unstable nuclear matter 
reached by an isentropic expansion of overstressed nuclear matter. 
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ABSTRACT 

PHASE-SPACE CONSTRAINTS ON THE MOMENTA OF 
PROJEC'fILE FRAGMENTS 

Martin J. Murphy 
Nuclear Physics Laboratory 
university of Washington 

Seattle, WA 98115 

The model of projectile fragmentation as' a fast reaction which samples 
the nucleon Fermi momenta in the projectile prior to the collision is revised 
to reflect the fact that the fragment is also a Fermi gas. The results 
predict fragment momentum distributions which are narrower than those 
observed. 

A fundamental feature of relativistic projectile fragmentation reactions 
is that, -for a projectile of mass A and fragment of mass K, the longitudinal 
momentum distributions for the fragments in the projectile rest frame have 
Gaussian shapes whose widths 0 can be approximately described by 

2 
o 

K(A-K) 2 
:'! A-I 0 0 , (1] 

where 0 is ~90 MeV/c for most fragment ~sesl; In an early interpretation 
of thes~ observations, Feshbach and Huang postulated a fast reaction 
mechanism which samples all possible combinations of ground-~tate nucleon 
momenta in the projectile prior to the collision. Goldhaber subsequently 
showed that if the projectile nucleons have a mean-square momentum equal to 
(3/5)P;' where PF is the Fermi momentum, t2en such a sampling has a momentum 
disper~ion of the form of eq. (l~, with 0 0 = (1/5)P;. This predicts 0 0 ~ 112 
Mev/c. In a later paper, Bertsch treated the correlations between the 
momenta of ~ndividUal nucleons localized in space and calculated a corrected 
width for 4 Ar fragmentation which was 17% smaller than Goldhaber's 
prediction. The agreement with experiment is compelling. However, there are 
still more constraints on the nucleon momenta; I shall describe one here which 
.further narrows the momentum distributions, so that the prediction of the fast 
reaction mechanism is less than the observed widths. 

2 The pro~lem solved by Goldhaber3 involved only the constraint 
<p > = (3/5)PF on the magnitudes of the individual nucleon momenta in the 
projectile rest frame. Goldhaber's problem placed no upper limit on the 
magnitude of anyone nucleon's momentum in the projectile frame, and no 
constraints at all on the final-state nucleon momenta in the fragment rest 
frame. In reality, the bound-nucleon momenta in both the projectile and 
fragment are arranged in Fermi distributions with an upper limit on their 
magnitudes, which we may assume to be the Fermi momentum P. I shall show 
that the more realistic situation of Fermi gases for both ihe projectile and 
fragment significantly reduces the phase space available to nucleons in 
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the fragment, relative to the situation considered by Goldhaber. This has the 
consequence of narrowing the predicted distribution of a fragment's total 
momentum in the projectile frame. 

To investigate the effects of constraints on the individual nucleon 
momenta in the projectile and fragment frames, I proceed in the following 
way: Let {p.} designate the A nucleon momenta in the projectile frame, and - ~ {p.} the momenta of K of these nucleons in the fragment K's rest frame. If 
th~ fragment K has a total momentum P in the projectile frame, then the 
addition of velocities requires (l/K)~K + p. = p. for the (i=j)th nucleon. 
First consider the case in which there is n6 con~traint on the magnitudes {p.} 
for nucleons in the fragment.:. For any value of PK, each magnitude p. can be] 
chosen small enough so that p. can point anywhere in the Phase-spaceJsPhere of 
radius p.. '!'his corresponds to the problem of Goldhaber. If, however, one 
requires]that the projectile and fragment be bound nuclear systems such as 
Fermi gases, which have well-defined 
momentum distributions limited by 
their Fermi surfaces, then for 
s~fficiently large PK the momenta 
{p.} can no longer have arbitrary 
ditections - each is constrained to 
the segment of phase space defined 
by the polar angle ~. (0 ~ 9. ~ 
~.). This is illusttated in]Figure 

J -1. (The nucleon momentum p. is . 
excluded from the shaded v01ume. ) 

,./1 . 

renMI SURFACE FRAGMENT 

As the total momentum PK of the fragment increases, the constraint allows less 
and less phase space for the fragment nucleons. 

How does such a phase space restriction affect the width of the 
fragment's momentum distribution N(P

K
)? Goldhaber obtained the dispersion a 

of N(P
K

) by counting the number of ways in which A vectors, taken K at a time, 
can add up to P. I now ask, how many ways can a fragment be assembled of K 
momenta {P.} Wi~, and without, constraints on the directions of the p.? The 
condition 6n the momenta in the fragment nucleus K is that they satisf1 

K ... 
1: Pj = 0 (21 

j=l 
'!'hus the question reduces to determining the number of ways W that the 
unconstrained {p.} can add to zero, and the number of ways W' that the 
constrained vect6rs can add to zero. The phase space restriction then reduces 
each point on the original momentum distribution N( P K) by a fraction f( P K) = 
w'/W, and the corrected distribution is 

(3] 

This distribution has a new, smaller width a'. 

The quantities W and W' can be obtained by solving the random walk 
problem in three dimensions. In other words, I ask for the number of ways in 
which K vectors {p.} can add up to a total P=O, when each vector's magnitude 

] 
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and direction is speCifi~d by a distribution function T.(p.).The 
solution (due to Markof~) is obtained from the Fourier)transforms 
functions T.: 

) 

formal 
of the 

( 4] 

If we assume that the nucleon momenta p. have discrete magnitudes R. and the 
polar angles e. are limited to /3. ,then) ) 

) ) 

T.= 3 I 8[P~ - R~] H[e. - /3.) (5] 
) 2rrRj[1-CoS/3

j
) ) ) ) ) 

where H(e.) is the Heaviside (unit step) function. For unconstrained momenta, 
/3. = rr .. ) 

) 

Before discussing the solution of eq. (4), a refinement of the phase 
space constraint is necessary. So far, I have considered a limit of p on the 
magnitudes of the momenta {p.} in the projectile. In fact, the prOjectile 
nucleons are arranged in a F~rmi sea, in a succession of states of momentum 
less than or equal to PF' The K nucleons in the fragment are a sample of this 
distribution and thus some are limited to momenta much less than PF in the 
projectile frame. To accomodate this set of constraints on the fragment 
nucleons, one can estimate the probability that the jth nucleon in the 
fragment corresponds to one of the nucleons in the projectile with momentum 
less than or equal to p .. Then a weighted mean phase space constraint </3.> on 

~ J p. can be computed to reflect the range of momenta in the projectile. 
) 

At this point we have a set of phase space constraints {</3.>} on the 
momenta {p~} which reflect the fact that the fragment is a FermiJgas, and was 
made of nu6leons from another Fermi gas. The set of K different quantities 
{R.,</3~>} were averaged to ob~ain mean values Rand /3. ~iS perm~ts use of 
th~ s01ution of Chandrasekhar to eq. 4 for the case T. (p.) - T( p) and large 

J ) K: 

f 
W' 
W 

(6] 

Equation (6) represents the fractional reduction f in the ensemble of 
ways a fragment of mass K and total momentum P K may_be forme~, when one goes 
from having no constraints on the nucleon momenta {p.} and {p.}, to a 
requirement that they form Fermi gases. How large i~ this effect for 
observable reactions? IncI~ive momentum s~ctra have be~2 measured for ihe 
fragmentati~2 of 211 MeV/N Ar prOjectiles, 1050 MeV/N C projectiles, and 
2100 MeV/N C and 60 projectiles. The experimentally determined reduced 
widt~s ao for the momentum dist5ibutions, defined according to eq. (1), are 
shown in Figure 2. Goldhaber's prediction of a ~ 112 MeV/c for the fast 
reaction mechanism is indicated by a dashed line~ The reduced widths ao 
predicted by this calculation are shown by solid lines. 
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The phase space correction reduces the 
dispersions a and introduces a mass dependence 
in ao' so that ao decreases as K becomes small. 
The dependence on K becomes more pronounced as 
the projectile becomes smaller. A qualitatively 
similar mass dependence is present in the data. 
These features are directly linked to the 
distributions of nucleon momenta in the 
projectile and fragment. However, if 
ground-state Fermi momentum distributions are 
assumed for the nuclei, the corrected 
dispersions are systematically narrower than in 
the observed spectra, sometimes by a large 
degree. This will be further aggravated by 
other corrections to the momentum dis~rsion. 
For example, the correction by Bertsch for 
ground state correl~Oions, which has only been 
calculated for the Ar projectile, reduces the 
width ao in this reaction by an additional 17% ' 
for all fragmen~ masses. (The combined 
correction for OAr is shown as a dotted line in 
Figui8 2.) In order to obtain predictions of ao 
for Ar that agree in magnitude with the 
observations, it would be necessary to increase 
the nucleon momenta in ,the projectile by 3% (for 
K=36) to 11% (for K=16) above the ground state, 
while keeping the fragment's distribution near 
the ground state. This corresponds to 
excitation of the projectile by 2 MeV/N (for 
K=36) to 7.6 MeV/N (for K=16) prior to 
fragmentation. 
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I conclude that the inclusive momentum spectra of projectile fragments 
reflect the internal momentum distributions of both projectile and fragment, 
but the relevant distributions are not those of gr~u~d state Fermi gases prior 
to the collision, as had been originally proposed.' Rather, it is necessary 
that the projectile momentum distribution be excited above the ground state 
prior to formation of the fragment in order to predict the observed widths via 
this formalism. 
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L~CLUSIVE K+-PRODUCTION IN THE MODEL OF TRANSPORT THEORY FOR 

HIGH-ENERGY NUCLEUS-NUCLEUS COLLISIONS + 

w. Zwermann, B. Schli~~ann, K. Dietrich and E. Martschew 
Physik-Department, TU Mlinchen, D-8046 Garching, W. Germany 

Abstract: The inclusive differential cross section for K+-meson 
product ion in the reaction Ne+NaF at 2.1 GeV /N is cal,culat ed 
within an independent multiple collision approach,neglecting 
the possible influence of the rescattering of the produced 
kaons by surrolinding particles. We use the ne·ar-analytical, 
parameter-free model of transport theory with slight modi
fications, to determine the momentum distributions of the 
colliding particles after each number of collisions,taking 
account of pion production via the delta resonance. 

Recently,the inclusive differential K+-production cross 
section has been measured in the reaction Ne+NaF at 2.1 GeV/N 
/1/.The observation of ka0ns in nuclear collisions is,despite 
their small production cross section,of great interest, for they 
might provide us,because of their small interaction cross section 
with nucleons ,with information on the early,violent stage of the 
collision. The main features of the experimental results are the 
following: (i) The K+-spectrum extends to energies far beyond 
the kinematical limit for kaon production in elementary nucleon 
-nucleon collisions. (ii) It can be parametrized by a nearly 
exponential shape with an apparent temperature appreciably 
higher than that for proton and pion production in the same 
reaction. (iii) No anisotropy of the K+ -spectrum in the· c.m. 
zystem of the colliding nuclei is observed. Fermi motion of the 
colliding nucleons might be a possible explanation for the high 
energy components in the kaon spectrum. This waS already exami
ned by Randrup and Ko /2/. Indeed, the spectrum exceeds the 
kinematical limit appreciably, but with a reasonable value for 
the Fermi momentum the resultant slope is much too steep to 
explain the data. The possibility of kaon production in colli
sions between mUltiply scattered nucleons and delta resonances 
was inspected in /2/ on the basis ~f the linear cascade model 
II rows on rows" /3/. Surprisingly, the slope of the kaon cross 
section remained essentially unchanged. However,in the model of 
/3/ there is a lack of transverse communication and thermali
zation cannot take place.This could be a possible reason for 
the too small cross section at high kaon energies •. 

In contrast,in the model of transport theory /4/ the 
nucleons reach thermalization after only a few collisions. This 
seems to be in accord with recent results obtained by use of the 
numerical intranuclear cascade model /5/. So the model of trans
port theory may serve as a good background model for kaon 

+ Supported by the Bundesministerium fur Forschung und Technologie 
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production in nuclear collisions before other possibilities, 
like rescattering of the produced kaons or cooperative effects, 
are considered. 

In a multiple colli~ion approach, the inclusive differen
tial cross section for ·K -production in a nuclear collision 
is given by 

(1 ) 

where 1-",- is the elementary inclusive differential cross 
section for K+-production folded with the momentum distribu
tions of the two colliding particles after m-1 and n-1 
collisions~respectively : 

(2) 

The geometrical weights cr-,,(i)/cr-NN denote the number of 
projectile or target baryons which undergo precisely i colli
sions before leaving the interaction zone. They are given,in 
eikonal approximation, by the Glauber-Matthiae factors /6/ 
with the free total NN cross section ~NN • For the elementary 
K+-production cross section we use the parametrization of /2/. 
Including delta resonances and neglecting the difference 
between deltas and all higher baryon re~nances,we can write 
the momentum distributions of projectile and target particles 
as a sum of those for the nucleons and deltas, 

with the probability q~Y') of a colliding particle to be a 
nucleon (delta) after the n-th collision /4/ : 

(4) 

Here,~ is the branching ratio between elastic and inelastic 
NN-collisions and q..a(~) are the equilibrium distributions of 
nucleons and deltas in a heat bath of temperature 't. This 
temperature follows from energy conservation. Furthermore, 
we need an analytic expression for the momentum distributions 
Q~U~\~). The Fermi distributions of the cold nucleons can be 
parametrized by a relativistic Maxwell distribution of width 
~~; , centered around the momentum p (-p ). The distri
butions of the particles in the therm~l ligit are relativistic 
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Maxwell distributions of width 2HNC o\}"t' .• So it is a reasonable 
assumption that the momentum distributions after n collisions 
are of the interpolating form 

The parameters v~ and tr~ are determined from the average 
values of momentum and energy obtained in· analytic form from 
the distributions (5). On the other hand, these average values 
are known from a relativistic formulation of the transport 
model /4/. The relations betwe,en the average values and the 
parameters v~ and ~~ can then be used to calculate the latter 
/7/. T~e distributions (5) are thus cOEpletely fixed. We note 
in addition that with the form (5) the functions 1-~(2) can be 
calculated i~ a good approximation analytically, except for a 
remaining one-dimensional numerical quadrature. 

Our results' are shown in figure 1. Al though we 
obtain at high kaon energies a substantial improvement as 
compared to previous calculations with the linear cascade model 
/2/,the experimental data are still underestimated by more than 
an order of magnitude (cf. fig.1). 
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calculations with the 
experimental data of /1/. 



We think that the calculations presented together with 
those of ref./2/ give a good impression of what to expect 
from mo~comprex numerical cascade models. The potential 
power of the present model,namely its near-analytical for
mulation as well as its ability to yield quantitatile 
results,can be utilized to study the influence of K -
rescattering on the final kaon spectra /8/ without introducing 
large numerical errors. 
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SUBTHRESHOLD PION PRODUCTION IN NUCLEUS-NUCLEUS COLLISIONS -

A CO-OPERATIVE PROCESS! , 
R: Shyam" and J. Knoll 

Gesellschaft fUr Schwe~ionenforschung, Darmstadt, West Germany 

Significant pion production cross- The single N-N collision model 
sections have been observed l in the relies on the one-nucleon spectral func-
collision of two nuclei at the beam , tion fA(P,E) and fB(P,E) of the two 
energies «290 MeV/A) where the basic" colliding nuclei (A and B) in their 
nucleon-nucleon.collision can not pro- respective ground states. These distri
duce a pion. The earliest suggestion to butions which describe the initial in
understand this process dates back to trinsic nucleonic motion (Fermi motion) 
Fermi. It exploits the fact that the can in principle be determined by 
initial intrinsic nucleonic motion quasi-free electron scatterin experi-
offers the necessary extra boost for ments (e,e1p) and (e,e1n). However, 
the elementary nucleon-nucleon U~-N) the form used for these in the literature 
pion production process. This original so far is that of the Fermi-gas model, 
idea has recently been reconsi~ered in f (PE) - f(P)8(E- "(P)) (1) 
a "first N-N collision" model for a " FG ,- ( 
quantit~tive explanation,of the pion wh re (2(p) = p2 + (m -v )2 
productlon at beam energles both below 2 e 0 0 . 
and above threshold 3

• However, with Here V is the depth of the potential 
decreasing beam energy this model may well aRd mo the nucleon mass. In the 
become insufficient to explain the more realistic shell model, on the 
production rates as well "as the shapes other hand, the particles are distribu
of the pion spectra. Other mechanisms ted in the orbits of discrete energies, 
like participation of more than two and the one nucleon distribution func-
nucleons into the pion production pro- tion acquires the following form 
cess and th~ freezi~g of the degr~es f (P E) = L f (P)8(- ,). (2) 
of freedom ln the flnal channel, l.e. s.m.' 1 (1 

formati~n of t~e com~osite nuclei. may Here (', reores~nts" the binding energy 
become lncreaslngly lmpor~a~t. Near of thelith' orbit with a momentum dis
the absolute thresh~ld (mlnlmum beam tribution fi(P). In the limit of the 
energy/nucleon requlred to produce all' b th ' t' , 'h 1 1 11' , ) arge nuc el, 0 prescrl p lons merge 
plon ln t ~ nuc eus~nu~ eus ~o ls~on "n the sense th t the classically 
th~ mecham sm o~ II pl om c fus lOn II 4 1 n ~ 11 owed mos t pr~bab 1 e momentum compo
~hlCh two ~uclel as a whole coherently nents follow the Fermi gas distribution. 
lnteract wlth each other and fus~ to The use of the smooth momentum distri-
form a compound nucleus, convertlng all b t" (1) (' t d f f t'on 
the available free energy into a pion, ~ lon ln eq. lns ea 0 a unc 1 

becomes the only ossible production wlth,sharp cutt-off at ~he e?ge of , the 
mechanism. p Ferm~ sea), ~owever, brln9s ln an In

conslstency lnto the Ferml gas pres-
, , cription. Particularly for the large 

, Bef~re atte~ptlng t~ a~hleve a de-momentum components (which are classi
talled mlcrosc~p1C descr1~t10n of the cally forbidden), this allows the 
~ub~hreshold,p10n productlon proces~, energies of the nucleons to exceed the 
1t 1S esse~t1al ~o un~ers~and,clear y nucleon separation energies and thus 
the bare k1n~matl~al 1mpllca~10ns of the descriotion of the initial states 
t~e alternat1v~ p10n productlon mecha- of the nuc~ei A and B involves serious 
n~sms. In par~1cular we carefully re- errors. Note that the shell model pre-
dlSC~S~ the slng~e nucleon-nucleon scription is void of this d f t 11 
coll1s10n mechan1sm. e ec , a 
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the nucleons remain bound in the initi- group b with the Fermi-gas prescription 
al state irrespective of the intrinsic (eq.(I)). The solid curves correspond 
momenta used. All the calculations to the NN ~ d TI channel whereas dashed 
based on the single N-N collision model curves to the NN ~ NN TI channel. 
published so far, however, have used ~~ ____ ~. __ ~~~~~ __ ~~~ ____ ~ 
the erroneous Fermi gas prescription 'In fact the single N.N. collision model 
(in some cases even the binding poten- is. able to cope neither with the abso
tial Vo has been taken to be zero), lute yields nor with the shapes of the 
despite the fact that at subthreshold experimental spectra. Therefore, in 
energies one is particularly sensitive contrast to the other calculations pub
to the classically forbidden momenta. lished, there is a need for a further 
Consequently in the single N-N colli- production mechanism besides the single 
sion, while the total available c.m. N-N collision picture. 
energy varies approximately linearly 
with the intrinsic momentum in the In the shell model picture the 
shell model plcture, an additional quad~inematical situation changes with the 
ratic dependence follows for the Fermi participation of more than two nucleons 
gas prescription. This means that in· in the pion production process. As ex
the Fermi gas picture a pion can be pected, the production threshold opens 
produced already at far lower intrinsic already at much lower intrinsic momenta 
momenta than in the shell model picture.in comparison to the single N-N colli
Thus the calculations performed by the sion picture, and the sensitivity of 
single nucleon-nucleon collision model the process is shifted from the extreme 
with the Fermi gas prescription will tail region towards the classically 
result in larger yields and flatter allowed components of the momentum dis-
slopes of the pion spectra incomparison trJbution. It seems, therefore, that 
to those performed \,/ith the more accu- the multi-nucleon collision is a more 
rate shell model prescription as illus- realtistic picture for the subthreshold 
trated in fi q. l. pi on producti on. 

N 
-c::J 

\ 
\ 

(al 
\ 
\x10 

10-1 

0~~10~~20~~~40--5~0--6~0--7LO~BO 

In order to illucidate the kine
matical consequences of the multi
nucleon production mechanism we have 
performed the calculations for the pion 
spectra in the multiple collision pic
ture using the nuclear phase-space 
mode1 6 ,7 with the extensions of in
cluding the possibility of forming the 
composited nuclei in the final channel. 
The results of our calculations are 
shown in fig. 2. The experimental data 
are taken from Ref. 2. The calculations 
have been performed with the shell model 
prescription for the intrinsic motion. 
All the curves have been normalized at 
the value of the cross-section at 
En = 10 MeV. Comparing the curves a 

En: (MeV) and c one can see that although the 
Fig. 1) The differential cross-section intrinsic motion of the nucleons in 
for the pions calculated with the singlethe.i~itial st~t~s ?f the respecti~e 
N-N collision model. The group of curvescoll1d1ng nucle1 1S 1mportant, yet 1t 
a have been obtained with the shell is not sufficient to account for the 
model prescription (eq. (2)) whereas observed slopes of the experimental 
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in the final channel by the factors of 
2 and 3 (assuming an averaged atomic 
mass number of the produced nuclei 
of two or three) respectively. Curves 
d and e are much closer to the exper;
nental data. 

\ 
'. \ ! T .' . \ ... \ ... T .I~ conclusion, the single N-N 
\ ". \ ! co 11 1 S 1 on process with a correct energy 
\ '. \ ~r~s~rip~ion.(s~ell model) for the 

1n1t1al 1ntr1nS1C nucleonic motion is 
\ . \unab 1 e to reproduce the absolute yi e 1 ds 
\ ~. \ as well as the observed shaoes of the 
\ '. \c experimental pion spectra. Rather, 

. co-operative effects are seen to be 
10-' \ Q ... b \. vi ta 1. Effects whi ch are more of 

o 10 20 30 40 50 60 70 80 collective nature, like the Bremsstrah-
lung picture 9 or the production due to 
pionic instability of the compressed 
~uclear ~atterlO, have been suggested 

Fig. 2) The differential cross-section 1n the 11terature. Here we considered 
for the pion production calculated those type of effects that emerge from 
with the nuclear phase-space model. a multiple collision picture, where 
Various curves have the meaning as the sharing of the energy of several 
follows a) intrins~c motion of the nucleons and also the freezing of 
nucleons in the initial states are degrees of freedom in the final channel 
not included and the final state is seem to be vital. The latter effect 
supposed to be consisting of only should reflect itself in a correlation 
nucleons and pions; b) same as a) but between the produced pion and the 
the degrees of freedom in the final associated mass distr~bution of the 
state are frozen by a factor of two; nuclear fragments. We feel that our 
c) same as a) but the intrinsic nucleo- work has provided a necessary and use
nic motion is included with the shell ful background for the future attempts 
model prescription; d) same as c) but to perfor~ the micro~copic calculations 
the degrees freedom in the final channel for the p10n product10n process in the 
are frozen by a factor of two; e) same nucleus-nucleus collisions at the sub-
as d) but the degrees freedom in the threshold energies. One of the chal-
final channel are frozen by a factor lenges for this microscopic calculation 
of three. would be to also exolain the absolute 

yields of the pion spectra which we 
sp~ctra. The experimental spectra are lef~ unc?nside~ed ~n our present kine-
st111too flat, in other words the mat1cal 1nvest1gat10n. 
"temperature"associated with the experi-
men~al pion spectra is larger in com- References: 
par1son to the calculated one. If, 1 
however, certain kinetic degrees of W. Benenson et al., Phys. Rev. Lett. 
freedom in the final channel are frozen 43, 683 (1979) 
the total available energy will be '~Nagamiya et a1., Phys. Rev. Lett. 
shared less, i.e. the spectra of the 48, 1780 (1982) 
outgoing pion could achieve a higher ~ Johansson et al., Phys. Rev. Lett. 
"temperature". This is clearly seen 48, 732 (1982) 
from the curves d and e in fig. 2 where 2B. Jakobsson, Proc. of the Nordic 
we have frozen the degrees of freedom meeting on Nucl. Phys. Fuglso, 

Denmark, August 1982 (unpublished) 
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PION PRODUCTION FROM PERIPHERAL HEAVY-ION COLLISIONS THROUGH 
COHERENT ISOBAR AND ISOBARIC ANALOG GIANT RESONANCE FORMATION 

P. A. Deutchman, R. L. Madigan, J. W. Norbury, and L. W. Townsend* 
Department of Physics 

University of Idaho, Moscow, "Idaho 83843 

ABSTRACT 

A spin, isobaric-spin formalism for the coherent production of isobars in 
the peripheral region of a high-energy heavy-ion projectile along with giant 
isobaric analog excitations has been imprqved and extended. These changes in
clude the decay of the nucleonic isobars to pions and the removal of the 
classical straight line assumption along with generalization of the density of 
states to four bodies. Formal expressions for the total and a differential 
cross section for pion angular distributions have been obtained. 

INTRODUCTION 

In previous work l - 3 we developed a spin, isobaric-spin formalism for the 
coherent production of projectile isobars with concomitant target excitations 
to giant isobaric analog states due to peripheral collisions of relativistic 
heavy ions. However, we did not include the decay of the ~(1236) projectile 
isobars to their various pion and nucleon charge states. These important de
cays are now included. Furthermore, we have been able to remove the extreme 
high energy classical straight line assumption where it was assumed that the 
target center-of-mass motion is undeviated throughout the collision as seen in 
the projectile center-of-mass frame. The formalism now rests on a complete 
quantum mechanical footing and makes it possible to develop a formalism that 
would be applicable over a range of energies. We are also in a position to 
calculate total cross-sections for the coherent production of nucleonic iso
bars from a given projectile nucleon which subsequently decays to a given pion 
and nucleon along with concomitant excitation of the target to a specific 
spin, isobaric spin giant resonance. We have also just obtained a formal ex
pression for the Lorentz invariant differential cross section for pion pro
duction with the hope that a characteristic pion signal might be obtained 
theoretically from heavy-ion collisions through coherent ~-formation. 
Finally, the time dependent matrix elements of our previous formalism forced 
us to introduce frequencies in order to replace the target with an equivalent 
phonon spectrum. l The fact that we have now developed a formalism with time 
independent matrix elements allows us to deal strictly with the momentum 
transferred from the target to the projectile rather than with a phonon 
spectrum. 

FORMALISM 

From second order, time-dependent perturbation theory, the transition 
rate from the initial state to the final state through an intermediate 

*Present address: NASA Langley Research Center, Mail Stop 160, Hampton, VA 
23665. 

353 



resonating state of total width r is given by 

L IAm'f TI'f 12 M--cMo 2 

2TI M,Mo 
M,Mo IVIl,JJol 

w 
= ilv2 [(ETI + EN) - Mll c2 f +(r I 2)2 

P4(Ef ), (1) 

where ~~ is the formation amplitude describing target excitations to a spin
isobaric~s~in giant resonance state JJo ' jJ, while the nucleonic isobar. is coher
ently formed into a spin-isobaric-spin state M" Mo. The virtual nucleonic 
isobar then resonates with virtual energy Mc2 (which is eventually integrated 
over) about the isobaric resonant energy MllC 2 and decays with amplitude 

~:~Tf to a final nucleon of spin-isobaric-spin state mof' m'f and final pion 

of spin-isobaric-spin state TIof' TITf' The four-body density of states factor 
P4(Ef ) can be transformed into a folded product of three, two-body density 

of states factors integrated over virtual-mass energies as 4 

(2) 

where the energy in the final state is distributed over the energies of the 
piOh, nucleon, residual projectile and excited target as Ef = ETI + EN + ER + ET*. 
The virtual energy Mc 2 is distributed over the energies of the pion and nucleon 
as Mc 2 = ETI + EN' Assuming spin-zero initial projectile and target states, we 
obtain the total cross section for coherent isobar formation leading to a final 
pion charge state TITf which is 

(1 - oJJ ojJ ) 
,,0 T,O 

(3) 

Similar to Ref. 3, 0llT (wll) is a spin-isobaric-spin-independent total cross 
section, (f~)2 is the projectile coherence factor modified by the fractional 
peripheral approximation factor f, the bracketed Clebsh-Gordan factors come 
from the spin and isobaric-spin transitions of a projectile nucleon into a 
nucleonic isobar, and the round brackets contain the term due to the uncoupled 
representation. 3 The sums over the Clebsch-Gordan coefficients are formal 
only since each mT and illo are determined by spin and isobaric spin conserva
tion. The partial cross section o(M" ill-rf' TI'f) for a given nucleonic isobar 
state MT decaying to a particular final nucleon state m, and pion charge state 
TI'f is defined as o(TI'f) = LM,m'fo(M--c, m'f' TI'f)' The isobar branching ratio 

g~ m = rM m Ir describes the isobar decay into its final channels where the 
"f ' 'f 

partial width, 
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Hope for the future arises by obtaining the formal expression for the 
Lorentz Invariant differential cross section for direct comparison to experi
ments 5 which is 

d 3a( 7fT f) 

(d 3p IE ) 
7f 1T 

V 
---E 
(21Th) 7f 

(5) 

This expression gives identical results to previous results obtained with the 
straight line assumption; however, it is now possible to consider lower energy 
heavy-ion reactions even down to threshold. 6 

REFERENCES 

1. P. A. Deutchman and L. W. Townsend, Phys. Rev. Lett. 45, 1622 (1980). 
2. L. W. Townsend and P. A. Deutchman, Nucl. Phys. A 355-,-505 (1981). 
3. P. A. Deutchman and L. W. Townsend, Phys. Rev. C 25, 1105 (1982). 
4. D. M. Brink and G. R. Satchler, Angular Momentum 2nd ed. (Clarendon 

Press, Oxford, 1968), p. 104,' 
5. W. Benenson, et al., Phys. Rev. Lett. 43, 683 (1979); and various refer

ences in Proceedings of the Fifth High~nergy, Heavy Ion Study, Berkeley, 
1981, Lawrence 'Berkeley Laboratory Report, LBL-12652. 

6. V. Bernard, et al., Cosmic and Subatomic Physics Report LUIP8301, 1983. 

355 



COMPLEX WKB SOLUTIONS FOR 12C+12C SCATTERING 
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Abstract: WKB solutions for carbon-carbon scattering 
from 200 to 360 MeV are obtained using a double
folding optical potential with no arbitrarily adjust
able parameters. Significant improvements over 
previous results are obtained when values for the 
energy-dependent nucleon-nucleon scattering slope 
parameter are limited to those appropriate to 
diffractive scattering. 

In order to properly assess optimum shield and dosimetry requirements 
for future manned space flights, an accurate theory of galactic heavy ton 
interaction and transport for energies above 20 MeV/nucleon is currently 
under development. As part of this effort, WKB solutions for carbon
carbon scattering at 17, 20 and 24 MeV/nucleon were obtained (ref. 1) 
utilizing a double-folding potential based upon a composite particle 
generalization of Watson's multiple scattering series (ref. 2). In that 
work, surprising agreement with recent experimental results (ref. 3) was 
obtained although there were no arbitrarily adjusted parameters in the 
calculation. In this work, improvements to the results given in reference 
1 are obtained by restricting the allowed values for the experimental 
nucleon-nucleon scattering slope parameter to those appropriate to purely 
diffractive scattering (ref. 4), rather than including values obtained over 
the entire range of momentum transfers (refs. 5,6). 

From reference 1, the double-folding nuclear optical potential is 

+ J 3+ + J 3+ + + + + VN(x) = ~Ar d z PT(z) d y pp(x + y + z)t(e,y) (1) 

where the constituent-averaged two-body amplitude is 

The nuclear densities, P , in (1) are obtained by analytically unfolding 
the usual gaussian nucleon charge distribution from the experimentally 
determined 12C harmonic well charge distribution (see reference 1 for 
details). The constituent-averaged nucleon-nucleon scattering parameters 
(a and a) are taken from the usual compilations (refs. 5-8). Rather than 
using constituent-averaged values from compilations (refs. 5,6) for the 
slope parameter, B , values for B were determined from (ref. 4) 

(3) 

where s i~ the square of the nucleon-nucleon center of mass energy and 
So = 1(GeV) . The values obtained from (3) were B 10.6 (GeV/c)_2 rather 
than the values B 4.9(GeV/c)_2 used previously (ref. 1). After performing 
the integrations in (1), the resultant nuclear potential is of the form 
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with Ao complex and Al+A3 real. Values for these parameters are 
displayed in Table I. 

(4) 

As in reference 1, elastic differential, reaction and total cross 
sections were determined from standard partial wave analysis using complex 
WKB phase shifts. Since space limitations preclude displaying the elastic 
differential cross sections for all the energies considered herein, 
representative results (for 288.6 MeV) are shown in Figure 1. Also 
displayed, for comparison, are the previous predictions from reference 1 
and representative experimental data from reference 3. The improved 
a~reement between theory and experiment is confirmed by a reduction in the 
x per p~int.fro~ 27 (ref. 1) to 17 (~his work) .. Half of.t~e remainin~ 
x2 contr1but1on 1S due to the large dlsagreement ln the m1n1ma near 15 and 
20°. It appears, however, that the angular offset between theory and 
experiment, noted in reference 1, is largely removed in the present work. 
The remaining angular disagreements ( ..... 0.1°) may be due to uncertainties in 
the experimental angles (ref. 3) and/or the calculated value for B. 
Figure 2 displays values for the total and reaction cross sections, from 
this work and reference 1, as a function of energy. Also shown are various 
experimental results (refs. 3,9,10). The most marked improvement is in the 
agreement between theory and experiment for 0tot. In order to test the 
hypothesis (ref. 1) that some of the remaining discrepancies, in this 
energy range, may be due to the poorly determined values for the ratio of 
real-to-imaginary part of the neutron-proton forward scattering amplitude, 
anp ' we allowed anp to vary as a free parameter while retaining the 
experimental values for all other nucleon-nucleon scattering parameters. 
At 288.6 MeV, an increased from a value of 0.28 (ref. 1) to a fitted 
value of 0.45. Yhe resultant value for 0tot increased to 2523 mb, which 
is in better agreement with the experimental value of 2660±80 mb (ref. 3). 
In addition, the x2 per point for the elastic differential cross sections 
was reduced from 17 to 12. Finally, since it is of current theoretical 
interest (ref. 9,11), we used the real WKB phases at 288.6 MeV to 
investigate nuclear rainbow effects. As reported in reference 12, we 
determine values for the nuclear rainbow angle of 8r ;::: 1_2 0

, which 
although not in agreement with reference 11, are not unexpected since the 
imaginary nuclear potential, from (4), is quite large (ref. 12). 

In summary, substantial improvement in the predicted values for 
carbon-carbon elastic differential, reaction and total cross sections, when 
compared with experimental measurements, have been obtained by using the 
larger values of the slope parameter appropriate to diffractive 
scattering. The results obtained also suggest that anp in this energy 
range, may be larger than presently listed in compilations. We gratefully 
acknowledge fruitful discussions with R. Stokstad of LBL. One of the 
authors (H.B.B.) was supported in part by NASA Grant No. NCCI-42. 
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Table I. Potential Parameters 

Energy A Al A2 A3 0 
(MeV) (MeV) (fm-2) (fm-4) (fm- 2) 

204.2 (-286,-774i) .0650 .0025 .1756 

242.7 (-339,-693i) .0650 .0025 .1756 
288.6 (-369,-612i) .0650 .0025 .1756 
300.0 (-372,-594i) .0650 .0025 .1755 

360.0 (-372,-511i) .0650 .0025 .1755 
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Figure 2. Carbon - carbon total 
and reaction cross sections for 
this work (solid lines), previous 
work (dashed), and experiment 
(vertical lines) versus energy. 
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Search for a possible de confinement phase transition in nuclear matter by 

proton and anti-proton interactions with nuclei at 200 GeV 

I. DERADO 

Max-Planek-Institut flir Physik und Astrophysik 

Miinchen, Germany 

I would like to report some results obtained at the SPS in CERN by the 
collaboration Bari-Krakow-Liverpool-MPI Miinchen-Nijmegen. The existence of a 
quark gluon plasma has been speculated upon since the early days of the quark 
model [I]. Serious information about the parameters and possible nature of the 
transition of nuclear matter to quark matter has been obtained however only 
recently with the advent of lattice calculations in QCD [2]. The most remar
kable result of these calculations is that the transition temperature could be 
very low, Tc = 200 MeV, thus it is interesting to look for experimental evi
dence of a quark-gluon plasma even in existing experimental data [3]. Our re
cent experiment [4] shows that for a Xenon target we have in the central region 
about 5 charged particles per unit rapidity, and that objects produced ini
tially evolve into hadrons at considerably later times. This means that we can 
have for a central collision much high)r average energy density [3] than inside 
the nucleon, which is about 440 MeV/fm • At these higher energy densities it 
has been speculated by many authors that one can produce exotic objects which, 
in their rest frame, may extend over several fermis. 

Data Analysis 

The details of our experiment on charged particle production in the col~ 
lisions of 200 GeV/c protons and anti-protons with Hydrogen, Argon and Xenon 
targets are published elsewhere [4]. Our present analysis was made possible by 
use of a streamer-chamber vertex spectrometer with a 4n solid-angle coverage 
and excellent multitrack efficiency. The magnetic field of 1.5 Tesla gave us 
good momentum and charge information. A downstream spectrometer, consisting of 
seven magnetostrictive spark chambers,was used to improve the momentum measure
ment. The measuring accuracy was ~p/p = 0.0025 p (p in GeV) in the streamer 
chamber and ~p/p = 0.0005 P for tracks also reconstructed in the spark cham
bers. About 10% of the charged tracks with momenta p > 30 GeV/c had to be re
constructed from streamer-chamber data only. This accuracy was important 1n 
order to obtain sufficient resolution to perform pion correlation inter
ferometry [5] for measuring the dimensions of the pion production region up 
to several fermis in size. Our interaction trigger vetoed about 3% of the in
elastic events. 

Tab~s I and II show the number of events, tracks and pion pairs for each 
reaction used 1n the present analysis. 

Investigation of transverse momentum distributions 

An increase of <Pl.> with multiplicity has been suggested by cosmic ray 
measurements of Lattes et al. [6]. Figure I shows the <Pl.> as the function of 
charged multipli~ity for the central rapidity region jyl < 1.5 for several 

targets. The rapidity y=-2Iln EE~P" is calculated in the overall pp center of 
Pu 
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mass system. The dashed lines represent <P~ for all multiplicities, the values 
of which are given in Table 2 along with the average multiplicity <n> given in 
Table 2. We see no correlation of <Pi> with the multiplicity, in agreement with 
the ISR experiments at CERN [7]. However, clear correlation was observed at 
much higher energy in a pp collider experiment at CERN [8], the results of 
which are represented by the pair of solid lines (±I standard deviation) in the 
pXe diagram of Fig. I. It was this observation, which was interpreted, within 
the framework of Landau's thermodynamical model [9], by Van Hove [10] as a 
possible evidence for a hadronic phase tr~nsition. 

Determination of the interaction volume from pion correlations 

The like-pion interference, observed by G. Goldhaber for the first time, 
allows to determine the time-space characteristics of the pion emission vo
lume [5]. It is well-known that the two-particle correlation function ofiden
tical bosons emitted by two independent one-particle sources with nearly equal 
momentum p, and opening angle e, 1S described by the formula 

W = 2[1 + cos(pRe)] , 

where R is the distance between the two sources. 

However, this formula holds only for two point sources. To analyse our 
data we used the specific parametrization for a model of a uniformly radiating 
disk of radius R and lifetime T, which was developed by Kopylov and 
Podgoretskij [II]. In addition to the energy and momentum differences of two 
pions, calculated in the overall pp CMS by 

q = 1 E. - E. 1 and q = ;. - ;. , 
o 1 J 1 J 

they introduceda new variable 
+ + + + 1 I(p.-p.) x (p.+p.) 

1 J 1 J 

1
+ + 1 p.+p. 

1 J 
+ 

where qt is the projection of q onto the plane 
closely related to the effective mass MTITI (for 

+ + 
perpendicular to Pi + Pj. It 1S 

q + a q 2 = m2 - 4m2 '\. o 't TITI TIrr 

In this model, the number of like sign pairs (NL) is given by the follow-
ing expression: 

where 

NL 

NB 

12 (qtR) 
1+---

I+(q T)2 
o 

2J I (q R) 
t 

with JI being the first order Bessel function and NB is the number of "back
ground" pairs, i.e. the number of pairs where there are no correlations. 

The experimental problem is that one needs to extract only the correla
tion arising from Bose-Einstein statistics, but not other possible dynamical and 
kinematical correlations. Therefore, one takes a restricted q ,q kinemati
cal region. For the NB one usually takes a number of opposite-s~gn ~airs. 
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Unfortunately the dependence on qo' qt of this NB is not free of dynamical 
correlations. In fact the (n+n-) mass spectrum and hence the qt distribution 
is strongly affected by resonances such as nand w. A discussion of possible 
ways "to determine NL and NB is 'given in reference [12]. 

We now summarise the procedure chosen for this analysis: in order to sup
press the contribution of ~eso~ances we used only pairs with 0.0 < qo < 0.2 GeV 
and 0.002 < q~ < 0.2 (GeV/c), the lower limit removes possible electron pair 
contamination. NB was found by first randoml~ mixing the transverse components 
of pions in each event. Then the variables qt and qo were computed in the eMS 
of the interaction in the same :manne'r, as for the rion-reshuffled "events ~ Final
ly NB was normalised to the total number of like pairs in the qo' qt region 
given above. 

N 
The binned experimental correlation function NL was fitted, with the least 

square method to the modified Kopylov-Podgoretskij B expression 

12 (qtR) 
(I) e (I + A ) 

I+(q 1')2 
o 

where e is a normalisation con~tant and A the degree of incoherence (A = I re
presents a fully incoherent source)~ The maximum value of the function (I) is 
given by e(1 + A). Introducing 'the parameters e and A, we take into account 
normalisation problems and contamination by non-Bose-Einstein correlations. 

In Fig. 2 we show the experiment~l correlation function versus q~ for two 
intervals of qo' for both incident particles and for hydrogen and xenon tar
gets. The solid line represents the fit of the theoretical expression (eq. I) 
to the data. This fit was made simultaneous12 for both qo intervals. In Table 
3 fitted parameters with the corresponding X are given. The result forpp is 
~n good agreement with a previous experiment [Ii]. 

As a check, th~ fit was tried for different q~ and qt binnings, 
four by fifteen instead of two"by ten'. The fit results were almost the same. 
We also tried the fit with A as a fixed parameter: A = I and A = 0.5. For the 
case A = I, we found results similar to the case where A was a free parameter. 
In the case A = 0.5, the value of R did not change, but l' was very small 
(C1'~ 0.01 for pXe). The fitted values of e, being near one, indicate that our 
NB normalisation was reasonable. 

Since our interaction volume is probably not of a simple sphere, but more 
likely an ellipsoid, we tried to make specific cuts, in order to measure its 
length and width. We define ~ to be the angle between the beam axis and the 
momentum vector of the pion pair and ~ to be the angle between the plane de
fined by the two pions and that plane defined by the beam axis and themomen
tum vector of the pion pair. In the part of the data where Icos~1 is small 
and I cos ~ I approximately one, the fitted values of R will be dominated by the 
len9th of the interaction volume. To obtain adequate statistics, we used cuts 
of I co sil-l < 0.5 and Icos~1 >0.7. In the complementary data sample the value 
of R will be dominated by the width of the interaction volume. The results of 
these fits are also shown in Table 3 (except forppwhere statistics were in
adequate). 
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The values of the fitted parameters are similar for hydrogen and xenon, 
which we would not expect if a quark-gluon plasma was produced in the nuclear 
target. This result rather agrees with the expectation from the additive quark
model, which was found to be consistent with many other aspects of hadron 
nucleus collisions [4]. 

Central collisions are expected to be more favourable for the production 
of a quark-gluon plasma, because they produce a higher energy density. We have 
accordingly attempted to enrich fractions of central collision events by selec
ting xenon events with overall pion multiplicity greater than twenty. However, 
even with these samples we still obtained similar Rand cT values (see Table 3). 

It is interesting to compare the radius of interaction found in this ana
lysis, using elementary projectiles with that found in the BEVELAC experiments 
using the projectile 40Ar [13]. Tpeir radius is about three times ours, consi
stent with the larger radius of 40Ar . However, in contrast with our results, 
their R increases with multiplicity. On the other hand, our radius is twice 
that found in e+ + e- annihilation [14]. 

Conclusions 

We have presented results for correlation between <pJ? and multiplicity 
in central rapidity region. No correlation is observed. In the central colli
sions, i.e. by higher multiplicity, one could expect higher energy density 
and/or temperature resulting in an increase of <p~>. Such an increase has been 
observed in the pp collider experiment. However, our energy is much lower than 
that of a collider. 

We have obtained values for the size and lifetime of the pion producing 
region for both elementary and xenon targets. For both targets the values are 
similar, with radius about 1.5 fermis. This result is consistent with our pre
vious observation that the proton interacts inside the nucleus in the manner, 
predicted by the additive quark model [4]. 

This analysis shows no indication of a deconfinement phase transition ~n 
nuclear matter. 
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Figure Captions 

Figure 1: The average transverse momentum of charged hadrons (IS = 19.4 GeV) 
as a function of charged track multiplicity in the rapidity interval 
Iyl < 1.5. The dashed line is <Pi> value. The solid lines represent 
(±1 standard deviation) the result of a pp collider in CERN. 

Figure 2: q~ dependence of the correlation function for the two intervals of 
qo. The curves are fits of equation (1) to the data. 
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TABLE 1: NUMBERS OF EVENTS AND PAIRS FOR PROTON AND XENON TARGETS 

REACTION NO. OF NO. OF NO. UN- NO. OF NO. OF RESHUF-
EVENTS LIKE PAIRS LIKE PAIRS LIKE PAIRS LED UNLIKE PAIRS 

AFTER THE AFTER THE 
CUTS" ' CUTStf 

P + P 3531 55481 63494 7203 6891 

p + "p 1850 26440 33052 . 3465 3559 

p + Xe 1391 146220 138773 13971 11219 

-p+ Xe 1381 155627 157722 15540 12756 

*qo'~ 0.2(GeV), 0.002 < q~ ~ 0.2(Gev/c)2 



w 
0"-
\0 

TABLE 2: NUMBER OF EVENTS AND AVERAGE TRANSVERSE MOMENTUM AND MULTIPLICITY 

IN THE RAPIDITY REGION IYCMSI < 1.5 

REACTION NO. OF EVENTS NO. OF TRACKS <Pi> GeV/c <n> 

P + P 3252 17778 O.366±0.002 5.47±0.06 

P + P 1643 8724 0.366±0.003 5 .. 31±0.08 

P + Ne 104 658 O.376±O.010 6.33±O.39 

P + Ne 82 .505 0.372±O.O12 6.16±0~40 

P +Ar 929 7857 0.376±0.003. 8.46±0.18 

p + Ar 835 7257 0.376±0.003 8.69±0.20 

p + Xe 1344 14070 0.363±0.003 10. 50±0. 18 

p + Xe 1341 14'628 0.359±0.OO3 10.95±O.18 



TABLE 3: FITTED VALUES OF MODEL PARAMETERS (see eqn. 1 in text) 

REACTION Rfm c-rfm A C . 2 
X 

(NDF=16 ) 

pp 1.66±.Q4 1.02±.18 0.96± .. 08 0.90±.02 9.0 

LENGTH 1.02±.08 0.62±.2S 1.14±.10 0.6S±.02 8.4 

WDTH 1.74±.11 1.04±.28 1.04±.1S 0.90±.03 13.S 

pp 1.S2±.01 1.31±.21 1.23±.12 0.72±.02 29.8 

w 
-..J 
0 

pXe 1.S3±.13 0.93±.16 1.27±.11 1.14±.OS 2S.4 

LENGTH 0.82±.OS 0.94±.16 1.S2±.11 0.78±.03 1S • 1 
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aa and ap Interactions at the CERN ISR. 

E. Stenlund 

( CERN-Heidelberg-Lund collaboration) 

CERN, Geneva, Switzerland. 

Abstract 

Recent results on two-particle rapidity correlations measured in aa, ap 

and pp interactions are presented. The experiment was done at the CERN ISR 

using the Split Field Magnet detector. The true two-particle correlations 

were isolated by fixing the charged multiplicity. ,In the framework of a 

simple cluster model, the cluster widths as well as the cluster multipli

cities were found to be the same for aa, ap and pp interactions. 
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Introduction. 

During a short run ~n 1980 with a-particles in the CERN Intersecting 

Storage Rings, a large amount of data was collected. Five experiments took 

data using different experimental set-ups and var~ous triggers. 

R 110: nO production at very large transverse momenta with a superconducting 

solenoid magnet and leadglass and lead/scintillator sandwich counters. 

R 210: Small-angle elastic scattering, with plastic scintillators and drift 

tube hodoscopes. 

R 418: Elastic scattering at larger angles, inelastic interactions, and 

large-pt hadron production, with the SFM detector. 

R 806: nO production at largep , with two liquid-argon/leadplate calori
t 

meters. 

R 807: Production of hadrons with large p and inelastic interactions, 
t 

with the AFM detector and two forward calorimeters. 

The different physics subjects studied can thus be summarized ~n the 

following categories: 

Elastic scattering 

Quasi-elastic scattering and nuclear break-up 

Hard scattering of constituents - Large p physics 
t 

Inelastic scattering 

The subject of this talk has been choosen from the last category, 

namely, a recent study of two-particle rapidity correlations performed 

by the CERN-Heidelberg-Lund collaboration (R 418) [1]. 

Particle correlations have been measured in various hadronic inter

actions during the last ten years [2,3], and lately also in e+e--inter

actions [4]. The observed correlations were interpreted in the framework 

of various theoretical models; the most popular ones were the cluster 

models [5] and, more recently, the string models [6]. 

When a-particles were accelerated and stored in the ISR, a unique 

possibility of studying two-particle correlations for interactions of 

multinucleon systems was provided. Speculations of a phase transition 

when high enough energy densities are reached, suggest that the size or 

mass of clusters might be larger in nucleus-nucleus interactions com-
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pared to interactions between elementary particles [7]. Also other collec

tive phenomena could lead to an increase of the cluster size. 

It may not be realistic to believe that a phase transition will be 

reached with nuclei as light as a-particles. On the other hand light 

nuclei provide a simple system where the "normal" nuclear effects on the 

correlations can be studied. The understanding of these effects might 

be crucial when one searches for phase transitions using heavier nuclei. 

The investigation was organized as follows: First the inclusive corre

lations were studied and thereafter we turned to the semi-inclusive 

correlations, by fixing the observed multiplicity. By doing the analysis 

at fixed multiplicity in terms of a cluster model, we extracted cluster

widths in rapidity and cluster-strengths or decay multiplicities as a 

function of the total mUltiplicity and compared these quantities for our 

different data sets. We believe this to be a sensitive procedure to 

recognize differences of real dynamic correlations. The main a~m of the 

investigation was to measure and compare correlations in aa, ap and pp

interactions. 

Inclusive two-particle rapidity correlations. 

The normalized correlation function 

P (2) (Yl ,Y2) 

R(Yl'Y2)= (1) (1) - 1, 
P (Yl)P (Y2) 

has the advantage that the detector efficiencies cancel out in the first 

approximation and has thus been used throughout this investigation. 

One problem in compar~ng aa, ap and pp interactions is to find corre

sponding energies at which comparisons can be made. When pp-interactions 

at different energies are compared an energy dependence is clearly seen, 

i. e. at large absolute rapidities, the value of R decreases with decreasing 

energy. 

If instead the "normalized" rapidity, defined as 1jJ=y/y. [8] is used 
~nc 

the behaviour changes drastically, i. e. the energy dependence disappears. 

This suggests that by us~ng the "normalized" rapidity, we can compare 

correlations from different origin without taking the incident energies 
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into consideration. In fig. 1 we display the res~lts of such a comparison. 

Except for the peaks around Yl~Y2' the most striking effect is the differ

ence between correlations in aa-interactions and those in pp-interactions. 

At high absolute rapidities the aa-data flattens out giving R~O, thus 

showing that correlations are absent, in contrast to what is observed for 

pp-data where large negative correlations are seen in this region. 

The data from ap interactions have the following features: When the 

"triggering" rapidity, 1PI, is close to 0, the correlations on the a-side 

(positive rapidities) are close to the ones observed in aa-interactions, 

while on the p-side (negative rapidities). The function behaves like the 

one obtained for pp-interactions. When the "triggering" rapidity is 

shifted to the a-side the R-function becomes similar to the one observed 

for au-interactions, and the corresponding behaviour 1S observed for ~l 

on the p-side, i. e. here the function follmvs closely the one obtained 

from pp-interactions. 

It is known since a long time [3] that the ma1n structure of fully 

inclusive two-particle correlations results from mixing events with 

different structure in momentum space (here y) and has nothing to do 

with true two-particle correlations. We have derived a quantitative 

form for R assuming that all true two-particle correlations are absent, 

and shown that the change in shape of the particle density with 1n

creasing multiplicity leads to a non-uniform R-function. Assumptions: 

i) No correlations within events ~ 

where 

IT(n) is the probability of having ncharged particles. 

ii) Particle densities at any given rapidity y depends linearly on n 

[9] ==> 

(1) 
p (y)=nou(y)+B(y). 

n 
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Furthermore we define the average multiplicity associated with a particle 

at rapidity y (including the particle) as 

\' (1) \' (1) <n> =LTI(n)·n·p (y)/tIT(n).p (y), 
y n n 

n n 

and finds 

<n2> 
R(Y1'Y2)~ ~«n> /<n>-1) «n> /<n>-1)-l/<n>. 

D Y1 Y2 

(5) 

(6) 

Fig. 2 shows a comparison between eq. (6) and the experimental R-func

tions and indeed the overall behaviour of the experimental R-functions are 

very well described by eq. (6), apart from the maximum at Y1~Y2 which is 

by essence absent from this equation. 

Even if the assumption of linearity in the density, eq. (4), is not 

fulfilled, this example shows that the R-function has a s,tructure similar 

to the one observed, also if all two-particle correlations were absent. The 

conclusion which has to be drawn is the wellknown fact that to get rid of 

the so called long-range correlations, one has to study R at fixed total 

multiplicity. 

Semi-inclusive correlations. 

Fig. 3 shows the R-functionfor all charged particles at a fixed nega

tive multiplicity, n_=5,for CLCL, CLp and pp-interactions. The different 

interactions give similar features with a peak around Y1'of abo~t the 

same height. It should be noted that the distributions shown ~n fig. 3 

are very similar to what is obtained from fig. 2, if eq. (6) ~s sub

tracted from the experimental data. 

In order to study systematically whether differences of the width and 

height of the correlation peak occur for CLCL, CLp and pp-interactions, a 

parametrization of the peak and the background level is needed. Therefore 

the data was analysed in the context of a simple independent cluster 

model. The following assumptions were used: 

i) A cluster at rapidity Y decays into K charged particles at rap~

dities y., i=l ,2, •. ,K, so that y. are uncorrelated and Gaussian distri-
~ ~ 

buted with mean Y and width o. 
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ii) 6 is much s~aller than the width of the rapidity distribution of 

clusters. 

iii) Clusters are independent. 

The correlation function for fixed multiplicity n ~s expressed as follows: 

R (Yl ,Y2 ) = 
n 

F p( 1) ( ) 
n n Ya 1-F 

n 
n 

where <5 is the width in rapidity of clusters produced in events with 
n 

mUltiplicity n and F is the corresponding cluster-strength defined as 
n 

F =[<K(K-1»/<K>] , where K is the charged multiplicity of the cluster. 
n n 

Furthermore y =(Yl+Y2)i2 and ~Y=YI-Y2. 
a 

In fig. 4 the obtained values of 0 are displayed as a function of the 
n 

negative multiplicity, n_. In fig. 4a we have compared <5 from pp-data at 
n 

three different energies and the energy independ~nce is clearly seen. In 

fig. 4b we compare 6 from aa- and ap-data with the 6 from pp-data and 
n n 

no significant deviations can be detected. 

Also F is independent of the incident particles but, in contrast. to 
n 

the case for 6 , an energy dependence seems to be present. . n 

Summary and conclusions. 

0) 

WhentW'o-particle-corr~lations from a.a, ap and pp-interactions are 

compared, they show a similar behaviour. The only differences are seen at 

large absolute rapidities, where the distributions from a.a-interactions 

and from the a-side of the ap-interactions give correlations close to zero. 

This is on the other hand a trivial effect, since most of the particles 

observed in this region are spectator protons (or heavier fragments) left 

over from the interacting a-particles. 

When the correlations are analysed in the framework of a simple cluster 

model, the widths as well as the multiplicities of the clusters come out 

the same for aa, ap and pp-interactions. The conclution must be that the 

mechanisms responsible for the short range correlations are the same for 

the different kinds of interactions. 

We find no trace of collective phenomena from our analysis, and if such 
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phenomena should be possible to observe, either the energy or the masses 

of interacting nuclei have to be increased. 
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Figure captions. 

Fig. 1: Comparison of the normalized correlation function for all charged 

particles from aa, ap and pp-interactions. The pp-data are shown 

as curves. a) ~1=0. b) ~2=-0.5. 

Fig. 2: Comparison between the normalized correlation function and calcula-

tions from eq. (6). a) pp 31+31 GeV, Yl=O. b) pp 31+31 GeV, Yl=-2. 

c) aa 62+62 GeV," Yl =0. d) aa 62+62 GeV, Yl =-2. 

Fig. 3: The normalized correlation function at ~ixedmultiplicity (n =5) 

for aa, ap and pp-interactions. a) Yl=O~ b) Yl=-1.5. 

Fig. 4: The cluster"width, 0 , as a function of the corrected negative 
n 

multiplicity. a) pp-interactions. b) aa-interactions. The shaded 

area corresponds to the pp-data from a). 
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Particle densities in ultrarelativistic heavy lon reactions extrapolated from 
proton-nucleus collisions. 

I. Otterlund, S. Garpman, I. Lund, 
Division of Cosmic and Subatomic Physics, University of Lund, Lund, Sweden. 

E. Stenlund, 
CERN, Geneva, Switzerland. 

Rapidity density distributions in central ultrarelativistic heavy ion reac
tions are estimated from high energy proton~nucleus.collisions and compared with 
some cosmic ray events. Deviations from a simple scaling of pA reactions are 
observed. 

Introduction. 
Recent developments of quantum cromodynamics provide great confidence in 

the existence of a new phase of matter'- the quark <gluon plasma - which could 
be reached either by heating up or by compressing nuclear matter [1]. Theoreti
cal studies [2] suggest that the quark-gluon plasma is accessible in ultrarela
tivistic central heavy ion collisions. Guided by observations in proton-nucle
us reactions [3-5] we have estimated rapidity and energy density distributions 
to be expected in ultrarelativistic heavy ion-reactions. 

Ultrarelativistic proton-nucleus collisions: 
Data from hadron-nucleus reactions agree on the.concept of a long formation 

length for the final hadronic states. Most hadrons are materialized outside the 
nuclei and they have thereby lost their possibility to interact with nuclear mat
ter. Only slow hadrons can cascade in the hit nucleus. 

Fig. 1. An artist drawing of a 
proton-nucleus collis-
slon. 

We have utilized a picture of pA reactions 
as illustrated in Fig. 1. The rapidity density 
lS 

To evaluate S.(y) we examine reactions where 
.. l 

the lncldent proton has passed through layers 
of nuclear matter of different thickness i.e. 
different number of participant target nucle
sons, PT' This can be done by either increa

sing the size of the target nucleus, PT = <v(A», or by decreasing the impact 
parameter in reactions with comparatively heavy nuclei, P

T 
= <v(N », (N

h 
= the 

multiplicity of charged nuclear fragments). Within the experimen¥al uncertain
ties a fairly linear dependence between p and <v> is observed showing that the 
energy flux is not attenuated very much during its passage through the nucleus. 
If we neglect any intranuclear cascade the contribution from a hit nucleon i, 
S.(y)p (y), then ought to be comparatively independent on i, i.e. 

l 0 

PT 
L S.(y)p (y) = (P

T
-1)S(y)po(y) 

i>l l 0 

(2 ) 
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200GeV 
-13(y):4.48e-,·91'-O.155y.O.874 

6 EMULSION 

l3(y) 1 t-------''<---------

Po (y) 

o pp STREAMER 
CHAMBER 

- eq (9) 

Fig • .2a_" compares p (y) of produced particles in 
pp-reactions [4] with p (y) from the best fit of 
eq. (1) to the streamera chamber pp-, pAr- and 
pXe-reaction data [4]. Fig. 2bshows B(y) obtai
ned by the fit. 

Ultrarelativistic nucleus-nucleus colli
Slons. 
We consider central heavy ion reactions 

and only events where the beam nucleus is so 
small and the target nucleus so large that the 
probability is high that all incident nucleons 
participate in the reaction. 

~~Ei~i~l_~~~~i~i~~· 
To estimate rapidity densities we assume 

that each of the (PT-PB) participant nucleons 
contribute to the denslty with B(Y)p (y) partic-_ _ _ a . . 
les, whlle the contrlbutlon from the flrst hlt 
nucleons is p (y) P (cf. Fig. 3). P

B 
is the 

number of par~icipa~ing projectile nucleons. We 
then receive the following expression for the 
densities. 

Fig. 2. p and B estimated ( ) ( )( ) 
f?om streamer cham- p(y) = Pa(y) PB + PaY S y PT-PB 
ber data [4]. 

a) comparison with 
the actually measu
red rapidity densi
ties in pp reac
tions [4]. 

b) Comparison bet
ween B determined 
from streamer cham
ber data (solid 
curve) and from 
emulsion experi
ments (triangles). 

NUCLEUS-NUCLEUS COLLISIONS 

Fig. 3. An artist drawing of 
a nucleus-nucleus 
collision. 

= P:gP a (y) [1 + B (y) (k-1)] 

where k = 
PT 

and PT > PB - ( 4 ) 

In the phenomenological model described here the 
shape of the density distribution in central hea
vy ion reactions is determined by scaling of the 
ratio k i.e. pA and BA reactions with the same 
k = <v> values exhibit density distribution with 
similar shapes. The merit of eq. (3) is that it 
supplies a norm for comparison with experiments. 
Deviations may tell us that the nuclear environ
ment is of much more importance than considered 
by only counting the number of participants In 
the geometrically overlapping volumes. 

In central BA reactions the average value 
of k (=k ) is determined by the geometrical over

g 
lap 

k 
g 

( 5 ) 

As long as the actually measured distributions, 
event by event, agree with the distributions 
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extr~pol~ted with ~-values equa~ ?r small~r th~n kg, t~e signal for interesting 
phYS1CS 1S not ObV10US from rapldlty denslty dlstrlbutlons. However, values of 
k » kg and large fluctuations from extrapolated distributions may signal that 
new physics lS going on in central heavy ion reactions. 

Heavy lon reactions ln the hundred of A GeV range. 

200 A GeV 70 A GeV 
22~8 

I 
100 

50 

-2 o 2 4 
1) 

6 8 -2 4 
1) 

Fig. 4. Rapidity densities for central 16 0+A 
reactions for three different k-valu
es estimated from pEm collisions at 
200 and 70 GeV. The expected dist
ribution for spectator protons are 
shown by the dotted distributions. 

300 

200 
p("I)) 

100 

Si+Ag 4-5 ATev 
kg = 2.1 

2 4 6 
"I) 

l.k=2.7 -
2.k=3.B ---

JACEE 

Fig. 5. The particle density distri
bution in pseudo-rapidity in 
an event of Si+Ag from the 
JACEE collaboration [6]. The 
solid curve and the dotted 
histogram are extrapolated 
from proton-emulsion reac
tions at ~ 3000 GeV. The pEm 
data are from ref. 8. 

Energy densities. 

14 

Figs 4a and b show p(n) distri
butions in central 16 0 +A reac
tions at 200 A GeV and 70 A GeV 
respectively. The distributions 
are extrapolated from pseudo-ra
pidity (n = - In tg ~)distribu
tions measured in pEm reactions. 

In the upper region of ra
pidity range extrapolated and me
asured density distributions 
should agree because all inci
dent nucleons participate. In 
the central and lower rapidity 
range fluctuations are expected. 
Fig. 4 which shows how the den
sity distributions depends on k, 
glves some hints on such fluctu
ations. 

Heavy lon reactions ln the 
A TeV range. 

One impressive cosmic ray 
event is from the JACEE colla
boration where a Si-nucleus in
teracts with an Ag-nucleus at an 
energy of 4-5 A TeV [6]. The ra
pidity density distribution in 
this event is shown in Fig. 5. 
The distributions 1 and 2 in 
Fig. 5 are extrapolated pEm re
actions in two Nh-bins; 6~N ~10 
(solid curve) and 11~Nh~15 fdot
ted histogram) • 

The JACEE Si+Ag event exhi
bits a much larger enhancement 
in the backward direction in the 
nucleon-nucleon centre of mass 
system than expected from a slmp
le scaling of pA-data with 

k 
g 

= 
FT 

FB 
= 2.1 

It has been pointed out by Gyulassy [7] that energy densities extracted 
from central ultrarelativistic cosmic ray events are high. We give here an es-
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timate of energy densities In BA events extrapolated from pA-reactions. 
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Fig. 6. Energy densities in central 
16 0+A reactions estimated from 
proton-emulsion nucleus collis
sions. The k -values for ave
rage central ?eactions with Cu,' 
Ag, Wand U are marked in"the 
figure. 

high energy nucleus-nucleus collisions. 

Fig. 6 shows the energy density, 
E, in the region of rapidity where 
the rapidity density distribution 
extrapolated from pA reaction exhi
bits its maximum. This region is 
defined as n ± 0.5 where n is 

max. . max 
the pseudo-rapldlty at maXlmum par-
ticle density. The k -values for 
average central reactioRswith Cu, Ag, 
Wand U are marked in the figure • 
In single events higher k-values can 
be reached. Our estimates show 
that E ~ 1-3 GeV fm- 3 could be achi
ved at VSNN ~ 10 GeV. 

Conclusions. 
Rapidity density distributions 

extrapolated from proton-nucleus col
.lisions supply a norm for comparison 
with measured particle densities in 

We compare with the average behaviour determined by the clean cut parti
cipant - spectator model. Much larger particle densities than given by the ge
ometrical clean cut picture (k » k ) may signal new interacting physics. 

" g 

The JACEE Si+Ag event exhibits a large.enhancement in the backward direc
tion in the nucleon-nucleon centre of mass system. This large enhancement 
signals a violent participation from the target nucleus. 
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ANALYSIS OF THE HIGH MULTIPLICITY EVENTS IN 
ULTRA-RELATIVISTIC HEAVY ION COLLISIONS 

H. Sumiyoshi 
Institute for Nuclear Study 

University of Tokyo, Tokyo 188 

ABSTRACT 
From the view point that a high energy nucleus-nucleus 

interaction is composed of the multiple nucleon-nucleon 
collisions, we analyze the multiplicities of the 
ultra-relativistic heavy ion collisions. Most of the 
experimental data are well settled within our framework. 

·It is concluded that the multiplicity is insensitive to 
the quark-gluon plasma (QGP) formation or QGP has not yet 
been created within the observed events. 

1. Introduction 
High energy heavy ion collisions are now widely explored of their 

possibilities to produce the QGP state 1
). As for the problem what 

could be a clear signal of the formation of the QGP state, it is often 
considered that abnormally high multiplicity event itself is one of the 
evidence to assure the formation of the QGP. Our purpose of this paper 
is to give the standard average multiplicity of the central nucleus~ 
nucleus (~-At) collisions. 

Here, we employ, as one of a reliable model, the multi-chain 

model(MCM)2)3) which can describe well the high energy hadron-nucleus 
collisions41nd has already been successfully applied to heavy ion 
collisions . Especially, the rapidity density dN/dy in the ~-A 

collision is firstly given over all rapidity range4) t 
Based on our calculational results, we can judge whether the 

multiplicity of an event is abnormally high or not. 

2. Total Collision Number in ~-A Interaction 
If we take a cylinder approxiiliation of a nucleus, ~-At collisions 

are considered as follows; Wb (W
t
) nucleons in the beam (target) 

nucleus are wounded and each of them makes multiple interactions with 
V

t 
(~) nucleons in the target (beam) nucleus. Those numbers are 

obtained, by using the probabilistic version of the Glauber formulaS)-n 
, as follows; 

( 1) 

f 
and 

(2) 

f 
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where the integration of the impact parameter b
I 

is restricted within 
o ~ br~ 1.5 fm to ~elect the c~nt~al co!li~ions. The average total 
coll~sion number C equals to Wb'v

t 
(= Ht,v

b
). The numerical results of 

those quantities are enumerated in Table I for various \-A
t collisions. 

3. Subenergy of a Collision 
In each inelastic interaction, the energy momenta x (E+P) and x ~. + - N 

are spent for the production of particles. Here the four momenta of 
the nucleon in the beam (target) nucleus are (E,O,P) «~,O,O») and x± 

is the light-like momentum fraction. For simplicity, we take the 

following equipartition 2 ) distribution of x+; 

[

- -;;-T.~r;;-(~v;-"Q,-,-)..,..-;-~ x Q('1- x ) (v -1) Q-1 
= r(Q)f((v-l)Q) ± ± 

6(1-x±) 

for v~2 
(3) 

for v=l 

2) 
The free parameter Q is taken to be 1.0. The mean mUltiplicity of 
charged particles from each collision, < n (s », is dominated by the 

c c 
subenergy Sc which is equal to x+x_s. Here s is defiend by the initial 

four momenta of the colliding nucleons. The above approximation of 
equipartition makes all the collisions being equivalent on the average 
and then it makes the following discussions drastically simple. 

4. Mean Multiplicity in ~-A Interaction 
To obtain the average ch~rged multiplicity of ~-At collision, 

<N> we have to get the expression for <n (s». As a first step, 
A A ' c 

b t 
it may be natural to take <n(s~ for <n (s». The p-p data are well 

pp c 
fitted by the formula8 ); 

2 
<n(s» = 0.88 + 0.44lns + 0.1l81n s . (4) 

pp 
In our case, however, about half of the wounded nucleons are neutron in 
stead of proton, which leads to 

<n (8» = < n(s) > - 1 . (5) 
c pp 

There is another important point that we have to notice. Due to baryon 
number conservation,it is only from (Wb+W

t
) collisions out of C that 

the baryons, which carry the initial baryon numbers of the wounded 
nucleons, can be produced. As for the <n (s», therefore, we take 
Eq.(S) only for (Wb+W

t
) collisions and <~(s»pp for others. Thus we 

get 

<N 
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5. Numerical Results 
The numerical results of Eq.(6) are shown in Fig.l. The 

dispersions obtained by o. Miyamura9) using MCM are also shown for some 
events. The events whose multiplicities are far below the theoretical 
values may be simply interpreted as the ~-At collisions at larger 

impact parameters. We can safely say that most of the existing 

d 10)""17) f h 1 1'" h . 11" f ata 0 t e u tra-re at~v~st~c eavy ~on co ~s~ons, except or 
the event No.5, can be settled within the MCM. 

6. Conclusions 
The observed high multiplicity events of the ~-At collisions are 

not abnormal in the sense that they are well understood by MCM. 
Therefore, we can conclude as follows: (i) If the QGP state is formed 
in the process of the observed ultra-relativistic heavy ion collisions, 
the multiplicity is insensitive whether QGP is formed or not. Or (ii) 
if the multiplicity could certainly be the clear signal of the QGP 
formation, the QGP state has not yet been realized in the observed 
events. 
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I.,..) 

\0 
N 

Table I 

No. Ab+A t 
EITeV/N) a~~el 1mb) Vb \I t Wb W 

t 

1 1'+"''1 0.07 31 :5 1. 76 4. 91 13.7 38.3 

2 1I'1+A9 0.07 31.5 2.13 4. 77 23.4 52.6 

3 B+A'1 0.3 32. 5 1. 65 5.10 10.8 33.5 

~ Ca+Pb o .3 32.5 2.53 6. 36 39.6 99.6 

5 Si+Ag 0.3 J2 .5 2.30 4. 86 27. 3 57.8 

6 Li+Ag 0.4 33.0 1.39 5.20 5.9 22.2 

7 Si+Ag o . 5 33.0 2.32 4. 9) 27.3 58.1 

B B+Ag 0.5 33.0 1. 66 5.18 10. B 33. 8 

9 A1+Ag 0.5 33.0 2.29 4. 95 26.4 57.0 

10 C+Ag 1.2 35.0 1. 76 5.46 ll. B 36.9 

lla B+Ag 

} 1.5 },," 
1.71 5.48 10.9 34. 9 

llb Be+Ag 1. 60 5.52 8.9- 30.7 

llc Li+Ag 1.42 5.58 5.9 23.4 

12 B+A'1 1.7 35.0 1. 71 5.48 10.9 34.9 

13 C+Ag 3.0 36. a 1. 78 5.61 11.9 37.4 

14 Si+Ag 3.6 J6.5 2.47 5.4J 27 .4 60.3 

15 He+Ag 4.3 37.0 1. 62 6.22 4 • a 15.3 

16 lIe+C 7 38.0 1. 73 2.24 3.3 4.3 

17 Ne+C 7.1 3 B .0 2. 0 1 2.58 9.4 12.0 

18 8+Ag 14 40.0 1. 5 2 6.24 10.9 44.7 

19 lIe+C 27 4J.0 1. 84 2.44 3.4 4.5 

20 Ca·C 1100 48.0 2.22 4.47 11. 3 I 22.7 

The ~umerical results of Vb' V , 
and C for various observed Ab- R 
sions, each of which is assigned 
number. 
* C

S
H

8
0

2
.tar g et is treated as C 

calculatlon 

C Ref. 
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LEPTON SCATTERING FROM NUCLEAR TARGETS 

A. Bodek 

Department of Physics and Astronomy 
University of Rochester 

Rochester, N.Y.l4627 USA 

ABSTRACT 

Experimental results on deep inelastic lepton 
scattering from nuclear targets are discussed 
with emphasis on electron scattering experiments. 
Also discussed are experiments that have recently 
been completed and. experiments that are. a.bout to 
begin data taking in the near future. A short 
summary of current theoretical ideas on quark 
distributions in nuclei is also presented. An 
analysis of electron scattering and neutrino 
scattering data from hydrogen and deuterium 
indicates that nuclear effects in the deuteron 
are small. 

1. Introduction 

Deep inelastic lepton scattering experiments using nuclear targets 
have initially coricentrated on the low x and low Q2 regionl ),2) where 
the application of the quark-parton model is not valid, and where 
effects such as nuclear shadowing3) \-rere expected to be important. 
These early experiments, performed initially with electrons, and later 
also with muons, have indicated that the atomic weight dependence of 
the structure functions of nuclei was about Al. O at low x (~O.l) and 
at Q2 values of about 1.0 (GeV/c)2. Initially, these results were some
what surprising, because nuclear showing has been observed in photo
production (Q2=0)experiments4) and a continuous transition between 
photoproduction and electroproduction was expected. These results lead 
to the early demise of the naive vectro-meson dominance model (VMD) in 
which the assumption of dominant coupling of the virtual photon to low 
mass vector mesons implied large shadowing in electroproduction 
experiments. 

Since nuclear shadowing was not observed at low x and Q2 ~ 1 
(GeV/c)2, further investigations of the A dependence at larger values 
of x and Q2 were not undertaken. The theoretical expectations were 
that if there were no shadowing effects at low x and low Q2, then the A 
dependence at large x and large Q2 would certa.inly be linear with A. 
Later, high Q2 muon and neutrino scattering experiments were designed 
to use nuclear targets because such targets were easier to construct 
than liquid hydrogen and liquid deuterium targets. It was implicitly 
assumed that aside from Fermi motion corrections, such experiments 
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determine the structure functions of free nucleons.. 

The first results from the European Muon CollaborationS) ,6),7) 
(EMC), which indicated that the ratio of steel and deuterium structure 
functions was different from 1.0 at large values of Q2 came as a com
plete surprise. The trend of the ratio as a function of x was in a 
direction which is opposite to that expected from Fermi motion 
effects8 ) • 

The confirmation of the EMC results did not take long. It was 
realized that the target walls used in SLAC experirnents9) E49B and E87 
were constructed from aluminum and steel respectively. These experi
ments, which were carried out in 1970-1972 were designed to measure 
the structure fWlctions of the proton and the neutron using liquid 
hydrogen and liquid deuterium targets. The target wall contributions 
were measured using empty target replicas. The story of the recovery 
of the old SLAC data is more appropriately suited for publication in 
an ArcheologicaljournallO). It suffices to say that the data was 
recovered, analyzed and recently publishedll),12). . 

2. The Experimental Data 

11) 12) . 
The electron scattering data (Rochester-SLAC-MIT ' ) 1S shown 

in figures la and lb. The ratio of aluminum to deuterium cross sections 
shown in figure la, spans a range of Q2. The mean Q2 of the data is 
1.9~ 2.2, 2.4, 2.7, 2.4, 3.1, 3.8,4.2, 5~2, 5.2 7.0, 6.8, 7.5, 8.7, 
8.3, 11.8, 11.4,13.8, and 20.1 {GeV/c)2 for the x bins starting at 
0.075 and ending at 0.863, respectively. The data for the ratio of 
steel to deuterium cross sections, shown in figure lb, also span a 
range of Q2. The mean Q2 for the steel data is 6.0, 6.4, 761, 7.2, 
7.6,6.0,7.8,9.7,11.4,12.8,17.0, and 19.3 {GeV/c)2 for the x bins 
starting at 0.25 and ending at 0.90, respectively. 

1 .. . Fe/ D'. d b h A so shown 1n f1gure lb 1S the F2 F2 rat10 as measure y t e 
EMC collaboration at larger values of Q2. The EMC data span a Q2 
range from 9 to 27 {Gev/c)2 for x = 0.05, from 11.5 to 90 {GeV/c}2 
for x = 0.25 and from 36 to 170 (GeV/c)2 for x = 0.65. In the region 
of overlap the Rochester-SLAC-MIT data and the EMC data indicate the 
same effect. The Rochester~SLAC-MIT dat.a extend to higher values of 
x where the effects of Fermi motion appear to become important. The 
data have not been corrected for Fermi motion. The ourves, calculated 
by Bodek and Ritchie8 ) indicate what the data should look like if 
Fermi motion was the only effect present. The trend of the data for 
x<0.6 is opposite to that expected from Fermi motion effects. Also 
shown in figure lb is the ratio of the structure functions for copper 
and deuterium from a low Q2{Q2~1.0(Gev/c)2) experiment2) at SLAC, and 
OFe/OD as measured in photoproduction4) experiments. The experiments, 
taken together. suggest that at small x and small Q2 the ratio is 
considerably reduced. It is possible that the combined effect of the 
nuclear enhancement at low x and shadowing effects at low Q2 is the 
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reason for the rapid disappearance of nuclear shadowing for Q2>0. An 
important question that must be settled in future. high energy and high 
Q2 muon scattering experiments is to confirm and determine, within one 
experiment, .the nature of the low x Q2 dependence. 

The Rochester-SLAC-MIT data for the ratio of aluminum and deuterium 
structure function is shown in figure lao Also shown are results from 
a lower Q2 experiment2) at SLAC (Q2~1.0{GeV/c)2) and photoproduction4) 
data. For x>0.2, the aluminum data also show a trend which is opposite 
to that expected from Fermi motion effects. The trend is similar to 
that observed in the data for steel. 

It appears that in the region 0.2<X<0.6, the Rochester-SLAC-MIT 
data and the EMC data-are consistent. This suggests that the dis
tortion of the valence quarks in the nucleus is Q2 independent. Fits 
performed to the electron data over this x region of the form A + Bx 
yields A = 1.15 ± 0.04 ± 0.011 and A = 1.11 ±0.02 ± 0.023 for 0Fe/OD 
and 0Al/OD, respectively. The corresponding values of Bare B=-0.45 
± 0.08 an B = - 0.30 ±0.06 for 0Fe/OD and 0Al/OD' respectively. The 
slope for aluminum is l~ standard deviation lower than the slope for 
steel. The EMC results, yield A = 1.18 ± 0.01 and B = 0.52 ± 0.04 ± 
0.21 for F5e/F~ at large Q2. 

3. Normalization and Systematic Errors 

In the electron scattering experiments, the data taking from the 
nuclear targets is interspersed with data for deuterium. Typically, 
targets are changed every 10 minutes. Computer control of the movable 
target assembly allows target changes to occur in less than one minute. 
Therefore, most systematic errors in the cross sections, such as flux 
monitors calibration, incident and scattered energy calibration, 
spectrometer solid angle, and most uncertainties in the radiative 
corrections cancel in the ratio. The target cells are constructed to 
have the same length in units of radiation length13). This makes the 
radiative corrections for all target essentially identical <-Le. the 
differences are less than a few tenths percent). Errors which do not 
cancel are primarily due to the knowledge of the relativetargetdensi
ties and lengths. The normalization errors in the electron data is 
±l.l% and ±2.3% for 0Fe/OD and OAI/OD , respectively. Other point to 
point systematic errors have been added to the errors of the points 
shown in figure 1. 

The muon steel and deuterium data are obtained in different data 
taking periods using targets of different radiation lengths. However, 
since the same spectrometer is used,some cancellation of systematic 
errors is expected. 
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4. 'Radiative Corrections and Two Photon Effects 

The radiative corrections include the effect of photon emission 
for elastic, quasielastic and inelastic scattering from the nuclear 
targets. Such photons can be emitted either in the actual scattering 
process (internal bremsstrahlung) or due,to straggling in material 
before or after the scattering (externalbremstrahlung). The radiative 
corrections for muon and electron experiments are somewhat different 
and the fact that for x>0.2, both muon and electron experiments observe 
the same effect suggests that the effect is not due to radiative pro
cesses. As mentioned earlier, the. systematic error in the external 
bremsstrahlung radiative corrections mostly cancels for the electron 
data, because targets of the same ~adiation lengths are used. The 
radiative corrections for the electron experimentsl1),12) have been 
calculated as described in Stein et al. 2) using the procedure of Mo 
and Tsai14). The corrections, which are typically less than 30% for 
each target are essentially the same (within a few tenths percent) for 
targets having the same length in radiation lengths. The internal 
bremsstrahlung radiative corrections are'dominated by photon emission 
in inelastic scattering processes which are assumed to be the same 
for all targets. The contributions of the elastic nuclear radiative 
tail is negligible and the quasielastic tail is small except at the 
lowest values ofx. They are included in the corrections. 

The errors in .the crFe/crO ratio from radiative corrections are 
larger in muon experiments since targets of different lengths are used 
and energy loss corrections must be applied. The validity of the Mo
Tsai procedure for internal bremsstrahlung in scattering experiments 
from ~drogen has been checked by the EMC collaboration by detecting 
photons emitted at wide angles. The rate of photons agreedl5) with 
the Mo-Tsai calculation. 

One may speculate as to whether the internal bremsstrahlung calcu
lated using the Mo-Tsai procedure is good approximation for heavy 
nuclear targets. In addition, one may speculate as to whether two 
photon and Za corrections affect the conclusions that are obtained 
using the one photon exchange approximation. At present, there is no 
experimental evidence to suggest that such affects are important. 

The above effects can lead to a difference between electron and 
positron scattering from nuclear targets. As is known from work com
paring elastic e+p .and.e-p scattering the effects of hadronic radia
tion and two photon exchange make the radiative corrections for the 
two processes slightly different. A comparison of deep inelastic e+p 
and e-p scattering has been used to place upper limits on such terms. 
The ratio of the cross sections, as measured by the UCSB group17), for 
e+p/e-p is 1.0027 ± 0.0035. An earlier measurement by a SLAC grouplB) 
yields e+p/e-p = 1.001 ± O.OOB. 

Similar measurements from nuclear targets are also consistent with 
unity. A comparison of the deep inelastic scattering of ~+ and ~~ 
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mesons on carbon at BNL energies19) yields ~+c/~-c = 1.002 ± 0.017. 
The BCDMS collaboration at CERN have used the comparison of ~+ and ~
cross sectio'ls on carbon20) to measure the electroweak asymmetry 
predicted by the Weinberg Salam model, and obtained sin28w = 0.19 ± 
0.07 ± 0.04. The measured asymmetry of about 1% at high Q2 was 
consistent with that expected fromelectroweak interference 
and higher order electromagnetic effects calculated:.!l) assuming a 
quark parton model and no nuclear affects. 

Nevertheless, the effects for high Z elements such as steel as 
well as for very high Z targets such as lead and gold (which are to be 
used in more recent experiments23 ) ,24), must be investigated. Theore
tical work on two photori processes in the scattering from nuclear 
targets has been primarily done for low energy (~50MeV) scattering22). 
Further theoretical investigation at higher energies and high Q2 is 
progress39) in order to understand whether Zet terms are important. A 
comparison of neutrino scattering from heavy targets with that from 
deuterium would be very:interesting as a check on such terms. such 
comparisons are presently being pursued. 25 ) 

Another way to check the Zet and two photon terms is by doing 
Rosenbluth plots. The extraction of R = O'L/O'T relies on a comparison 
of data taken at different scattering angles. If two photon and za. 
terms were important, non linearities would be present in such plots, 
because then the one photon exchange approximation, and the descrip
tion of inelastic scattering in terms of two structure functions would 
not be valid •. Such a check is being done by SLAC experiment23 ) E139. 

5. Experiments in Progress 

SLAC experiment E139 has recently completed data taking. Data 
were taken with deuterium (2Hl)' helium (4He2),berillium (9Be4), 
aluminum (27Al13), iron (56Fe26), silver (107A947) and gold (197AU79) 
targets. The range of x that has been covered is O.1~~0.8. Data 
were taken at Q2 = 2, 5 and 10 (GeV/c)2 and at Q2 = 15 (GeV/c)2 and 
x = 0.6. The experiment has recently been completed (June 30, '83) 
and preliminary results are expected shortly. 

. 7) ,24) The EMC collaborat1.on ,has undertaken a program to study the 
low x and low Q2 region for Q2>0.15 and x>3xlO-4 in order to study 
the shadowing region. They plan to run with hydrogen (lHl)' deuterium 
(2Hl), carbon (12C6), iron (56Fe26) and lead (207Pb82). They expect 
to get between 250k events and 300k events for each target for 
0.15<Q2<2 (GeV/c)2 and about 40k events for each target for Q2>2 
(GeV/c)2. The data taking period starts in July 1983. 

h . 20). l' t d tt . 26) T e BCDMS collaborat1.on 1.S p ann1.ng to s u y muon sca erl.ng 
from deuterium (2Hl>' nitrogen (l4N7) and iron (56Fe26). This experi
ment, which will run at the end of 1983 is planning to study the range 
0.07~~0.65 for very high Q2. This experiment is complementary to 
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SLAC E139 since it will extend the A dependence study to very high Q2. 

6. Neutrino Experiments 

Neutrinos offer a unique tool in establishing the or1g1n of the 
distortion of the structure functions of bound nuclei. For example, 
the radiative corrections in neutrino experiments are different from 
those in electron and muon experiments. Neutrino experiments yield 
information on the valence quark and sea antiquarks separately. This 
information is important if the low x enhancement, which is observed 
at high Q2, is due to an increase in the quark antiquark sea in a 
heavy nucleus. 

Unfortunately, the systematic errors are very large, because data 
on different target nuclei are obtained in different experiments. 
Presently, old data from the BEBC bubble chamber at CERN, and 
data from the 15' bubble chamber at Ferrnilab are being studied in 
England and at Columbia University, respectively. The aim is to com
pare deuterium (2Hl> to neon (20NeIO> x distributions. Because the 
data are from different experiments the systematic effects due to 
differences in the beams and analysis procedures make their comparisons 
difficult. A more promising effort is being undertaken at Saclay25) f 

where CDHS wide band beam data on iron is being compared to BEBC 
deuterium data. Both experiments have run simultaneously in the sarne 
beam, so beam related systematic effects should be small. Systematics 
due to differences in analysis between the two experiments remain, 
because it is difficult to measure x in a deuterium filled bubble 
chamber. Results are expected around the end of 1983. The CDHS 
group25) is also investigating the antiquark distributions inhydrogen35) 
in order to compare to the antiquark distributions in iron. Results 
are expected soon33). 

7. Theoretical Explanations 

The understanding of the mechanisms responsible for the distortion 
of the structure functions of nucleons bound in a large nucleus has 
been the subject of several recent theoretical papers. This include 
ideas such as multiquark bags27), pions and quasipions in nuclei28 ) , 
delta resonances in nuclei29), diquark states30), the percolation of 
quarks from nucleon to nucleon in a large nucleus 31) and changes in 
the effective mass and radius of a nucleon bound in the nucleus32). 
However, the understanding of the effect is still in a very qualitative 
state. The reader is referred to the original references for detail. 
More references and summary of the theoretical work can be found in 
references 6 and 7. 

8. What about the deuteron, is all the effect due to iron? 

27) 
It has been suggested that nuclear distortions in the deuteron 

are small because of the large separation between the neutron and the 
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proton. A check on nuclear effects in the deuteron can be done in 
two ,,,ays. 
deuterium 
bydrogen. 

One suggestion28} is to compare neutrino cross sections for 
to the sum of neutrino and anti neutrino cross sections for 
Antoher way is to study the quantity 

ed Fed 
F2 2 

R = -

[ 1 + d /u + sea/uv 1 [F~P + F~n ] 
Fep I + v v 
24+ d /u + sea/u 

Free 
v v v.J 

as a function of x, where llv(x) and dv(x) are the valence quark dis
tributions in the nucleon extracted from neutrino and antineutrino 
experiments34) ,35) on hydrogen. For x>'0.4, the sea quark contribution 
can be neglected. I have used the data of Bodek et al. g ) for F~d/F~P 
and the results from three neutrino experiments on hydrogen for the 
ratio dv(x)/llv(x), as summarized by Eisle35). The errors of the d/u 
data from the neutrino experiments dominate the error in R. The 
results, shown in figure 2a indicate that the nuclear distortions in 
the deuteron are small. For X<0.4 I have included a small sea correc
tion using u, d and s distributions extracted from CDHS data on hydro
gen (Pszola35». I have assigned a 100% error to this correction. 
This error has been added linearly (outer error bars) to the points 
for x<0.4. 

cr -cr 
. Vn Vp 

The quant1ty cr +cr can be extracted from neutrino experiments 
Vn vp 

in a deuterium bubble chamber36) by the comparing scattering from 
bound protons and neutrons. The identification of an event as scat
tering from a proton versus scattering from a neutron is done by 
investigating the event topology36). For x>0.4 

cr -cr cr - a 
Vn Vp = ep en For x<0.4 there are small sea corrections which 

cr +cr - cr +<J 
Vn Vp ep en 

have been handled as described above. If we assume that nuclear effects 
in the deuteron cancel in the above ratio, we can use these data 
(Kitigaki36» in conjunction with F2d/F~P from Bodek et al. to form 
the ratio F~d/(F2p+F2n)Free' These results are shown in figure 2(b). 
Also sho\~ are the expected ratio from Fermi motion effects using the 
procedures of Atwood and West37 ) (solid line) and Frankfurt and 
Strickman38) (dashed line). 

Within the errors, there are no indications of nuclear distortions 
in addit.ion to those expected from Fermi motion effects. Systematic 
errors come from the fact that not all the experiments are done at 
the same Q2 (scaling violations) as well as experiment related syste
matic errors. In addition, the neutrino data are preliminary i.e. 
obt.ained from conference proceedings. However, it appears that better 
neutrino data could be used as a check on the Fermi motion calculation. 
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The Atwood and West technique37} (also us.ed by Bodek and Ritchie8) 
yields a curve which is. typically 1. 5 to 2.5% lower than the calculation 
of Frankfurt and Strickffian38 ). 
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Figure. Captions 

Fig. 1. 

Fig. 2. 

0A~/OD (b) 0Fe/OO the data have been corrected for the small 
neutron excess and have not been corrected for Fermi motion 
effects. In addition to the Rochester-SLAC-MIT data (Ref. 
11,12), also shown are high Q2 0Fe/OO data from EMC (Ref. 5), 
low Q2 0Al/OO and Gcu/Oo data from SLAC (Ref. 2) and photo
production 0Al/GO and DFe/DO data. Normalization errors are 
not shown. 

ed ep en ed ep 
F2 /(F2 +F2 ),Free obtained by using F2 /F 2 data and extrac-
ting a quant~ty which is equal Den/Dep from quark distributions 
measured in neutrino experiment. The results indicate that 
nuclear distortions in the deuteron are small. 
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Deep Inelastic Lepton Scattering and the Quark Structure 
of Nuclei 

t 
James P. Vary 
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and Physics Department, Iowa State University, Ames, Iowa 

and 

Hans J. Pirner 
Institut fur Theoretische Physik, Universitat Heidelberg, and 

Max Planck Institut fur Kernphysik, Heidelberg, FRG 

Deep inelastic lepton scattering has proven to be a powerful tool for 
discovering the substructure of the hadrons. In the same way, we expect that 
deep inelastic scattering (DIS) from nuclei reveals how that substructure is 
modified by the nuclear medium. We have presented a model l which successfully 
explained DIS on 3He 2 in terms of 3, 6, and 9-quark clusters. We have recently 
improved the model by incorporating more realistic nuclear wave functions to 
determine the effects of Fermi motion and to evaluate the geometrical overlap 
probabilities of cluster formation. 3 Furthermore, we have included the 
contributions of sea quarks" which are important for understanding the new 
data with iron targets. S,6 We have also extended the model to obtain a 
description of the elastic charge form factor of 3He? 

Here, we summarize the principal ingredients of the model and present 
illustrative results for DIS. For a lepton of incident lab energy E, final 
energy E' at lab scattering angle 8, we define the lab energy loss V=E-E' and 
the negative of the invariant four-momentum transfer squared, Q2=4EE'sin 28/2. 
The scattering occurs from a target nucleus of A nucleons, N neutrons, and Z 
protons whose mass M is approximated as Am, where m is the nucleon mass. We 
employ the Bjorken variable x3Q 2/2mv which has values OsxSA and the Nachtmann 
variable ~=2x[1+{1+Q2/V2)1/2]-1 which goes over to x as Q2+co, \)+00 but x fixed. 
The variable ~ accounts 8 for finite mass corrections to scaling which are 
important over the range of the 3He data 2 and the low Q2 Fe data 6 , but which 
are not important for the high Q2 Fe data. s 

We write the total invariant structure function for the nucleus as 

(1) 

where the Mott cross section O'M=4ex2{E')2Q-" cos 28/2; ex is the fine structure 
constant; and the inelastic structure function 

Win 
V 2 = L e: ~ @(~) 

quarks J A 
j 

(2) 

The function (?(~) is the distribution of quarks in the nucleus with momentum 
fraction ~/A of the total nuclear light-cone momentum P+=E+Pz• In our quark 
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cluster model l we assume the quarks are found in an i-quark (i-q) cluster 
(i=3,6,9, ••• ,3A) within the nucleus with probability Pi so that 

where Pi (0 is 

GU,J = L Pi Pi(~) , 
clusters 

i 

the ~-distribution of quarks within the cluster. We then 
~ ~ . 

= J~i~A 'dy f~q/i. du n IO(u) No/A(y) IS (~ • y - ~) , 
o 0 q 1 1 1/3 A A . 

write 

(4) 

where nq/i (u) is the distribution of quarks in the i-q cluster with momentum 
fraction u(i/3)-1, Ni/A (y) is the distribution of i-q clusters in the nucleus 
with momentum fraction y/A, and the IS function guarantees momentum 
conservation. We take cluster masses mi=mi/3 and define the thresholds by 

r~ m~ QT/2 ,1 th l'+~'" + ~i/A = A 
M v 

~ + ~:T/2 I + 1 
1 

(5) 

th i r 2 1 ~ /" = q 1 3 l[, 4m~J 112 I 
+ Q2 + 11 

(6) 

Equation (4) may be simplified to read 

(1) 

where nq/i (3u/i) = (i/3)nq/i (u) and e represents the usual step function. For 
3-q clusters we take nq/3 distributions determined by QeD and best fits to 
data. 9 We terminate the cluster sum in Eq. (3) at 9-q clusters, and we take 
nq/i for i=6,9 from counting rules and Regge behavior to be: 

= 1.762(z)-1/2(1_z)9 

-1/2 15 
= 2.239(z) (1-z) • 

(8) 

(9) 

For the Fermi motion of the clusters we take, at present, a simple Gaussian 
distribution 

1 l (y-i/3)21 No/A(y) =,1 72 exp - 2 ' 
]. 21r0' 20' 1 

(10) 

with 0'=0.1152 based upon a simplified analysis of 3He wave functions. l Results 
with more realistic treatment of the Fermi motion in Eq. (1) will be presented 
elsewhere. 3 
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For the 3He data, we may readily use re~istic nuclear wave functions to 
determine the quasi-elastic contribution Vw~-e in Eq. (1) and to determine the 
cluster probabilities P'i. For these purposes we employ semi-realistic lO and 
realistic 11 three-body wave functions for 3He obtained by solutions of thi 
Faddeev equations. ·For the present analysis of 3He data we will take vw~-e 
to be P'3 times the results obtained by the Hannover group. I I For the 
probability that a quark is found in an i-q cluster, we compute geometrical 
overlaps as a function of a critical bag radius Rc I using the semi-realistic 
results of the Los Alamos group.IO A visual fit to the highest energy 3He data 
sets is used to determine an optimum Rc value and, hence, the cluster 
probabilities Pi. We show in Figs. 1 and 2 an envelope of results for DIS on 
3He corresponding to the choices Rc~0.45 fm (P3=0.93, 156=0.01, 159=0.00) and 
Rc=0.55 fm (P'3=0.83, P'q=0.15, 1'9=0.02) along with the pure quasi-elastic results 
of the Hannover group 1 for comparison. In order to fit the low v (high x or 
~) data, we require a substantial contribution from the 6-q cluster. Based 
upon the results shown here, we estimate a "best fit" to the data is obtained 
with this improved version of our model using Rc =0.50 fm and the resulting 
P3~0.88, p6~0.11, and f59~0.01. Analyses with different choices of semi-realistic 
nuclear wave functions suggest an uncertainty of ±0.05 fm in Rc and ±0.02 on 
each of the Pi values. In particular, the 9-q cluster probability is 
determined almost entirely by conservation of probability since the 9-q 
cluster has only small c')ntributions in this range of data. These results 
differ only slightly in Rc from the_ ~arlier fit I with the more substantial 
changes occuring in the Pi and in VW~ e. The nearly unchanged ~_r~flects an 
offsetting influence of short-range correlations between Pi and vW 2 e 

Let us fix the ingredients determined to fit the 3He data and now address 
the DIS of leptons from Fe." Here the data 5 6 are presented as a ratio R of 
cross sections per nucleon of iron to deuteriJm (D). We assume that Rc is the 
same in all nuclei and hold it fixed at 0.50 fm but realize that D is less 
dense than 3He while Fe is more dense. We estimate the effects of these 
density differences 3 to yield (P3' 1>6' P9) = (0.95,0.05,0) and (0.19, 0.11, 0.04), 
respectively for D and Fe. Then if we evaluate R for lepton scattering at 
E=100 GeV, 8=80 and include the strange and charm sea contributions" 

.j 
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• R.f ~ 

f··· , 

appropriate to Q2=20(GeV/c)2 we obtain the 
solid curve in Fig. 3. The low x region is 
primarily sensitive to the sea quark 
contributions. The dip in R below unity is 
sensitive to the ratio of 6-q cluster 
contributions in Fe and D. To fit this dip 
we need to decrease the 6-q cluster 
probability in D and/or enhance the 6-q 
cluster probability in Fe. The rise near 
x=1 is sensitive to the treatment of Fermi 
motion which is approximated here as the 
same in Fe and D. Compare the dashed 
curve for E=20 GeV, the sea at 
Q 2= 1.8(GeV /c) 2 and an arbitrarily increased 
density effect in 5~e wherein (f>3' P'6' 

Fi~ 3 P9)=(0.70, 0.22, 0.08). 
While the quark cluster model is successful in describing the ~e data, 

there is a need to improve the description of Fe/D data. Further work on this 
is in progress. 12 
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ANOMALOUS BEHAVIOUR OF NUCLEAR STRUCTURE FUNCTIONS REVISITED 

W. FURMANSKI and A. KRZYWICKI 

Laboratoires de Physique Theorique, Univ. Paris-Sud, Orsay 

If a nucleus is regarded as a collection of quasi-free nucleons, the nuc

lear structure functions are simply proportional to the·sorresponding structu

re functions of the nucleon: 

F(x,A) AF(x,l), O. < x < 1 (1) 

Here A is the nuclear mass number and x is the parton momentum scaled by 

the momentum of one nucleon. Back in 1976 it has been argued by one of us 
1 

that the conventional picture of the nucleus might not hold when the nucleus 

is probed during a very short time. A simple parton model has been formulated, 

• illustrating the idea of an "anomalous" behaviour of nuclear structure func

tions, where eq. (1) is violated. At that time this idea has met with scepti

cism. Recent experiments2 have demonstrated, however, that eq. (1) is indeed 

badly violated. Hence we decided to develop further the ideas of ref. 1. 

The picture of a nucleus as a collection of (almost) free nucleons is an 

extreme view. In a snapshot of a nucleus one would see some hadronic mess: 

nucleons, excited or not, all kinds of mesons, etc. For short time intervals 

it is more appropriate to consider quarks and gluons as elementary quanta. 

This is what we shall do. However, we shall also adopt an extreme viewpoint: 

we shall neglect correlations between partons. This is an oversimplified pic

ture, but it has the merit of simplicity. We write the probability of a par-
3 ton configuration in the form 

K 
dPKLM(X,Y,Z) Co (1- l: x. -

J 

AK AL K 

L 
l: Y. -

J 

d].lKLM (X, Y, Z) 
S G II S(X.)dX'/X. 
K!L! J J J 

M 
l: z.> d].lKLM(X,y,Z) (2a) 

J 

L M 
II G (Y . ) dY ./Y . II V (Z .) dZ. (2b) 

J J J J J 

and S(O) = G(O) = 1, V(Z)~ zS-l for Z + 0 (S > 0). Here K is the number of 

sea quarks and anti-quarks, L is the number of gluons and M = 3A is the num

ber of valence quarks. The variables X., Y., Z. are parton momenta scaled by 
J J J 

P, the total momentum of the hadronic system. We assume that the average num-
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-ber of sea constituents is 'V A like the number of valence quarks .. Hence, we 

set ~ = AA . Apart from that, the nucleon and the nucleus are treated on 
S,G S,G 

the same footing: the functions S,G,V are assumed independent of A. They are 

determined from nucleon data. Once this is done the extrapolation to A > 1 

is una.mbiguous. 

Our physical picture of the nucleus is that of a bag of instantaneously 

free partons. The partons do not know the size of the bag, their one-particle 

wave functions do not depend on A. The aVerage number of partons is proportio

nal to A and' therefore a single parton seldom gets momentum> piA. Such ano-
I 

malous configurations are not strictly excluded, however, and one can argue 

that their existence represents short-time collective effects in nuclear matteL 

Define 

K L M 
r, M(T) L f o(T - L X, - L Y. - L z .) dfJKLM(X,y,Z) 

K L J J J 
(3) 

The st~ucture functions are 

xF S (x,A) (4a) 

XFG(X,A) (4b) 

XFV(X,A) = Mv(x/A) ~M-1 (1-x /A)/Sl
M

(1), vex) = XV(x). (4c) 

Here x is the momentum in units of piA. The determination of functions S,G,V 

from nucleon data is mathematically non-trivial. The solution of this problem 

is presented in ref. 4. For A » 1 the saddle-point approximation to SlM(T) 

yields 

XFS (x,A) = A A exp -f.,x 
,G S,G 

(5a) 

(AA)B exp -AA 
(x .:s 1) 

(5b) 

with ~ = )'s + AG + 38. A numerical study shows that the limit (5) is reached 

rapidly: for A > 20 the error is less than 1%. Since the A dependence of 

structure function~ factorizes at large A, viz. F(x,A) = Af(x) (x < 1), we 
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• 

predict a striking saturation law: 

A'F(x,A) 

AF (x,A') 
1 A,A' » 1 

as if anomalous effects in structure functions were absent. 

(6) 

5 
The CDHS data have been used a~ input in our numerical work. We stick as 

4 
much as possible to their fits, except that we assume F ~ (i-x) for x ~ 1, 

G 
in agreement with prejudices from large p phenomenology. In calculating the . t 
ratio aFe/a

D 
we have two options: 1) Describe the deuteron by our nuclear mo-

del, and 2) Assum~. that deuteron is an exception to the rule and replace it by 

two free nucleons. The second option is the one which is generally considered 

as "obviously" more realistic, but we prefer to be careful and we did our cal

culations for the two extreme cases. The results are shown in fig. 1. The da

shed and the solid curve correspond to the options 1) and 2) respectively. 

Neither of our curves really fits the data, as one could expect with so 

crude a model. Nevertheless, we claim a success since we reproduce the most sal

ient features of the data essentially without free parameters: a) we predict 

~ 15% enhancement at small x, b)we predict ~ 20% depletion for medium values 

of x, to be compared with the observed 14%. The dramatic rise of. the solid cur

ve for x > 0.6 has nothing dramatic in it. With option 2) one is dividing a
Fe 

by a quantity that tends to 0 for x ~ 1. As one moves towards x=l unconventio

nal contributions to D structure functions are certainly important, e.g. it is 

plausible that option 1) is realistic there. It is amusing that, on the whole, 

the dashed curve looks better. It is not clear whether this is an accident or 

whether a parton bag description of D is more realistic than expected. 

Summarizing : The so-called EMC effect can be roughly understood in the 

framework of a statistical parton model. We suggest that the experimenters 

check the saturation law (6), very characteristic to the picture where the who

le nucleus is regarded as one bag of partons. 
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Stopping Process of GeV Particles in Target Nuclei 

K. Nakai 

Department of Physics, University of Tokyo, Hongo, Bunkyo-ku, Tokyo 113, Japan 

§1. Introduction 

The issue whether and how we can produce high energy densities in nuclear 

matter is one of central subjects in high energy nuclear reaction studies. 

Theoretical speculations for possible phenomena associated with nuclear matter 

at high baryon densities or high energy densities stimulated experimental 

efforts to study high-energy heavy-io~ reactions at Bevalac. However, we 

don't know yet what would be the best 'energy for generation of high energy 

densities. Obviously, one needs nucleus-nucleus collisions at high energies, 

but at higher energies nuclei would become transparent, so that there must be 

an optimum energy for this purpose. It is, therefore, very important to 

study the nuclear stopping process and mechanisms of energy deposition of GeV 

particles in target nuclei. 

In order to survey the energy regionapove the Bevalac, we started 

experimental programs at KEK to study hadron-nucleus interactions in a few GeV 

region. In the following I would like to discuss about the stopping process 

of GeV particles based mainly on our experimental results and combining with 

information from other experiments. 

observations. 

§2. Summary of the KEK experiment*. 

Experimental setup 

Let me first summarize our experimental 

The experimental setup is shown in Fig." 1. Unseparated proton and pion 

beams of 1 to 4 GeV/c from the KEK n2 channel were used on nuclear targets. 

Beam particles were identified with two Cherenkov counters C1 and C
2

• 

* The KEK experiment E71 were carried out by T.-A. Shibata, H. En'yo, I. Arai 

S. Saski, M. Sekimoto, K. Nakayama, K. Ichimaru, H. Nakamura-Yokota, R. Chiba 
1) 

and K.N • 

413 



~E-E TELESCOPE 

HODOSCOPE 
v v 
C1 C2 

:§ BEAM 18~8-~ 
51 52 

'\YMWPC 
3x3 Stack 

of 
TELESCOPE 

\ 

I NEUTRON 20cm DETECTOR 

Fig. 1 Experimental layout. 

A cylindrical MWPC was placed sorrounding the nuclear target for detection of 

charged particles emitted in an angular range of e = 30° to 120° and ¢ = 0° to 

330°. Seven 6E-E scintillation telescopes were placed at 40 cm from the 

target at angles from 30° to 120~ for measurements of emitted proton spectra. 

For measurement of neutron spectra a liquid scintillation counter was used at 

1 m from the target and at angle of 60°. These detectors were for observation 

of particles emitted in the target-rapidity region. For detection of forward 

particles, a stack of 6E-E counters was put on the beam line at 1 m from the 

target to cover an angular range of e < 10° . 
'V 

Inclusive proton spectra 

Energy and angular distributions of protons measured by the 6E-E 

telescopes are shown in Fig. 2. The distributions were well reproduced with 

a model assuming the isotropic emission of protons from a source moving with a 

velocity B. The energy spectrum of protons in the moving frame was given 
s2 

as, (l/p)(d a/dEdQ) = Nexp(-E/E ). 
o 
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Fig. 2 Examples of inclusive proton spectra and results of 

the single-moving-source fit (solid curves). 

The parameters B , E ' and N were determind by the least-square fitting to 
s 0 

data. Examples of the single-moving-source fit to data are shown Fig. 2. 

Cross sections and multiplicities of protons 

The cross sections for formation of the single moving source, 0 R1 (in a 

highly inelastic process), and mUltiplicities of emitted protons, <m >, were . p 

determind from the single(Yl) and two-fold-coincidence(Y2) counting rates of 

the ~E-E telescopes. 

Those are given as; 

(Yl (8.)) 
J 

(Y2(8
j

,8
k

) 

F. (e) 

0 R1<m > IRNn . F . 
P J J 

0 R1<mp (mp -1» IRNnjnkF jFk 
fndn fEdE f(ej'Ej ). 

The 
J 

angular and energy distribution f(e.,E.) was calculated with the 
J J 

single-moving-source model. The cross sections 0 RI are plotted versus target 

mass number in Fig. 3 (open and closed circles). 

about 1/3 of the geometrical ones. 
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Fig. 4 Energies carried away by nucleons and pions. 
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Energy deposition 

With use of the temperature parameter Eandthe mean multiplicity of 
o 

protons <m >, we estimated average energies carried away by the emitted 
p 

nucleons. As shown in Fig. 4, it was about a half of the incident projectile 

energy. Estimation of, energies carried away in pion production was remote, 

because our measurements were not sufficient. to determine the angular and , . 

energy distribution of pions. We obtained, however, an estimate of lower limit 

by calculating the energy from piori data at 90 0 and 120 0 assuming isotropic 

distributions. Then, the estimate of:' energy' carried away by both nucleons 

and pions came up to 70 to 80% of the project~leenergy. In addition, non 

negligible contributions of deuterons and other c
1
bmposite particle emissions 

have to be included. . Hence, we concluded that in these highly-inelastic 

processes most of the projectile energy was deposited in target nuclei to form 

the moving source, and then carried away by the emitted particles. 

Stopping process 

In the multiplicity distribution measured'by the cylindrical MWPC, we . , 
observed two components which were strongly correlated with the forward 

particle emission (Fig. Sa). Among the two components, events in the 

high-multiplicity component were mostly associated with no forward particle, 

while those with low multiplicity were with forward particle(s) (Fig. Sb). 

The strong correlation between the high-multiplicity and the no-forward

particle conditions seemed to imply that in those events the leading particle 

Q (a) 7C +Pb - all chatged 

a 
.0 0 E 2 a 
-10 ,<S-:'E-. 

:'/ 'b .. 
z /,1 .... \1; 0 
~ / Q. • 
CJ "~ "- <> ~ 

.... \ 
Vll0' 'q . ~ ~ Vl 
0 " ? ~. a: 
CJ ... , \. 

2.Mi.1V. \ 

~ 
\ 

10· 

0 5 

MULTIPLICITY 

Fig.S (a) Charged-particle multiplicity 

distributions. 

417 

COto) 
l00I~---r----~--~----'-1 

0- --~ 
.cr--- .... 

-- -%80 ,," 9 M~2 " " ~ / 
P 

~60 
l!s 

gm+Pb z 
9 
ti 40 4Grt1Tc 

f 
20 

_0-

3~M --q:". p,;::e- -.-
°0 2 3 4 

Ene: CGeY) 

(b) Fraction of events with forward 

particle vs. multiplicity 



was stopped. We proposed to call such events as the 'stopped' events. 

The 'stopping' cross sections, ° t were determind by integrating the s op 
mUltiplicity distributions and plotted with triangles in Fig. 3. 

We noted that the events which form the moving source have also 

correlation with the forward particle emission. Shown in Fig. 2 with 

triangles was a proton spectrum at 90° taken with a trigger condition 

requiring at least one particle in the forward directiGn (8 ~ 10°). The 

yield of proton was reduced by a factor of 10, and will be reduced further if 

we make a correction for a contribution of the randomly emitted multiparticles 

which hit the forward counter. This result indicated the good correspondence 

between the event with high multiplicity and the event forming the moving 

source. Indeed, as shown in Fig. 3, the cross sections, 0RI and 0stop' 

deduced in totally different ways are in good agreement. 

Dependence of the cross sections on incident projectile energy are 

plotted in Fig. 6. The cross sections are nearly constant over the energy 

range from 1 to 4 GeV. 
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0.5 

_~_.' __ .A' 
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10~----~~----~~----~------~ 
o 2 4 
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Fig. 6 The 'stpping' cross sections versus incident projectile energy. 
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Size of the moving source 

The number of nucleons involved in the moving source, v, was deduced from 

the source velocity, Ss' with the relation; Bs = Pinc/(Einc + VM). In Fig. 7 

the numbers V are plotted against the target mass number. This number, v, 
gives an upper limit because the above relation assumes full energy deposition 

of projectile into the moving source. An alternative estimate of the number 

can be obtained from the proton multiplicity, <m >, as v'= (Z/A)<m >. The 

number v' gives a lower limit. Thus, we conclud~d V = (3 - 5)A1/
3P 

The 

dependence of V on incident energy is shown in Fig. 8. 

~ 10
1 

C Cu Pb 

10 
-A 

Fig. 7 Number of nucleons involved in the moving source V vs. target mass . 
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Fig. 8 Number of nucleons involved in the moving source V vs. incident energy 
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Three components in nucleon spectra 

In the neutron spectra, we observed three components as shown in Fig. 9. 
2 i i The nucleon spectra may be decomposed as; (1/p)(d o/dEdn) = A exp(-E/E). 

E's were; EI = 40 MeV, Ell = 8 MeV
o 

For the case of data shown in Fig. 9, 

EIII = 1.6 MeV." Such decomposition 
o 

o 0 0 ' 

is generally applicable for nucleons 

emitted in medium ..... and high-energy reactions, and the"E parameters are; 
I II III 0 

E = 30 - 60 MeV, E = 6 - 8 MeV, E = 1 - 2 MeV. The three components 
o 0 0 

seem to be nucleons emitted in three different stages; I. primary, II. pre-

equilibrium and III. equilibrium stages. The protons shoWn in Fig. 2 and 

discussed in the previous sections must be from the stage 1. The component 

with Ell = 6 - 8 MeV are observed in the low-energy nuclear reactions, in the 
0 

pion capture reactions as well as in the high-energy reactions. In our study 

of composite particle production we have noted the difference in time scales 

of emitting particles in stages I and II. 

evaporated nucleons. 

The component III is obviously the 

In the case of peripheral collisions with large impact parmeters, there 

will be no multiparticle emission in the first stage, but the nucleons from 

the stages II and III must be emitted. 

Fig. 9 must include such components. 

4'f% 
w 

1 

o 50 

The inclusive neutron spectrum in 

10 

o 10 20 3) I.IJ 
En (MeV) 

Fig. 9 Neutron spectrum at 60° from 3-GeV/c protons on Cu. 
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A picture of the reaction process 

Summarizing these experimental results, we may draw the following picture 

of the reaction process: When a hadron with energy of several GeV was 

incident on a nucleus, in one third of the reaction processes the incident 

particle was stopped in the nucleus depositing most of its energy to form a 

local moving source which decays immediately emitting nucleons and pions. 

After emission of those fast particles in the stage I, the target nucleus is 

lef t ' wounded' • 

nucleons with Ell 
o 

The 'wounded' nucleus is then repaired by emitting the 

= 6 - 8 MeV in the second stage. Finally, in the stage 

III, the residual excitation energy is rele,asedby evaporating nucleons. 

§3. General aspects at higher energies. 

It is very encouraging that the 'stopping' cross sections are nearly 

constant up to 4 GeV even for the nucleus as small as Al (Fig. 6). In the 

earlier stage of Bevalac research it was generally believed that nuclei would 

become transparent at high energies such as 2 GeV and nuclear interactins 

would become less collective than the low-energy region. This is not 

correct at least up to the energies we studied. Below 2 GeV, mechanisms for 

energy dissipation of projectile in a nucleus are mUltiple scatterings and the 

single ~ formation. Above 2 GeV, however, many channels open such as double 

~ formation and excitation of higher-mass resonances (excited baryons). The 

stopping power of nuclear matter must, therefore, increases with incident 

energy. 

Then, what would be the energy at which point projectile particles would 

penetrate through nuclei. The data shown in Fig. 10 may be indicating the 

break point. In the figures various observables are plotted against incident 

hadron energy. Those are: 

a) The E parameter, or the temperature parameter, of invariant proton energy 
o 

distributions deduced from spectra at 90°. Data were taken not only 

from our KEK experiment but also from LAMPF 2), AGS3 ) and FNAL-ps4) • 

b) The mean mUltiplicity of heavily ionizing tracks from emulsion 
. 5) exper1ments • 

c)-e) Cross sections for the fragment production in deep spallation 

processes measured in radiochemical reaction studies6). 
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422 



All these data seem to indicate a change in target excitation mechanisms 

at energies between 5 and 10 GeV. The results imply to conclude that at 

those energies the nuclei would become transparent. At higher energies, the 

leading particle(s) would carry away most of the incident energy, leaving a 

certain amount of energy in the fireball-like object in the target region. 

As seen in Fig. 10(a) and Figs. 8 and 10(b), the E parameter and the size of 
o 

fireball v, which reflect the degree of nuclear excitation, reach to 

saturation values. The independence of target excitation on incident energy 

is understood as an example of the limiting-fragmentation phenomena. 

It was noted, however, that E parameters for pion spectra at 90 0 behaves 
o 

differently as shown in Fig.- 11. In contrast to the data in Fig. 10 the E 
o 

parameter for pions increases with incident energy up to the 

This might mean that the pi0n spectra reflect an earlier hot 

100-GeV region. 

stage (Stage-O) 

than protons which are emitted at a later stage (Stage-I) after formation of 

the local fireball. 

The processes discussed here are stopping in the laboratory frame and 

production of excited nuclear matter in the target-rapidity region. The 

'stopping' is, however, a frame-dependent concept. In nucleus-nucleus 

collisions stopping in the center-of-mass (CM) frame would be more important 

for generation of higher energy densities in the central region. Theoretical 
. 7) 11 . . 1 . 8) h b d f h . est1mates as we as an emp1r1ca est1mate ave een rna e or t e stopp1ng 

in CM frame. More experimental studies are highly required with available 

proton beams in the energy range from 10 to 30 GeV. 

Fig. 11 
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Theoretically, a phase transition of nuclear matter to a quark-gluon 

plasma phase (deconfinement phase transition) has been predicted to occur with 

a critical temperature in a range from 150 MeV to 200 MeV. 

In the fragmentation region, even with heavier projectiles, it is questionable 

whether we can heat up nuclear matter so high enough to observe the 

deconfinement phase transition. However, we should note that the theoretical 

estimates for the critical temperature were made assuming thermal equilibrium 

which is essential for the phase transition phenomena. Experimentally, the 

equilibrium may not be realized anyway, and in a non-equilibrium phase there 

would be a good chance to observe deconfined states even at lower reaction 

energies. We should, therefore, prepare for studies of such possibilities 

both experimentally and theoretically. 

On the other hand, I would like to stress that the fireball-like object 

produced in the target region is already a very interesting object. In order 

to stop the GeV particle in a nucleus, the projectile energy must be 

dissipated by producing many ~'s and N*'s in a localized part of the nucleus. 

Studies of interactions among the excited nucleons and nucleons are of great 

interest. We may expect to observe multi-~ correlations in nuclear matter. 

Studies of such collective phenomena in hadronic phase involving the excited 

hadrons would be more practical than, and as important as, those in the 

quark-gluon phase. 
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FIRST PERFORMANCE TESTS OF THE DIOGENE DETECTOR,WITH ALPHA PARTICLES 

Jean GOSSET 
DPh-NjME, CEN Saclay, 91191 Gif-sur-Yvette Cedex, France 

The Saturne synchrotron at Saclay will soon deliver beams of heavy ions 
up to mass 40 at energies up to 1.2 GeV per nucleon. The first generation of 
experiments on central collisions of relativistic heavy ions, performed mainly 
at the Berkeley Bevalac with the aim to study the behaviour of nuclear matter 
at high density and high degree of internal excitation, has shown that inclu
sive measurements are too sensitive to trivial aspects such a geometry and ki
nematics, and not enough to the dynamics of the reactions. Only exclusive mea
surements can lead to some information about the dynamics and possibly on the 
equation of state of nucler matter at high density and high temperature. 

In order to make useful exclusive measurements with beams from the Sa
turne synchrotron, a detector should have the following characteristics: a 
very large solid angle, as close as possible to 4n sr ; the possibility of 
handling multiplicities of light particles as high as 40 ; the momentum of all 
particles .whatever their type, energy and direction should be measured within 
an accuracy of 10 to 20 % up to momentum values of 1.5 GeVjc ; the different 
types of charged particles (n±, p, d, t ... ) should be clearly identified; it 
should be possible to trigger the data acquisition on central collision events. 

In principle all these requirements are met by streamer chambers. However 
the full tridimensional analysis of the events from the stereoscopic photo
graphs is a huge problem especially for high multiplicity events. This problem 
is not yet solved satisfactorily in an automatic way. Hence the number of 
events which can be fully analyzed with this kind of detector is strongly li
mited. 

Another possibility would have been to build an absorption detector, like 
the plastic ballI, where the particles are identified by the combination of an 
energy loss and their total energy. We rejected this solution because of its 
limited energy range, and the quasi impossibility to measure n-. 

Another type of detector can be used for high multiplicity event measure
ments, and has already been developed for high energy physics experiments: 
based upon drift chambers located in a magnetic field, it is called a picto
rial drift chamber and allows full three-dimensional recording of points along 
the trajectories. The particles are identified by their energy loss and the 
curvature of their trajectories which is a measure of their transverse rigi
dity. Diogene is an adaptation of these huge high energy physics detectors to 
the mass and energy range of the species to be detected at Saturne. In parti
cular its internal detector is derived from the "jet chamber" of the JADE de
tector2 installed at Petra. 

The "Diogene" detector has been developed by a collaboration 3 between 
physicists from Saclay, Strasbourg and Clermont-Ferrand. Its configuration is 
shown on fig. 1. A solenoid made with aluminium coils and surrounded on top 
and bottom by an iron yoke provides a magnetic field of 1 tesla. This field is 
homogeneous within 1 % in the whole active volume, 80 cm in length and 70 cm 
in diameter. Both left and right hand sides of the coil are left available for 
future detection of neutral particles. 
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Fig. 1 - Two views of the Diogene detector : a) radial cut in the vertical 
plane ; b) cut through the target perpendicular to the beam axis. 

- The drift chamber consists of ten sectors, each of them subtending 36 de
grees of azimuthal angle around the beam. In each sector there are 16 sense 
wires regularly spaced along 26 cm. These wires are made of Ni-Cr, 30 ~m in 
diameter. The chamb~r is filled with an argon (86 %) and propane (14 %) mix
ture at a pressure that can be varied between 1 and 4 atmospheres depending 
upon the incident beam energy. This enables us to make a compromise between a 
good momentum resolution which requires low pressure in order to minimize mul
tiple scattering and a good energy loss resolution which requires high pres
sure. The argon propane mixture was chosen to fulfil the following require
ments : the drift angle should be kept to a reasonably small value; this im
plies a small enough value of the drift velocity, which should saturate at the 
used electric field; finally the electric field should not be too high in or
der to avoid high voltage problems. With our argon-propane mixture, the drift 
velocity saturates at about 40 mm/~s for an electric field of around 1.5 kV/cm 
leading to a drift angle slightly below 25 degrees. The electric field is fix
ed by the potential wires, printed circuits at the top and bottom of each 
sector and strips of coppered kapton between the sectors. In order to stand 
the 4-atmosphere pressure, the chamber is put in a stainless steel vessel, 
4 mm thick. The gas is separated from the beam-by a 1.3 mm thick stainless 
steel pipe 10 cm in diameter which gives at 90 0 a lower cut-off of 26 MeV for 
protons, 12 MeV for pions and 120 MeV for a particles. This pipe might be re
placed in near future by a carbon fiber one of the same thickness reducing 
thus the cut-off to 12 MeV, 5 MeV and 60 MeV for protons, pions and a parti
cles respectively. 

In order to help in solving the left-right ambiguity between tracks on 
the right hand side or the left hand side of the wire plane, two different 
solutions are used in Oiogene. Like in many other similar drift chambers the 
sense wires are alternately staggered by ± 200 ~m from the average wire plane. 
If one takes this into account, the x2 of the fit of the true track should be 
significantly smaller than the x2 of the wrong track, provided that the number 
of points is large enough since there is always an uncertainty on the measured 
coordinates. This usual way can be used wherever the particles come from. 
However Oiogene will be used with a target so that we know where a trajectory 
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is to come from. We decided to shift all the wire planes by about 2 cm from 
the axis of the cha~ber. The wrong track symmetric with respect to the wire 
plane of the true trajectory can then not originate from the target, which 
makes the solution of the leftright ambiguity very easy. 

The electronics has been copied from the jet chamber one 4
, just adding a 

ninth bit to the time digitization : it is a multiple-hit electronics, allo
wing the time and pulse height digitization of up to 8. hits per wire for each 
event. 

The drift chamber is triggered by a majority coincidence requirement among 
30 scintillators surrounding it. This multiplicity of laterally emitted par
ticles should be sensitive enough to the centrality of the events. 

The Di ogene cha racteri s tics can be summa r.i zed as follows. It can hand 1 e 
charged particle multiplicities up to at least 40. The maximum of counts 
which can be recorded per wire is 8, limiting theoretically the possible mul
tiplicity to 80. The actual limit is certainly smaller due to double track 
resolution and the difficulty to reconstruct the pattern, which increases ex
ponentially with the density of tracks. The drift chamber covers about 85 % 
of the full 4n solid angle, with polar angles ranging from 20 0 to 155 0

• Howe
ver the momentum resolution becomes poor at very forward and backward angles 
when the number of hitted wirss becomes small. The measured resolutions (full 
width at half maximum) are 40.0 J,Jm for the drift distance and 1.5 cm for the 
coordinate along the wires. These figures lead to 10-15 % for the momentum 
resolution of protons hitting 16 wires (fig. 2), 1 to 2 degrees for the polar 
angle and less than 1 degree for the azimuth. The various particles, n±, p, 
d, t ... can be easily identified, as shown on fig. 3. 

A comparison with the plastic ball detector 1 can be made. The maximum 
multiplicity that can be handled by the plastic ball is higher. The angular 
range covered by the plastic ball is also wider, with no hole between roughly 
10 and 15 degrees like in Diogene. The momentum resolution of the plastic 
ball is also better. On the other hand the momentum range for which particles 
can be completely identified is larger for Diogene. Moreover both n+ and n
can be analysed with Diogene, as upposed to the plastic ball which can only 
handle n+, with at most 80 % ~fficiency. 

A very important task for our Diogene project has been the track recons
truction. The program which ha~ been developed s decouples the treatment in 
the (r,Z) plane, looking for straight lines, and in the (X,Y) plane, looking 
for circles coming from the target point. The left-right ambiguity is easily 
solved by the fact that the ghost track cannot stand the tests of coming from 
the target, due to the shift of the wire planes with respect to the beam axis. 
An example of track reconstruction is shown on fig. 4 for an a on lead colli
sion at 800 MeV per nucleon wHh eleven tracks. 

The whole detector, that is the ten sectors of the drift chamber, the 
pressure vessel and the magnet, is now completed and installed at Saturne. It 
has already been used to take data with a beams at 800 MeV per nucleon on car
bon and lead targets. A total of 300,000 events has been accumulated on tape, 
last november. The complete processing of these data is in progress. Before 
starting data taking with heavy ions when they become available at Saturne at 
the beginning of next year, we intend to complete an experimental program with 
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mean energy loss ver
sus rigidity scatter 
plot for a (3.2 GeV) on 
lead. Starting from the 
left side lower corner, 
pions, protons and deu
terons are clearly re
solved. 

In addition to the 
complete processing of 
our first data, with 
track reconstruction, 
we have started some 
analysis based on the 
raw data. In particular 
our attention was drawn 
to the fact that the 
frequency of events si
milar to the one shown 
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a beams at four energies 
(200, 400, 600 and 800 MeV 
per nucleon) on three targets 
(carbon, copper and lead). 

Fig. 2 - Contour diagrams of 
Diogene momentum resolution 
(in percent and full width at 
half maximum) for protons de
tected in the forward hemi
sphere, calculated with the 
resolutions measured with a 
prototype sector, in the ra
pidity-transverse momentum 
plane. The target is located 
20 em upstream of the geome
trical center of Diogene. The 
cuts due to the inner tube 
are shown for the current 
steel tube and the future 
carbone fiber one. The sha
ded area is a dead one for 
Diogene. The region below the 
shaded area is to be detected 
with the plastic wall. 
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Fig. 4 - a) An event from the reaction of 3.2 GeV a with 20B pb. Top: projec
tion on a plane perpendicular to the beam axis. Bottom: projection on the r,Z 
plane, r is the distance to the beam axis, Z is the coordinate along the beam 
axis. For each hit the two a priori possible points (due to left-right ambi
guity) are plotted. b) Result of the analysis of this event by our track re
construction progam. 

in fig. 5 seems rather high. The characteristics of such events is that most 
of the particles are emitted at about the same polar angle with respect to the 
beam axis, within a total width of less than 20 degrees. Since this kind of 
conical emission seemed rather frequent from on-line event displays, we decid
ed to check whether it is significant or not, compared to what can be expec
ted from the inclusive angular distribution. By comparing the angular group
ings obtained respectively from our data and from a Monte-Carlo simulation 
using our measured inclusive angular distribution, we can now draw the conclu
sion that the observed conical particle emission is compatible with statisti
cal fluctuations on random sampling from the inclusive angular distribution. 
This kind of analysis could be performed on raw data, before track reconstruc
tion, since the polar angle information can be simply derived for each hit on 
a wire, and the same wire number was selected in all ten sectors in order to 
count each track only once. 

431 



::.: 

II 
.;:: 

l 
, . ~ 

." 
,}f: 

II 
, 

'i:
r 

,~ t:!'" 

II " ~ 
;! 

:i' 

" II .:~ .. 
. '. ..,.,. 

::" ", 

II " ? 
... 

: 

. ~~~1rr: 

.. ~:t.' 
,!'I~r • 

. ,', " . ' '. '. 

~:/: ) / 

.. 

Fig. 5 - On-line display of one event from a (3.2 GeV) on lead, with both 
transverse and longitudinal views in cyUndrical coordinates with respect to 
the beam axis. One longitudinal view is also shown for each sector, which 
helps giving the third dimension from this kind of display. 
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HYDRODYNAMICAL ASPECTS OF ULTRARELATIVISTIC HEAVY ION COLLISIONS 
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FINLAND 

ABSTRACT 

Hydrodynamics with source terms is used to desc~ibe the space-time behav
iour of hadronic matter produced in ultrarelativistic heavy ion collisions. 
Resulting energy density in the Central Region (CR) appears to be high enough 
for the formation of quark-gluon plasma, but the life-time of the plasma (if 
produced) is very short. In Fr.agmentation Regions (FR) the energy densities 
are probably too low for the formation of QCD-plasma. 

1. Introduction 

There is a widely held hop~ among physicists working on heavy ion reac
tions, that quark-gluonplasma1J will be produced in central collisions (im
pact parameter b % 0) of two heavy nuclei when the collision energy is high 
enough (ErM ~ 10 GeV/nucleon). It has been argued theoretically2) and the ar
guments have been supported by the Monte Carlo results 3) on the lattice QCD 
that the confinement-deconfinement phase transition is of the first order4). 
Let me remind you of the releva~nt energy densities: In the nucleus £ % 0.2 
GeV/fm2, in the nucleon £ % 0.5 GeV/fm2 and recent Monte Carlo estimates5) for 
the latent phase transition energy in the .case of pure SU(3) Yang-Mills theory 
give t..E rt 1 GeV/fm3• Thus a reasonable guess would be that the phase transi
tion starts at E 'V 0.5 GeV/fm3 and. is ;completed at E 'V 2 GeV/fm3• ~ ~ 

Several signals for observ'ing the plasma.have been .proposed6). Theesti
mates of most of the signals are extremely .sensitive to the space-time history 
of the plasma. Thus in order fo assess realistically the possibilities of ac-
tually producing the plasma as well as observing it, we need.a reliable 
description of the space-time behaviour of the hadronic matter which is pro-
duced in the collision of heavy ions. . 

We envisage the high energy central A + A collision to proceed through 
three different stages: (1) the forma ti on of the dense final state hadroni c 
matter in the collision proper. (2) its subsequent hydrodynamic expansion and 
(3) finally the freezout to (separate) hadronsafter the energy density (or 
temperature) has become small enough. 

The hydrodynamic treatment of stage (2) is based on the fact that for 
heavy nuclei the size of the system 'V RA = rOA1/3 is much larger than the mean 
free path, ~free, of the hadronic particles. Actually we are assuming more 
since we treat the hadronic matter as a perfect fluid locally in thermal equi
librium. For this to hold, we should have ~free « L = the distance over 
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which any of the hydrodynamic quantities change appreciable. The numerical re
sults imply~ that this condition is not well satisfied~ but on the other hand 
the estimates of the viscous effects indicate that they are smal1 8) during the 
expansion. 

One should notice that th'e three stages do not constitute a clear-cut 
temporal sequence. Since our descriQtion of the formation of the matter is 
based on the inside-outside cascade9J picture, it follows that in any fixed 
frame the slow particles are formed first and they will be already in the 
stage (3), when the fastest moving matter is produced. 
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Fig. 1. A snapshot of the A + A collision in CM frame at t ~ 10 fm/c 
after the collision. The energy density is highest immediately 
behind the Lorentz contracted nuclei. As the expansion dilutes 
E, the hadrons start to decouple in the center. 

This is schematically shown in Fig. 1 in the CM frame. EVen more important is 
the fact that the final state matter moving with certain velocity, is not pro
duced instantaneously but during a finite period of time. It turns out that 
in FR's this production time is essentially independent of energy and it is a 
large fraction of the total hydrodynamic expansion time. To treat properly 
this simultaneous production and expansion, we must construct source terms 10 ) 
for the hydrodynamic equations. 

I will next specify the hydrodynamic problem to be solved and argue for 
the importance of the source terms in more details. Then I will describe the 
construction of the source terms before discussing the main numerical results 
and their implications. 

2. Hydrodynamics with source terms. 

Hydrodynamic equations 

d T11V = LV 
11 

d J11 = a 
11 B 

(1) 

(2 ) 

specify the evolution of the final state matter in terms of energy density 
E(X,t). baryon number density nB(x,t) (both defined in local rest frames) and 
the flow velocity field v(x,t). The energy-momentum tensor T11V and baryon 
number current are defined as 
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(3 ) 

J~ = nBu~ (4) 

where u~ = y(1,v) (y = 1/11-v2) is the two-velocity and p is the local press
ure. The three densities p, sand nB are connected through the equation of 
state p = p(s,nB). 

Since at high energies longitudinal velocities dominate, we have neglected 
• the transverse variables and we will neglect the transverse flow completely. It 

turns out that the time scale due to longitudinal expansion is shorter thaQ 
the time for the transverse rarefactiQn wave to reach the collision axis 11 ). 
Thus our 1 + 1 dimensional treatment7) should be adequate for the region around 
collision axis not too close to the nuclear surface. 

The source terms LV and a in Eq. IS (1) and (2) describe how the hadronic 
particles, which are produced in the primary collisions, enter the hydrody
namic system. The use of them allows a consistent treatment of the system dur
ing that time interval when part of the matter is already formed and is expan
ding but simultaneously the later collisions (due to the finite size of the 
nuclei) still produce new matter into the same domain. When source terms are 

• used, they express the properties of the particle production in the collision. 

• 

In this case initiJl conditions are very simple. This should be contrasted with a 
treatment, when L and a are taken to be zero. Then the initial conditions on 
s, nB and v contain both the properties of the production and the effects of 
expansion during the production period. 

In the CR the production (proper) time MCR is short for high energy col
lisions and the use of source terms is not essential. However, the inside-out
side dascade picture with an intrinsic proper time TO for the formation of the 
produced particles leads in the FRls to an overall production time 6TFR ~ 
14TOR~ independent of the collision energy_ Since TO is expected to be ~ 1 fm, 
6TFR ~ 5 fm for heavy nuclei; roughly half of the whole expansion period! 
Thus the use of the source terms is essential in the evaluation of the FRls. 

3. Formation of the final state matter 

Since the details of the construction of the source terms can be found in 
Refs. 7 and 12, I will here concentrate on the underlying assumptions and the 
resulting main features. Our starting point is nuclear transparancy, the fact 
that in the high energy h + A collisions the sper~rum in the FR of hadron h 
depends only weakly on the size of the nucleus A J: We have assumed that 
this feature persists also in the A + A collisions. As a result the produced 
hadronic matter enters the hydrodynamic stage in fast longitudinal expansion. 
This has two important consequences: (1) Large part of the collision energy 
remains as kinetic energy and is not available for the heating of the 
matter and (2) the energy and baryon number densities are rapidly diluded. 
One should notice, that the longitudinal gradient of the initial flow velocity 
also exists in the FRls. This together with long production time there pro
hibits the formation of high density (energy and baryon number) target and 
beam fireballs. 
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Initial conditions which are appropriate in the case of nuclear transpar
ancy at high energies, ~re Quite different from the initial conditions in the 
original Landau model 4), which describe a situation for a completely opaque 
colliding matter. Then all the matter is stopped in a small Lorentz contracted 
volume and all the collision energy is used to heating up the matter. At 
lowe: ~nernes the situation may well be approaching the Landau type initial 
condl tl ons ). 

We implement the nuclear transparancy through a condition that the had
ronic particles, which are produced in the primary N+N collisions, do not 
interact before a proper time TO (% 1 fm/c) is elapsed from the collision. Up 
to that time the produced particles stream freely from the collision pOint. 
At T = TO they are assumed to enter the hydrodynamic system depositing their 
energy and momentum into the system and being thermal.ized with the previously 
produced matter. If the rapidity distributions of particles produced in a 
primary N+N collision are given, their contribution ~long the hyperbola T = TO 
to the source terms LV and 0 are easily calculated12 ). 

At high enough energies all primary collisions are between the incoming 
nucleons since the secondaries have not had time to materialize before the 
nuclei have passed through each others. In the simplest version of the model 
we assume that nucleons collide pai~~se like f~ee nucleons each one suffering 
only one collision. Since the mean free path of a nucleon in nuclear matter 
is ~ 2 fm, we assume that in the CM frame the collisions take place at x = a 
and within time interval 

< _ 2RA a t < d 
- t - sh YB , RA = r A 1/3 a ' rO = 1.1 fm (5 ) 

as depicted in Fig. 2. y* is the CM rapidity of the incoming beam nucleus. 
B 

Fig. 2. Space-time illustration of 
a central A+Acollision. Particles 
from a collision at (O,t l

) are pro
duced on the hyperbola T' = [(t-t , )2 
- x2J~ = TO. Thus the source re
gion i2 ~ound by the hyperbola

2 
1 

[t2- x J2 = TO and [(t-dt )2- x J2 
= TO. Multiple scattering between 
the incoming nucleons are ignored 
in this picture. 
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When we turn the sum over hyperbolas 
gral by assuming continuous distribution 
we get 

from discrete collisions 
of nuclear matter inside 

27 
nO _ 'x+/x +TO 

= - sinhy*S L m.p. (log ) e(x,t) 
TO i 1'· TO 

1 x 0 
L (x,t) = 72 2 L (x,t) 

X +TO z--z 
nO . * x+/x +TO 

a(x,t) = 72 2 slnhys PN(log TO e(x,t). 
x +TO 

into an inte
nuclei, 

(6) 

(7) 

p.(y) are the measured distributions of produced particles (i = TI, K, N, .•• ) 
a~d e = 1 in the source region and 0 elsewhere. For our purposes it is suffi
cient to include into p~(y) all particles except nucleons which are the source 
of baryon number current and contribut significantly to energy density in 
FR's. 

The source region, w2ere LV~ 0 and a ~ O~ lies between the hyperbolas 
t 2-x2 = TO = 1 and (t-d t ) - x2 = TO = 1 where the particles from the first and 
last colllsions materialize. Thus the width of the source region in time direc
tion is dt • In x the source extends to Ixl = xmax = TOsinhYmax with Ymax = 
maximum rapidity of the produced particles. For nucleons Ymax = YB' In Fig. 
3a the source region is shown for YS = 3.4. 

t x = t = 70 

15 

10 

1.0 

SOURCE REGION 

15fm x 
2.0 Y= l2ln..!..!..L 

. t - x 
10 o 1.0 

Fig. 3. Source region for central uranium-uranium collision (a) in (x,t)
plane and (b) in (y,l)-plane. The extend of the hydrodynamic region (defined 
by E: ~ 0.2 GeV/fm3) is also indicated. 
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Instead of x and t, we have used variables 

t Z_x Z t 
t- = "21 n -----,.;:2- 1 'T d 11 +x - = n -- an y = 2 n 

'TO t-x 
'TO 

(8) 

These are convenient in several ways. The source region and the whole region 
of hydrodynamic expansion become compact and regular (see Fig. 3b) simplifying 
the numerical integration of hydrodynamic equations and the presentation of 
results. Moreover the interpretation of results is facilitated by the fact 
that y does not deviate much from the rapidity field 

of the flow. 

e 1+v(x,t) 
(x,t,),= ~ln 1-v(x,t) (9) 

The plot of the source region in terms of y and t, Fig. 3b, shows also 
clearly the difference in production time between the CR and FR's. The shape 
of the source region (especially the height in-£) for a fixed distance from 
the endpoints \y\ = Y8 is essentially independent of energy; the increase of 
energy just streches the central region and makes it narrower around y = O. 

So far we have neglected the multiple interactions between the colliding 
nucleons. If the above model is applied to h+A scattering, the incoming hadron 
would interact once and in addition the slow secondaries, which have time to 
materialize within the nucleus, would cascade. This cascading is not enough 
to reproduce the observed enhancement in the central rapidity region and the 
colliding hadron is known to suffer several interactions when traversing the 
nucleus. E.g. in the context of the multi-chain dual parton model this corre
sponds to an excitation of rxyra hadron chains between the slow colored frag
ments of colliding nucleons 6, For centra1

37
g11isions the resulting rapidity 

distribution in the CR behaves as P~A(Y) a A . 

To see the effect of enhanced central production on the expansion, we use 
the following modification for the input pion distribution: 

(10) 

At Y % 0, the multiplicative factor is ~+;A1/3 and it goes to 1 in FR's. This 
factor does not take into account the smearing of the collision region from the 
line x

17
)0 as shown in Fig. 4, which may somewhat slow down the expansion in 

the CR . . 

Fig. 4. Collision region in A+A reac
tion with multiple ~catterings. 
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4. Results. 

The numerical methods which we have employed, are explained in details in 
Ref. 7. The parameters which enter the calculations are: 

ECM = 14 GeV/nucleon corr3s ponding to YB = 2Ya = 6.8 
nuclear radius RA =roA1/ , rO = 1.1 fm . 
nucl ear dens ity nO = ~/V A= 0.18 1/fm 
pion transverse mass m = 0.5 GeV 
pion plateau height (aYl charges) Po = 2.4 

The results refer to the region close to the collision axis in a central ura
nium-uranium collision. This means that even in such collisions all of the 
produced matter (at given y), will not reach as high energy densities as shown 
below; a fact that should be kept in mind when estimating signals. 

For the case of A independent N+N collisions (case (A)) the contour plots 
of the resulting energy density E, baryon number density nB and the difference 
of flow rapidity field e and the variable yare shown in Flg. 5a, band c, re
spectively. The energy density for enhanced central production (case (B)) is 
shown in Fig. 6. The baryon number density in case (B) is similar to that of 
case (A) since we modified the pion distribution only. If the conservation of 
energy were imposed in case (B), it would slow somewhat the baryon 9ymber dis
tribution. Flow rapidities are qualitatively similar in both cases . 

The results of Fig.'s 4.and 5 are calculafed with the simple equation of 
state p = 1/3 E. We have done the calculation) also with a naive bag model 
equation of state, p = 1/3 E for T < Tc and p = 1/3(E - 4B) for T > Tc ' where 
B is the bag constant and Tc the critical temperature. The expansion in the 
first case is a little faster than in the second but the differences are cer
tainly smaller than uncertainties due to the lack of knowledge of the details 
of production mechanism. The insensitivity of the rate of expansion to the 
equation of state is a consequence of the fast initial expansion. 

Let me summarize the main features of the results in the high energy ura
nium-uranium collision: 

(1) In the source region the energy (baryon number) density grows as the 
produced particles enter the hydrodynamic stage. The growth is fastest in CR 
and slows down towards the FR's as the total production time increases from 
~TCR ~ 0.9 fm/c to ~TFR ~ 5 fm/c in FR's (cf. Fig. 3b). From the time depend
ence in the CR we see that at T ~ 5fm/c (t~1.6) the enesgy density has been di
luted to ~ 1/4 of the maximum value, Ema ~ 1.8 GeV/fm at T ~ 1.9 fm/c. A 
comparable dilution of the previously pr03uced matter in FR's is going on at 
the same time as new matter is produced there, offsetting to a large extent the 
growth of the energy density~ As a result the maximum energy density which is 
achieved in FR's is much smaller than th~S)in the CR and also much smaller than 
originally estimated by Anishetty et ale • 

(2) The baryon number density peaks in theFR's reflecting the 
particle character of the input spectrum PN(y) a chy (in CM frame). 
mum value 0.36 corresponds to a compression factor 0.36/0.18 = 2 to 
with 3.6 from the fireball analysis 18J • 
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Fig. 5. Contour plots of E, nB and 
e-y (a, band c, respect
ively) in the case of A in
dependent N+N collision, 
case (A). The maximum 
value of E at y = a and t% 
0.6 (T~1.93fm/c) is £max ~ 
1.8 GeV/fm • 

Fi g. 6. Contour plot of E in the 
case of enhanced central 
production, case ~B). Now 
Emax ~ 6.0 GeV/fm • 



(3) For the case (B) the solution at y % 0 is roughly three times the 
solution of case (A). In FR's, lei::: 2.0, the maximum energy densities are 
essentially the same. One should notice that the final rapidity distribution 
of the emerging particles is not the same as the rapidity distribution in the 
production. The effect of the hydrodynamics is to accelerate the expansion and 
thus to broaden the distribution. 

(4) On the basis of h+A data it seems reasonable to argue that the case 
(A) gives a lower bound for the maximum energy density in the CR. We then 
conclude that the energy density will be high enough for the formation of

3
the 

QCD-plasma. However, the duration of high energy densities, £ ~ 2 GeV/fm , is 
very short and may not be longer than the timescale of the phase transition. 
It appears, that the lifetime of the pure QCD-plasma will be extremely short. 

(5) In FR's (e ~ 2), the energy densities are not high enough for the 
formation of QeD-plasma. The results on baryon number density should be con
sidered as giving the upper bound for the maximum value. This is due to the 
fact, that as the baryon distribution slows down due to the enhanced central 
production, it will most probably also spread more in rapidity. 
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( b ) 
Fig. 7. Contour plots of energy density (a) and baryon number density (b) at 

E = 14 GeV/nucleon on fixed taget in case (A). 

In Fig. la and b the results on £ and nB are shown for a calculation in 
case (A) except tha~ YB = 2yS = 3.4, corresponding to a collision energy E = 
14 GeV/nucleon on flxed target. The model is not really applicable in this. 
s itua ti on, but I want to emphas i ze the importance of the energy range E '\, 10 
GeV/nucleon.o~ fixed.target, if we want to study hadronic matter at high baryon 
number densltles. Flg. 7b shows that the fragmentation regions are fusinq to-
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gether even though we have assumed the case of extre~e tr~nsparancy. However, 
in addition to-the multiple scattering between the lncomlng nucleons~ th~y 
will collide also with the produced particles. This is illustrated ln Flg. 8. 

10 

x 

Fig. 8. Space-time illustration ofa medium energy ur~nium-ur~ni~m ~o11ision 
showing the overlap of collision region and source reglon. Thl~ lndlcates that 
collisions between primary nucleons and produced secondary partlcles can not be 
neglected as is done at ultrarelativistic energies (cf. Figs. 2 and 4). 

The incoming nucleons Nand NI, instead of colliding with each other at the 
point A and producing particles on the hyperbola aa, may collide at points B 
and BI with particles which have materialized from earlier collisions. Par
ticles from these collisions are produced along the hyperbola bb and bbl. As 
a result particles are produced within smaller volume and earlier in time; 
the fragmentation regions will fuse together leading to larger baryon number 
densities than those attainable at high collision .energies. 

On the basis of these (non)results it is not possible to say if the en
ergy dens i ty wi 11 be hi gh enough for the phase trans i ti on, but it seems that 
it is higher than that at nWax in the high energy collisions (cf. Fig. 5). 
The cascading of the secondaries may also slow down the initial velocity of 
the expansion and lead to a longer overall expansion time. Anyway, it seems 
that medium energies are the only chance we have to achieve high baryon number 
densities together with)reasonabl Y high energy densities and they certainly 
merit further studies 15 . 
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4. Conclusions and comments 

I have argued for the use" of the source terms instead of just the initial 
boundary conditions when hydrodynamics is used to describe the evolution of the 
final state matter in heavy ion collisions. This is essential in FR's in order 
to account properly for the initial velocity gradient and for the expansion 
during the long production period. 

According to our results energy densities well above 2 GeV/fm3 are quite 
plausible in the CR but in the FR's energy densities will not reach high enough 
values for the phase transition to QCD-plasma to ~ccur. The expansion time 
scale is dominated by the initial expansion and is short enough that the ne
glect of the transverse flow seems justified. In estimating different singnals 
from the plasma it is not justified to use RA/cs ~ 13 RA = time for the trans
verse rarefaction wave to reach the collision axis as the lifetime of the 
plasma. 

In high energy collisions the baryon number is spread in rapidity and high 
baryon number densities are not reached (nB ~ o.4/fm3). The only region to 
study high baryon number densities are the medium energies (~ 10 GeV/nucleon on 
fixed target) where energy densities still are high enough for the formation of 
mixed phase. 

I do not have much to say about the signals but I should like to divide 
them into two groups; signals directly related to the existence of the quark
gluon plasma and signals related to the phase transition if it is of the first 
order. 

+ _ Examples of the signals in the first group are the thermal production of 
1 1 -pairs and photons in the plasma and enhancement of strange particles. 
First of all, according to our results these signals are confined to the CR 
whereas several estimates are based on the fireball analysis and predict them 
in the FR's. Their strength is difficult to estimate because they depend 
strongly on the achieved temperature which we do not know very well due to the 
uncertainties in the production. They all have backgrounds and the ratios of 
signals to their backgrounds depend in addition to the achieved temperature 
also on the lifetime of the plasma arid on the fraction of matter which can ex
perience the phase transition. Our results refer to the situation close to 
the collision axis in a central collision. Off the axis the densities will be 
smaller. E.g. in the case (A) the maximum energy density for a large fraction 
of produced matter even at y ~ 0 would be well below 2 GeV/fm3• From the point 
of view of these signals the difference between the cases (A) and (B) is large. 
Even though the production of quark-guon plasma may not be possible in an A'+A 
collision, with AI a light nucleus, the results would tell us what to expect 
in the CR when both nuclei are heavy. 

Signals in the second group are based on the properties of the first order 
phase transition. In the mixed phase temperature T = critical temperature Tc 
and thl"S might be reflected in the behaviour PL -SQectrum of produced par
ticles ~) or in the spectrum of radiated photons 2U ) as the maximum energy den
sity increases. The fir2r 22~er phase transition may proceed through the 
formation of shock waves' which might lead e.g. to large fluctuations in 
rapidity spectra. The plus side of these signals is that they do not depend 
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critically on the plasma lifetime or the maximum temperature which is achieved 
but on the other hand it is difficult to judge how conclusive they are. 

I should like to thank the organisers of this Workshop for a most stimu
lating meeting and the LBL Nuclear Science Division for the hospitality. In 
addition to my collaborators K. Kajantie and R. Raitio~ I have benefited much 
from di scuss ions with A. Capell a, M. Guyl assy oS H •. Satz and H. Sumiyoshi. 
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Abstract 

TRANSVERSE EXPANSION AT CENTRAL RAPIDITIES 
* IN ULTRA-RELATIVISTIC HEAVY ION COLLISIONS 

Gordon Baym 

Department of Physics 
University of Illinois at Urbana-Champaign 

Urbana, Illinois 61801 U.S.A. 

This talk describes the transverse hydrodynamic expansion of the central 
rapidity regime in a central ultra-relativistic heavy ion collision. The 
hydrodynamic equations, and numerical and analytic solutions for the expansion 
are presented. The formation of a "condensation discontinuity" in the dyna
mical phase transition from a quark-gluon plasma to hadronic matter, and the 
final freezeout to free-streaming hadron~, are also briefly discus~ed. 

1. Introduction 

Central collisions of heavy ions at ultra-relativistic energies (is 2 
25-50 GeV per nucleon) are expected,1 as described by Ruuskanen in his talk,2 
to develop a regime at central rapidities having small net baryon number, 
between two baryon-rich nuclear fragmentation regions (Fig. 1), a structure 

target 
fragmentation 

region 

, 

I 

, 

I 

I I 

Fig. 1 

projectile 
frogmentotion 

region 

similar to that observ~d in pp 
scattering at the ISR. Following 
the collision the central rapidity 
region will undergo longitudinal 
expansion along the collision (z) 
axis, with accompanying transverse 
rarefaction. In this talk I would 
like to review work carried out 
with J.-P. Blaizot, W4 Czyz, B. 
Friman, and M. Soyeur to under
stand, within the framework of 
hydrodynamics, the nature of the 
transverse expansion of the central 
rapidity regime. 

In the central regime one can, to a first approximation, neglect thr 
finite thickness of the fragmentation regions, and assume, with Bjorken, 
approximate Lorentz invariance at small rapidities, which is the statement 
that conditions at a given point z depend only on the local proper time 

(1) 

* Research supported in part by NSF Grant DMR81-17182. 
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at that point. While not crucial, this latter assumption, related to the 
existence of a central plateau in the final multiplicity versus rapidity, 
greatly simplifies the analysis of the problem. We also assume that local 
thermalization of the excitations produced in the collision takes place by a 
proper time TQ~ 1 fm, after which a hydrodynamic description becomes valid. 
Thus the init1a1 conditions on the 
hydrodynamics are constant energy 
density E = Eo and initial flow 
velocity Vz = zit at T = TO. A 
space-time diagram of the collision, 
Fig. 2, illustrates the hydrodynamic 
regime after proper time T = To' 
together with the subsequent hadron
ization transistion and eventual 
"freezeout" of the system from 
collision-dominated to free
streaming hadrons. 

For proper times short compared 
wi th the sound travel time, RAI c , . 
across a nuclear radius RA, wher~ cs 
is the sound velocity of the matter, 
the dominant motion of the central 
regime is its longitudinal expan-
sion. Since the hydrodynamic equa-

z 

Fig.2 
tions preserve the Lorentz-invariant 
character of the initial ~oundary ~6nditions, 
a simple scaling solution 

the longitudinal expansion obeys 

S (T) = S T IT , 
o 0 

where s is the local entropy density, and So 

2. Hydrodynamic equations 

v = zit , 
z 

S(T ). 
o 

(2) 

In the central regime, where the net baryon density vanishes to a first 
approximation, the hydrodynamic equations are the conservation laws for energy 
and momentum 

(3) 

where, in the absence of dissipation, the stress tensor is given by 

~v ~ v ~v T = (E + P)u u +.Pg ; (4) 

P is the pressure, gOO = -1, and the four-velocity u~ 
local flow velocity, and Y =(1- v 2)-1/2. 

y(l,~), with ~(x) the 

For simple one dimensional motion, Eqs. (3) assume the form 

a 
y) 

a 
(s y) - (s cosh +- sinh = 0 at az 

a 
(T sinh y) 

a 
(T cosh y) 0 (5) at +-az 

448 

• 



• 

-1 where T is the temperature and y = tanh Vz is the hydrodynamic rapidity; 
when Lorentz invariant boundary conditions are 'imposed, these equations have 
the scaling solution (2). ' 

The underlying Lorentz invariance"greatly simplifies the problem of the 
coupling of the longitudinal and transvers'e expansions, since the transverse 
motion for any z in the central rapidity regime: can be found from that at z = 
0, the "central slice," by a Lorentz boost along z. Using Vz = zit, one finds 
from (3) that at z = 0, with cylindrically symmetric tra~sverse geometry, the 
hydrodynamic equations (in cylindrical coordinates) are: ' 

a a at (rts cosh a) + a; (rts sinh a) a 

a a at (T sinh a) + a; (T cosh a) = 0, (6) 

where a = tanh-1vr is the transverse rapidity variable. The '''rt'' is just the 
phase space factor for cylindrical coordinates with longitudinal expansion of 
the scaling form. 

Equations (6) can also be cast into characteristic form, useful for 
numerical solution, as 

a v ±c 
( ) + r s at a± r,t l±v c 

r s 
where 

a± 

and the potential ~(T) is defined by 

~ ± a 
e 

d~ = dR-nT = c dR-ns. 
c s s 

3. Transverse expansion 

(7) 

(8) 

(9) 

Full numerical solutions of Eqs. (7) for the transverse motion are 
described in detail in Ref. 4. For an ideal gas equation of state, P a: T4, 
the temperature distributions at z = 0, in terms of the initial temperature 
T , evolve as shown in Fig. 3 (where '0 = 1 fm and RA are assumed); the curves o ' 
are labelled by the time. The corresponding transverse velocities are shown 
in Fig. 4. As we see in Fig. 3, the radial expansion causes an inwardly pro
pagating rarefaction wave (the corners at small r on the curves at 4, 7 and 10 
fm). A primary conclusion to be drawn from these calculations is that the 
accompanying longitudinal expansion leads to an overall rapid cooling of the 
matter; interior to the rarefaction front the cooling is uniform. A quark
gluon plasma, if produced, will last a relatively short time. In addition, 
the final transition from collision-dominated to free-streaming hadronic 
matter will take place fairly close to the collision volume, before the matter 
undergoes appreciable transverse acceleration. Thus one expects relatively 
small effects of the transverse expansion on the final observed momentum 
distributions. 
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While the calculations described above were done numerically, one 
fact, construct a useful analytic solution to the transverse motion by 
that the general behavior of the temperature and velocity is that of a 
Riemann expansion: 

T(r,t) v(r,t) 

where c f2 t-r+R
A 

l-c s 
TR To(t+r-R l+c

S
) r > R - c t 

A s 
A s 

T r < R - c t 
0 A s 

can, in 
noting 
scaled 

(10) 

(11 ) 

is the simple one-dimensional Riemann expansion solution, Ra is the initial 
nuclear radius, and To the initial temperature; in Eqs. (10) and (11) the 
sound speed Cs is assumed constant. The flow velocity in the Riemann wave is 

-1 
r-R + c t 

vR(r,t) 
A s 

r > R -tanh a R t+cs(r-RA) 
c t 

A s 

0 r < R - c t. 
A s 

(12) 

c 2 
The scaling factor (toft) s in the temperature (10) reflects the entropy 
density falloff described by the scaling solution (2). Using (10) as a first 
approximation in an iteration of the characteristic equations (7), one finds 
that the transverse expansion is given quite accurately, over the times of 
interest, by the approximate analytic solutions: 

T(r,t) (13) 

and 

a(r,t) (14) 
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4. Hadronization transition in the transverse expansion 

10 

The calculations discussed above describe the behavior of the central 
slice, z = O. An overall picture of the thermal evolution of the central 
region is given in Figs. 5 and 6, which show, in the z,r plane, isotherms 
(labelled by T/To) at t = 3 fm (Fig. 5) and t = 9 fm (Fig. 6). The dashed 
curve in Fig. 6 represents the inwardly propagating rarefaction wave. We see 
from these curves the geometry in the collision volume of the (de)confinement 
transition from a quark-gluon plasma to hadronic matter. If, for the sake of 
illustration, we assume the transition to occur at T = 0.6T , then in Fig. 5 
the outer regions beyond r = 6 fm have undergone theCtransit~on, while the 
interior regions remain in the deconfined phase; on the other hand, at the 
later time shown in Fig. 6, the entire central regime to z ~ 7.5 fm has under
gone the transition. At earlier times the transition occurs as a consequence 
of the transverse expansion, while at later times it is driven by the longitu
dinal cooling, as illustrated by the vertical segment of the T/T = 0.6 
. h 0 1S0t erm. 

If the deconfinement transition is first order. then as matter goes 
through the transition in transverse expansion, the flow will develop a shock
like entropy-producing discontinuity across thetransition. 5* By contrast the 
one-dimensional scaling solution is stable against small perturbations and 

* Entropy production across the deconfingment phase transition ~s discussed 
from a general point of view by Csernai, while Gyulassy et ale have 
presented a classification of the possible subsonic and sU1>e~onic flows when 
the phase transition occurs dynamically. Estimates of the entropy production 
and acceleration across the transition similar to those of Ref. 5 (described 
below) have been given independently by Van Hove. 8 
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exhibits no instability agains4 formation of growing infinitesimal disconti
nuities across the transition. 

Let us assume that the equation of state has a jump in entropy at the 
phase transition temperature Tc ' from sh in the hadronic phase to Sq in the 
quark phase. To see how a discontinuity develops in the transverse expansion, 
we note that in a Riemann-like expansion the pattern velocity moves at sound 
speed inward, in the frame in which the matter is at rest. However, across 
the two phase region of a first ~2der phase transition, between sh and s , the 
sound velocity c = (oJl.nT/oJl.ns)l vanishes. Hence as shown in Fig. 7a,qa s .. 
plot of entropy versus transverse coordinate (x or r), a Riemann-like flow 

s 

s t 
:l 

(a) 

CD 

CJ 

® 

x 

(see particularly the curves labelled t = 4 
and 7 fm in Fig. 3) will develop a flat por
tion at the purely quark end (entropy density 
s ) of the two phase region, and will "crest" 
a~d thus form a discontinuity across the pure
ly hadronic end (entropy density sh) of the 
two phase region. A fully developed discon
tinuity, shown in Fig. 7b, extends from the 
pure quark phase, at entropy Sq' to a point 
cooler than the hadronic phase at the static 
transition; at this point the flow velocity of 
the hadronic matter with respect to the 
discontinuity must be the sound speed of the 
hadronic matter there (the Jouget point), in 
order that the discontinuity no longer gains 
on the pattern in the hadronic matter. [If 
the quark phase supercools then Sq becomes the 
entropy of the quark phase at the point where 
it makes a transition.] l (b) 

L---~x~'I--~--~X~'2----~X'- To determine the entropy production and 
acceleration of the matter across the transi
tion, which we assume to be a fully developed 
discontinuity, we apply the conditions that 
the stress tensor components Tor and Trr be 

Fig. 7 

continuous across .the 
Using (4) we have 

discontinuity, in its rest frame, denoted by primes. 

2 
T s y' v' 

c q 1 1 

2 2 P +Tsy'v' 
c c q 1 1 

(15) 

(16) 

where 1 and 2 denote the upper and lower phases, Pi = Pc is the critical 
pressure at Tc ' continuous across the discontinuity in the equation of state, 
and vi = c 2' the sound speed. For the special case that below Tc the matter 
is an idea~ massless gas, then the solution of (15) and (16) with non-negative 
entropy generation, s y'v' ( s y'v', is 

q11 222 
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/3 - (3 - 16~ + 16~2)1/2 
v' 

1 4(1 - 0 
(17) 

. T 4 2 
y' v' 1 (/) 1 1 

2/3 ~ 3 - 2/3 vi c 
(18) 

where ~ P /T s • The entropy generation, measured by 
c c q 

y' , 1/4 1/4 s2 2v 2 
R s y'V' = (t) (1 - 2vi//3) y' 1 

q 1 1 
(18) 

decreases from 1.075 to 1 as vI' increases from 0 to 1/13. The entropy 
generated in the shock is at most 7.5% of the incident e~tropy, and is cl~ser 
to 6% for a transition with Tc = 200 MeV and latent heat 6£ = 1.5 GeV/fm 
(corresponding to ~ ~ 0.04). 

The matter, in passing through the discontinuity, is accelerated by the 
release of latent heat, and one finds from (15) and (16) that for small ~ the 
increase in transverse rapidity a is 

a -a = 0.66- 2~/13, 2 1 (19) 

on the order of 0.6 units. 

5. Freezeout 

As the matter expands in the hadronic phase the collision rates fall to 
the point where the matter can no longer maintain itself in thermal equili
brium, and it undergoes "freezeout" to a free-streaming gas. Even while 
evolving in the collision-dominated phase the matter cannot maintain perfect 
"chemical" equilibrium. To see this, assume that the hadronic matter emerging 
from the deconfinement transition is a purely pion gas with zero chemical 
potential. Then as the gas expands and cools, elementary thermodynamics 
implies that, as a consequence of the non-zero pion rest mass, the entropy per 
pion, s/(n 0 + n _ + n +), must increase if zero chemical potential is to be 
maintained~ Thi~ requires the number of pions in a co-moving volume to de
crease. However, the most rapid process that can destroy pions is 4~ + 2~, 

which by phase space considerations must be negligibly slow on expansion time 
scales. The total number of pions in a co-moving volume, and hence the entro
py per pion, remains fixed, and the distribution shifts in the expansion to 
one with positive chemical potential for all three pion components. 

The freezeout process is itself a possibly important source of entropy in 
the final distribution. As the system begins to decouple and mean free paths 
A grow compared to the system scale size, R, the rate of entropy pro~yction 
increases, ~ A, reaching a maximum when A ~ R, then falling off as A for A 
»R. The net increase in entropy appears, from preliminary estimates, to be 
a non-negligible fracgion of the initial entropy. Quantitative estimates will 
be published shortly. 
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Shock fronts without thermalization in 

ultrarelativistic heavy-ion reactions 

L.P. Csernai 
Central Research Institute for Physics, Budapest, Hungary 

If we study a heavy-ion reaction at ultrarelativistic energies 
E>10 GeV/nucleon,in lab. frame the collision proceeds as follov/s 1): The 
Lorentz contracted projectile passes through the target with almost the 
speed of light. Since the free N-N cross section is very much forward 
peaked, we assume that the two heavy-ions penetrate through each other 
with only a small momentum loss and only a minor part of the initial kine
tic energy will be thermaTized inside the projectile or target remnants. 
Our aim is to describe the 
target and projectile frag
mentation regions in a 
simple model. It is assu
med that the Lorentz con
tracted projectile in the 
target frame can be repre
sented as a shock front 
which, however, contrary 
to the ordinary 
compression shock (CS) 
transmits energy and 
momentum to the target 
matter. (Fig. 1) 
Now the conservation laws 
across the shock front 

Projectile Target 

for energy, momentum and baryon charge can 

- c [ To)(] -:: c. [ W (!> ~ 1. J - C;l( 

[Tl(xJ ~ 

[~B;(l ::; ::. 0 

Lab system 

Fi g. 1 

/ 
I 
\ 
\. 

", -

...... -

Target Projectile 

be formulated as: 
(..z ----, 

\00 '()~ vto- ~ 

(~Q (o'V~ - i ) + f0 ) 

where the square bracket denotes the difference of a quantity a before 
and behi nd the shock in its frame, [a 1 = a A - ao ,w is the enthalpy 
density, p is the pressure, and 0<. and J' are the parameters expressing 
how much part of the initial projectile energy and momentum is absorbed 
by the target ( a < ~J~' ~< 1). For this type of passing shock (PS) the 
relativistic shock adiabat can be derived 2): 

( (~ v)) ~ ( tiS, ~ ~ (I + of-).~ S .w f _ v.)o ( H ct.)' -= 
L PI - po - .s L. n:-z. Vlo .) 2. 111..1. Vl~ .) 

= f WI
1 
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having the same or similar properties as the shock or Rankine-Hugoniot 
adiabat. Plotting this shock adiabat on the pressure p, generalized 
specific volume w/n2 plane we obserwe that the shock adiabat of the 
nuclear matter goes through the point (po,wo/n~ ) representing the ini
tial state, and the final state is. given by the intersection with the 

j~ = n; sh'lYo = (P.A-PO )(1-01)/(w~/nt - wo (1-6' )/n~) straight line. 

In the case of a phase transition, detonation or condensation the 
shock adiabat does not go through the initial point, and so, one might 
need a stronger incoming flux in order to end up in the second phase. 
However, this is not the case for passing shocks. ' 

Let us assume that our second phase is a quark~gluon plasma with 
the equation ~ state: 

SL ( 3"t- _1 ~ .~ 1. T 2. .~ 1, It A k ) / (j, ) ~ 
- .- ::)0-= - II T + ~)A1I t - 1"'0.- 1'8. . "lC V r 50· . ~J I;) 1 (,2 Ii ~ Q 

Now the shock adiabat ~an be solved directly for an incoming flux 
giving the enthalpy density of the final state as: 

WI== ~ \.00 [(~-d)(~;+~-1)! J~(~-8)l(oOl_1+~)1._3(~+d--)2~(jL(D'ot_1) 

where s="~/( wo(t~c):!.) andJ=$'(,602.-1)/(~I}-1+s). The "_" sign corres
ponds to the PS mechanism, while the sign "+" with lX,=d =0 to the con
venti ona 1 CS 3). For very hi gh projecti 1 e energies ~ .. ~,.the general i zed 
specific volume tends asymptotically to 

').. v1.~ 

So we see that the compression shock provides a higher compression which 
is asymptotically 3 times larger than that of the passing shock. 

In fig. 2 the shock adiabats a,b,c,d,e are plotted for different 
t>( and d parameters. a is belonging to CS with IX. =0 =0, and d and 
e are the PSs. Dashed lines correspond to constant baryon current through 
the shock front (jB =const.). The most interesting feature of the PS 
solution is that the pressure can be very small or even negative, i.e. 
by this mechanism low density, low pressure, but highly excited quark
gluon plasma can be formed. 

Fig. 3 shows that for a given set of parameters ~ =5, s=3, which 
is the range where physical PS solutions exist with real positive 
enthalpy and temperature. Note that PS solutions exist only for very 
small ~ and 0 values. This result is consistent with the basic assum
ptions of our model (i.e. that the projectile looses only a very small 
part of its energy and momentum and so it can be considered as a sharp 
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shock front during the 
whole reaction process). 

The passing shock 
mechanism which descri
bes the interpenetra
tion of two nuclei is 
distinctively different 
from the conventional 
shock. The final state 
reached tn the PS is 
not too much compressed 
and has a small pressure 
while its temperature 
is high. This PS mech
anism may lead to the 
formation of quark
gluon plasma at simi
lar energies like the 
compression shock,and 
it does not even re
quire a partial ther
malization between the 
projectile and the tar
get. 

Fig. 2. 

{) 
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ENTROPY PRODUCTION BY NONQUASISTATIC PHASE TRANSITIONS IN 
HIGH-ENERGY HEAVY-ION REACTIONS 

L.P. Csernai and B. Lukacs 
Central Research Institute for Physics, Budapest Hungary 

There are different views of which are the most essential 
entropy-producing mechanisms: shock waves, viscosity, chemical 
reactions far from equilibrium, or the initial thermalization of 
the transparent nuclear matter as described in cascade models. 
However, it is important to note that quasistatic phase 
transitions (PTs) alone do not lead to entropy generation. 
Usually the produced entropy is estimated by a shock wave 
approximation r11 with a given equation of state. If the shock 
wave approximation is applicable the generated entropy is 
determined completely, irrespective of the other irreversible 
processes within the shock front, so also when a PT is present. 
But in this latter case the extra entropy generation is due to 
the softening of the equation of state only and not directly 
connected with the PT. On the other hand, there are doubts about 
the applicability of the stationary shock wave approximation in 
the presence of a PT rzl. The conventional shock wave 
approximation is also not applicable at ultrarelativi~tic 
energies,where the matter is expectedto become transparent r3]. 

In these latter cases the amount of generated entropy can 
only be evaluated by considering each irreversible process 
individually. The contribution of viscosity r41, nonequilibrium 
chemical reactions and initial thermalization has already been 
discussed. The PT may also contribute to entropy generation in 
itself provided that the transition is not quasistatic. Our aim 
is to estimate this kind of entropy prOdUction. 

In complete equilibrium in a quasistatic transition of two 
phases 1 and 2, the Gibbs conditions 

h = T 2 
PI = P2 
J.ll = J.l2 

(1) 
( 2 ) 
(3) 

have to be fulfilled. There is a hierarchy among the Gibbs 
criteria, because the different equilibrating processes have 
different relaxation times. In kinetic theory it can be shown 
that first thermal equilibrium is established (T 1 =T 2 ), then the 
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pressure balance (Pl=P2) follows, and chemical equilibrium is 
last, because it requires not only elastic collisions but 
reactions leading to the new structure of the 2nd phase. 

Here we discuss an irreversible PT where only the first 
Gibbs criterion holds. Consider a two phase mixture of domains 
a=1,2. Each domain posesses a local energy-momentum tensor 

ik i k ik i k T = e u u + P (g +u u ) 
a a a· 

(4 ) 

For a larger volume containing many domains, there is an 
average energy-momentum tensor 

(5 ) 

V1/V=(n2-n)/(n2-nd and V2/V=(n-nl)/(n2-nl), where n is the 
volume ave~age of the baryon charge density while n~ is the 
density of the ath phase. Eq. (5) is correct up to surface terms, 
neglected in the thermodynamical limit. The energy-momentum 
tensor of a closed system always fullfils the balance equation 

T i r, = 0 • Th e e qua t ion des c rib i n g the 
r 

baryon charge conservation 

(nu r ), =0. In order to separate the information takes the form: 
r 

fo r the thermodynamic quantities one must contract the balance 
ir eq. by u.: T ,u. = O. Then, using condo (1) and the 

1 r 1 

thermodynamical relations of the two individual phases the 
result is 

s = ~1-112 N2 • 
T 

( 6 ) 

where S is the total entropy of the system, and the operator • 
denotes the comoving derivative 
• r :: u ~ • 

r 
Hence there is no entropy production for quasistatic 
transitions, when the Maxwell-Rule, eqs. (1-3) is valid. For 
irreversible processes 111* 112 is possible, thus entropy may be 
generated during the transition. 

To show the mechanism of entropy generation let us consider 
a rapid PT, where the pressure and temperature balance are 
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established, but not the chemical one. In order to define 
completely the dynamics of the PT we have to instead of using 
e q • (3), d e t e r min e how the sec and p has e b u i 1 d sup. Let usa s s urn e 
that 

1 dN 2 1 
N --at =q b.rlo 

dn 
err (7) 

where b.n=n20-nlO is the difference of the densities of the two 
phases in equilibrium with each other at the same temperature T, 
and q is the ratio of the PT and compression speeds. . 

Eq. (7) gives us the upper limit of the PT speed. If the 
equality of the chemical potentials can be reached by slower 
transition, the system stays in phase equilibrium. We have to 
define also, when (at which density) the construction of the 
second phase starts. In a quasistatic PT this is usually the 
density where the two phases can balance each other at first 
n=nlo(T), but as we know the matter can be supercompressed 
before the start of the PT, and so the second phase may appear 
first at n=nlo(T)+o~. On the other hand in the expansion the new 
phase appears first at n=n2o(T) or at n=n2o(T)-on if there is 
some delay. 

Let us consider the nucle~r matter - quark matter PT as an 
example and take the equation of state as calculated in 
ref.15l. In the vicinity of the PT the equation of state of the 
two phases (j=1,2) can be approximated and consequently the 
difference of the chemical potentials is given by 

(8 ) 
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Now the dynamics of a rapid PT can be displayed as follows: The 
matter is in the first phase up to a starting value ~~ which can 
be nlO or larger. Then according to eq. (8) the build-up of the 
second phase starts and the equilibrium pressure can be 
calculated. Using eqs. (6-8)the entropy change can be 
integrated. This PT lasts till the matter reaches the phase 
equilibrium or until it is completely in the second phase 
(Fig.1a). If the PT speed is relatively high (q»1) the 
deviation from the quasistatic path on the fp,nl plane is 
small. This deviation increases with increasing compression 
s pee d ( c 0 mp are d toP T s pee d) and wit h inc rea sin g 
supercompression (Fig.1b). In a heavy-ion collision the 
compression stage is followed by an expansion similarly to a 
cyclic thermodinamical process. Now the pressure deviates from 
the equilibrium pressure but contrary to the previous 
compression, the pressure is now smaller than it would be in 
complete phase equilibrium. Thus the path of the system on the 
[p,nl plane shows a hysteresis, which leads to he appearance of 
a latent heat, i.e. in a rapid PT more kinetic energy is 
converted into heat than in a quasistatic process. The amount of 
extra entropy generated in the irreversible PT-s of Fig.1 is 
~cr=0-6. The produced entropy is already essential ~cr=1-2 for q 
values around q:1. To estimate the q value is a difficult task. 
Up to now no theoretical extimates exist about the dynamics of 
the quark-gluon PTe 
1 ) P. J. 5 i em ens, J. K a pus t a, 

Phys. Rev .Lett. 43 (1979)1486. 
2 ) J 0 H 0 fm ann eta I. , 

Phys. Lett. 828 (1979) 195. 
3)L.McLerran,Phys.Rep.88(1982)379. 
4)L.P.Csernai, H.W. 8arz, 

z. Phys. A296 (1980) 173 
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PARTONS IN NUCLEAR COLLISIONS BEFORE RECOMBINATION 

Rudolph C. Hwa 

Institute of Theoretical Science and Department of Physics 

University of Oregon~ Eugene, Oregon 97403~ USA 

ABSTRACT 

Nucleus-nucleus collisions at asymptotic energies 

are considered in the parton basis. Using parton 

distributions in hadronic processes as input, we 

calculate, in the context of a simple therrnaliza

tion model, the parton number density and energy 

density in the nucleus fragmentation region. 

10 Introduction 

A central problem in the study of highly relativistic nucleus

nucleus collisions is the determination of some basic parameters of 

the hadronic or partonic matter, such as its energy density, whether 

or not phase t~ansition can occur. We address that problem here in 

the nucleus fragmentation region by using the parton basis from the 

very beginning. Two important aspects of this problem are (1) the 

nucleon structure as an essential input and (2) the development of a 

description of the physics of A+A collisions in the parton basis. 

The two are linked by the parton distributions in nucleon scattering 

before hadronization~ which are precisely what the va1on-recombina

tion model can readily provide. Thus our study of A+A collisions 

is a very natural extension of our previous work on the mu1tipartic1e 
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dynamics of p+p collisions with emphasis on the time interval just 

before recombination takes place. 

The subject of plasma formation in ultra-relativistic A+A 

collisions has been studied in various ways,TI] the most recent 

attempts being in the frameworks of hydrodynamics[2] and thermo

dynamics. [3] The success of any such macroscopic theory must ulti

mately be understood in the context of an underlying microscopic 

theory. What is needed is a kinetic theory of quark-gluon plasma, 

which has not yet been developed. The work that I shall discuss 

represents an initial step in t~e direction of describing A+A 

collisions in terms of partons. 

2. Particle Correlations in the Fragmentation Region 

In the pioneering work of Anishetty et al. 14] the single-partic1e 

inclusive cross sections for p+p + h+X, wh~re h = p, ~, and K, have 

been used as inputs to account for the nucleon recoil and inelastic 

effects in a crude estimate of the energy deposited in the nucleus 

fragmentation region. The result obtained is that the energy density 

£ is about 2 GeV!fm3• While the procedure is reasonable as a first 

tryon a complicated problem,-it ignores the dynamical and kine

matical correlations among the produced particles, all of which must 

be in the same fragmentation region so as to contribute to the 

enhancement in energy deposition. Such correlations mean that the 

contributions from all the produced particles should not be simply 

added. In any given event the detection of any hadron at momentum 

fraction x restricts all other fragments of the initial nucleon to 

I-x. Dynamically there are also contraints on the hadronization of 

valence quarks; e.g., a valence u quark cannot simultaneously contri-
+ bute to the formation of a proton and a 1T. The neglect of such 

correlations is likely to lead to an over-estimate of E. 

To take the correlations into account at the hadronic level is 

difficult. We circumvent the problem by going directly to the quark

gluon basi.s, which must automatically account for hadron correla"-
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tions15J in a parton model that is reliable for low-PT hadronic 

reactions. [6] Indeed, partons (referring generically to quarks and 

gluons) form the proper basis foran)investigation of the present 

problem since hadronization is an irrelevant and unnecessary compli

cation insofar as energy density is concerned -- especially if a 

plasma is to be formed: To that end the valon-recombination model [7] 

is ideally suited for the purpose. Though the recombination part is 

not explicitly needed for the' problem considered here, it is because 

of that hadronization mechanism that the parton distributions deter

mined in the model hav~ any phenomenological significance for hadron

ic reactions. 

3. Parton Di.stribution in a' Nucleon 'Before Recombination 

For nucleon-nucleon collisions at high energies, the parton 

distributions in the f~agmentation region just before recombination 

are known in the.valon-recomb~nation .model. Based on those distri

butions, the inclusive cross sections of produced pions in 

p+p ~ n±+x reactions have been calculated. [7,8] The agreement with 

data gives a measure o~ credibility. to the physical relevance of the 

parton distributions. Since the pi?u recombination function applies 

only to quarks and antiquarks and not to gluons directly, the correct 

normalization for pionization obtains when all the gluons are first 

converted into qq pairs, giving rise to the so-called "saturated 

sea." The result may be summarized by giving here the total single

parton distribution function 6f a nucleon 

where 

F(x) - J: dx' G(x') [~S(x/x') + L(x/x')] 

G(x) = 16 x 0.65 (1_x)2 + 6 x 0.35 (1_x)2.3 

~s(z).= z, L(z) 
5 = 3(1-z) 
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KNS(z) is the non-singlet quark distribution in a valon, and speci

fies the valence-quark component in F(x). The simple form given for 

it in (3) is a fair approximation of earlier, more complicated 

results F,S] subj ect to the sum rules 

s: dZ~S/z = 1 and t dz~S = 1/2 (4) 

the latter being only a phenomenological constraint. L(z) gives 

the sea quark distribution for all types; [9] it carries the balance 
1 

of momentum in a valont i.e. ! dz L = 1/2. For some hadronic data, 
o 

the exponent of (l-z) 

would be 2(I-z)3. 

may be as low as 3, in which case L(z) 

We do not believe that the difference would 

affect the final result very much. It should be noted that G(x') is 

the valon distribution in a nucleon satisfying 
1 

that F(x) satisfies the momentum sum rule ! 
o 

1 
! 

o 
dx 

dx' G(x') = 3 and 

F(x) '*' 1. For 

A+A collisions, the precision of the parameters in (2) and (3) are 

not crucial. 

F(x) is the parton distribution just before hadronization, after 

the nucleon bag is broken by collision. The distribution does not 

depend on the nature of the other colliding particle because the two 

fragmentation regions are well separated in rapidity at high incident 

energy_ Since for hadronic collisions hadronization takes place at 

proper time T = I fm (the hadronic size), we regard F(x) to be 

meaningful for each nucleon in an A+A collision only for T ~ 1 fm. 

For T < 1 fm, parton interaction is complicated and unknown; 

indeed, even the meaning of a parton distribution is questionable 

when at small momentum transfer the time resolution is not much 

better than 1 fm. We may, however, at T = 0 regard the nucleon 

as a bound state of three va Ions whose momentum distribution is 

given in (2).1 7 ,10] The breaking of the nucleon bag beginning at 

T = 0 leads to a parton cluster distribution P(z) = ~S(z) + L(z) 

for each valon at T ~ 1 fm. We may interpolate the interval 

o < T ~ 1 fm by a smooth transition from o (z-l) to P(z), so that 

F(x) attains the meaning of valon distribution x G(x) as T + O. 
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Although our result will be for T ~ I fm, we do want our energy 

density E to satisfy the initial condition that at T = 0, 

€ = Eo = nNM where ~ is the nucleon number density in the nucleus 

and M the nucleon mass. 

The momentum distribution F(x) of the par tons in a nucleon is 

our basic input in the present problem of A+A collisions. It 

represents an aspect of the nucleon structure studied in the valon 

model. A more elaborate description of it can specify multiparton 

distributions, which would be needed for the calculation of hadroni

zatiollI7J and correlations, [5] but they are not needed in the follow

ing since the parton number density and en.ergy density that we shall 

calculate depend only on the single-parton distribution. That is the 

advantage of working at the parton level. 

4. Nuclear Fragmentation 

In applying F(x) to the nuclear problem we shall determine the 

parton distribution in the nuclear fragmentation region by ignoring 

the cooperative effects of the nucleons in the nucleus. This approx-' 

imation therefore neglects not only the partons in the cummulative 

region (x>l) , but also the effect Seen by EMC[11]on the ratio of 

the structure functions of Fe to D. These effects are attributable 

to the Fermi motion of the nucleus and to multiquark clusterings.[l2] 

Though interesting in their own right, they represent, however, only 

a less-than-lO% effect, on what we shall calculate and are conse

quentlynegligible compared to other uncertainties involved in the 

nucleus-nucleus collision problem. Those complications, when fully 

understood, can easily be incorporated in our formalism. Neglecting 

them now facilitates a clearer description of our treatment of the 

problem. 

We shall sum the parton contributio~s from the different 

nucleons in the struck nucleus with time delay carefully taken into 

account. We shall, however, assume that each struck nucleon contri

butes the same parton distribution F(x) at its own proper time 

T ~ 1 fm. This approximation ignores the possibility that the down-
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stream nucleons might fragment somewhat differently from those near 

the front of the nec1eus. But our result will be independent of this 

detailed aspect of the nuclear collision problem because the maximum 

energy density, as we shall show, depends largely on the partons 

originated from the upstream nucleons. 

Consider now in the rest frame of the target nucleus a longitudi

nal tube of length L through the center. We assume that the impact 

parameter is zero and regard the tube as the optimal place to achieve 

the highest energy density. In the 1+1 space(z)-time(t) the tube at 

rest extends from z~o to L. The projectile nucleus at infinite energy 

cuts across the z-t space along the light cone. Define z = t ± z. ± 
Thus the nucleons along z+ at z_ = 0 between z+ = 0 and 2L are struck 

by the projectile at local proper time T= O. The variable z+ 

measures the "spatial" locations of the nucleus whose partons are 

liberated, and T measures the age of the partons since liberation. If 

the struck nucleon is located at z =~, and z + 
ated T-hyperbo1a is determined by (z+ - ~)z_ 

= O. then the associ-
2 

= T. Thus for every ~ 

between 0 and 2L, the nucleon there contributes to a spatial spread of 

partons along the T-hyperbola with apex at ~. 

The partous at every space·-time point (z, t), or alternatively 

(z+,z_). in the forward light cone, come from nucleons at various 

locations ~ and have various proper times T. Thus in order to 

calculate the number density there, it is necessary to assume first 

that F(x) is the parton distribution per nucleon for all T > I fm 

if there is no interaction and no hadronization. We shall not inves

tigate any region requiring T < I fm, thus z < I fm is off 

limits. Since the density falls off with increasing z , the region 

of greatest interest will be at z - I fm. The problem of inter

action and thermalization will be addressed later after we set up 

the problem in which the partons arising from different nucleons are 

assumed not to interact. 

5. Kinematics 

The translation from the momentum-fraction distribution of the 
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partons to their space-time distribution will be done by means of 

free-particle kinematics. Defining x as the ratio of light-cone 

momenta of the parton and nucleon, we have 

x 
k+ 

p+ M (5) 

where n~ and yare the transverse mass (m2 + ki)~ and rapidity 

of the parton, while M and YN are the mass and rapidity of the 

nucleon. For brevity, we write a = In.r/M, but in the calculation 

we shall take it to be 1/3 numerically, which not only is reasonable 

phenomenologically, but also permits (5) to be evaluated in the 

nucleon rest frame without losing the physical interpretation of x. 

Converting (5) from the projectile to the target variables, and 

evaluating in the target rest frame for which YN = 0, we have 

x = -a e-y 
(6) 

Next, in going from y to z± and T, we adopt the usual definition of 

rapidity on a hyperbola and write 

z+ = 7.; + T eY, z T e-y 

Thus we have 

az 

Ixl 
a T 

= 
T Z - 7.; + 

The absolute sign of Ixl will be omitted in 

will be used for its distribution at every 7.;. 

the nucleons are distributed uniformly along 

(7) 

(8) 

the fo1iowing and F(x) 

We shall assume that 

z+ for 0 < 7.; ~ 2L 

with a density ~/2 where ~ is the nucleon density in the rest 

frame of the target nucleus. 

At fixed (z+, z_) the maximum rapidity Y2 is for a parton 

from the nucleon at 7.; == 0; hence, Y2 = ~ In(z+/z_). The minimum 

rapidity Y1 corresponds either to x = 1, i.e In a, or to 
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z;; 21" Le. !..z In(z+ - 2L)/z_, whichever is larger. 

6. Energy Momentum Tensor and Current Density 

At the space-time point (z. t) the energy-momentum tensor TllV 

is 

=1 kll kV 

TllV n n 
a[z - z(t)] (9) 

n k
O 

n 

where kll is the momentum two-vector of nth parton and where the 
V 

summation is over all partons at (ztt). 

form it is I13] 

In a manifestly covariant 

(10) 

V where Z is the space-time two-vector (t,z). In accordance with 

our foregoing discussion, we write ~ = ~~ f dZ;; dy F(y) where 

F(y) = F[x(y)]. Eq. (10) can then be reduced to the form 

~ere we have used with 

vll(y) = (cosh y, sin!l y) 

V v(y) (11) 

(12) 

The exponential eY is the local compression factor that emerges 

from the integration over the a-function. F(y) is now the rapidity 

distribution of the partons contributing to T
llV at (z,t). 

Similar considerations lead to the following expression for the 

parton current density 

Jll = ~ JY
2 dy F(y) eYvll(y) 

Y1 

(13) 

From our expression for F(x) in (1)-(3), it is clear that F(y) 
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is a monotomically increasing function of y from Being 

nonisotropic, it describes an imperfect fluid. Indeed, since we have 

not put in parton interaction, the system is far from thermal equili

brium. One manifestation of this is that there is no unique comoving 

frame. The two definitions according to T30 = 0 and J3 =0 yield 

U
-11 -11 two different fluid velocities, and u, respectively. It can 

be shown that the corresponding rapidities, y and y, are 

where 

y 

< g(y» = fY2 
dy F(y)eY g(y) 

Yl 

Moreover, one can show that in terms of ~11 

forms 

11V -l1-V llV T = (E+p) u u - pg 

(14) 

and -11 
u t the canonical 

(15) 

(16) 

follow. Fora perfect fluid for which F(y) is symmetric, then 

y = y. Since the fluid we have at hand is not in thermal equilibrium, 

in fact far. from it, E and p do not have the usual inter.pretation 

of energy density and pressure. 

7. Thermalization 

The partons from the different nucleons do interact and should 

result in local thermalization. It is unreasonable to expect all the 

partons in the entire rapidity range from 

spread to as much as 3 units of y for z 

to 

near 

Y2 (which can 

lfm) to interact 

effectively enough to give rise to an overall thermal equilibrium in 

a small spatial cell at (z,t). We can, however, expect partons in a 
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rapidity range of t.y-l to thermalize. In that case, an overall 

fluid velocity would be meaningless; instead, there would be a spec

trum of local fluid velocities. We are familiar with this kind of 

phenomenon in hadron-hadron collisions except that here it is for each 

spatial cell. 

What we need at this point is a kinetic theory of quarks and 

gluons so that we can calculate the effect of parton interaction on 

the randomization of their momentum distribution. In the absence of 

such a theory now, we make the reasonable ansatz that the effect of 

local thermalization is to cause the following change in the rapidity 

distribution 

F(y)eY + jrdY' F'(y') 
, . ' 

eY f(y-y') (17) 

where y' is the local fluid rapidity and f(y-y') is a symmetric 

distribution function characterizing a local parton subsystem in 

thermal equilibrium. FI(y') is the distribution of such local sub

systems. Consider two extreme cases. If the partons do not interact 

at all, then f(y-y') would be o(y-y') and (17) renders no change 

on the original distribution. On the other ha~d, if there is total 

thermalization, F'(y') would become proportional to o(y'-y) 

corresponding to having one un!que fluid velocity, and apart from a 

constant factor (1.7) gives eY f (y-y) a symmetric thermal distribu

tion in the comoving frame of the fluid. Thus f(y-y') describes the 

effect of thermalization and should be parametrized by a temperature. 

'-Ie normalize f (y-y') by fa> dy f (y-y') = 1 • 
.. a> 

If uU denotes the local fluid velocity (cosh y', sinh y') and 

kU the parton momentum, the relativistically-invariant description 

of the parton meomentum distribution requires that f be a function 

of 

we 

U k u, which 
U 

shall take f 

is mTcosh(y-y'). For illustrative purposes below, 

to be a simple Boltzmannian distribution 

f(k uU) = f exp[-B cosh (y-y')] 
U 0 

(18) 
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where S = mT/T. This can be improved with statistics and chemical 

potential taken into account. But in view of our ignorance about the 

thermalization process, more sophistication in the parametrization of 

f seems unwarranted at this stage. According to (18) the full widths 

hy at half maximum corresponding to T = 50, 100, and 200 MeV are 

hy = 0.9, 1.3, and 1.8, respectively. They span a reasonable range 

of values which will be considered for numerical estimates below. In 

the following we shall work out the case of the minimal model, namely, 

F'(y') = F(y'), and T in the range 50-200 MeV. Thus (17) effects 

a local smearing of the original distribution. 
, . I 

8. Energy and Number Densities 

According to our thermalization model, we have from (11) and (13) 

T~" = 0.
0 

JdY dY'F(Y')~Y' f(y-y') v~(y) v"(y) (19) 

J~ = nN SdY dy' F(Y')eY' f(y-y') v~(y) (20) 

where EO = nNM, the energy density of the nucleus. Define 

where 

Then we get 

where 

A;,,(y') _(COSh y' 
.. - sinh y' 

"'V' (y') T'" 

. sinh y' ) 
cosh y' 

T'~" = 0.
0 

F(y') eY' ~dY f(y-y') v~(Y-Y') 
J'~ = "Ii F(y') eY' J dy f(y-y') v~(Y-Y') 
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(21) 

(22) 

v v (y-y') (23) 

(24) 



v~(y-y') = A-1~ ( ') vv( ) = ( c?sh (y-y') ) (25) 
v y y s1nh (y-y') 

Obviously, T'~v and J'~ are the energy-momentum tensor and current 

vector in the comoving frame at rapidity y'. Since .f (y-y') is 

symmetric, it is clear from (23) and (24) that both T,30 and J,3 

vanish, thereby defining the unique, local fluid velocity u = tanh y'. 

The integrals in (23) and (24) are independent of u. If we 

denote them by <v~v~ and <v~>, we obtain from (18) 

= 

where K (8) is the modified Bessel function. 
n 

(26) 

(27) 

The energy and number densities for fixed z+,z_, and y', are 

(28) 

= (29) 

Note that the ratio· £/n is independen~ of y' and is a function of 

B only. For a numerical estimate of e: and n separately, we con

sider the space-time point where they are likely to be largest, i.e. 

z = + 
have 

Y2' 

2L and z = 1 

Y1 = -1.1 and 

we obtain 

T(MeV) 

50 
100 
200 

(in units of fm) •. 

Y2 = 1.7. For 

e:(y2)/£0 

7.5 
8.8 

11.6 

y' 

For 

at 

uranium, L ~ 15, 

its highest value, 

n(Y2)/~ 

20.7 
22.0 
24.5 

These are 1i.ke1yto be the maximum values for z > 1. As y' 
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decreases from Y2' e(y') and n(y') decrease rapidly, so the 

average e and n would be much lower. Even if we focus only on 

the maximum values at Y2' the energy density given above corres

ponds to the range 

e max = 1.0 - 1.6 GeV/fm3 
(30) 

while the number density of all partons (valence and sea quarks) is 

in the range 

-3 n ::: 3.1 - 3.7 fm max 

9. Conclusion 

(31) 

The approach that we have taken is to study the energy-momentum 

tensor and c~rrent density in the parton basis. We have assumed that 

after a proper time of 1 fm no new partons are created so those 

quantities are conserved. However, those partons can interact and 

redistribute themselves. In the absence of a kinetic theory of par

tons Which is very much needed, we have proceeded with a crude model 

for thermalization. We relate the rapidity range of interaction 

(~y _ 1-2) to the temperature of a subsystem in thermal equilibrium 

(T _ 50-200 MeV). Since the overall rapidity spread of partons at 

certain space-time points is nearly 3 units, we cannot expect all the 

partons at every space-time point to be totally thermalized. We 

therefore allow the superposition of a collection of separately 

thermalized subsystems, each having its own fluid velocity. The 

energy and number densities, by definition, refer to those subsystems 

in their comoving frames. The numerical estimat'es that we have made 

for those quantities turn out to be low compared to previous esti

mates, [4] even \vhen we consider the most favorable condition for high 

densities. They seem to be compatible with the results of Kajantie 

et al[2] who treated the hydrodynamics of the problem with hadron 

production regarded as source. 
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In view of the crudeness of our way in handling the therma1iza

tion problem, the numerical implications of our result should not be 

taken seriously. While further attention will be given to the problem 

of parton interactions and therma1ization, it is the approach adopted 

for this investigation that we want to emphasize here. We have seen 

in our formalism that e: and n depend on the fluid-rapidity 

distribution F'(y') and the compression factor 

the temperature-dependent quantities «vo)~ and 

y' 
e in addition to 

<v~. Since the 

parton distribution F(y) without interaction gives a strong hint for 

the behavior of F'(y'), we learn that e: and n are large where 

Fey) is large; thus it is the front' 'side of the nucleus that makes 

the dominant contribution to the densit'ies. 

It is straightforward to calculat~ e: and n as functions of 

and z • The details of those results will be presented elsewhere. 
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CENTRAL COLLISIONS OF HEAVY 

IONS IN THE DUAL PARTON MODEL 

by 
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ABSTRACT 

Average multiplicities and rapidity densities 
in high energy nucleus-nucleus collisions are computed 
in the framework of the dual parton model. Particular 
attention is given to the case of central collisions. 

* 

+ 

Laboratoire de Physique Theorique et Hautes Energies, 
Universite de Paris-Sud, Orsay, France. 

University of Santiago de Compostela, Spain. 

The multi-chain dual parton introduced by the Orsay group (1) has been 
able to describe with considerable success the multi-particle production 
in hadron-hadron collisions. (The density of 3.5 charged particles per unit 
rapidity at y* ~ 0 at the colliders was in fact predicted (lc) before the 
first data taking at the colliders). The model can be extended in a 
straightforward way to describe hadron-nucleus (lb) and nucleus-nucleus 
interactions (le) at high energies. The a-a data at Is = 31 GeV per nucleon
nucleon collision have been described with great success (le). 

Here we present calculations of average multiplicities and rapidity 
densities at y* ~ 0 for nucleus-nucleus interactions. Particular attention 
is devoted to the case of central nucleus-nucleus collisions - where one 
might observe the transient production of a quark-gluon plasma. 

Let us recall that in the dual parton model particle production in a 
nucleon-nucleon collision takes place in the form of chains of hadrons 
stretched between colored fragments of the colliding hadrons with compatible 
quantum numbers. The nucleon splits into a valence quark and diquark and 
two chains of hadrons are formed ql - qq2 and qq2 - qy. This corresponds 
to a single inelastic collision. The rapidity densities Nqy - qq2 (y) and 
Nqq2 - qy (y) of the chains are obtained by a convolution of momentum 
distribution functions and fragmentation functions of the hadron constitu~nt5. 

The genralization to nucleus-nucleus collisions in ref. (le) neglects 
the difference between valence and sea quarks. This is quite harmless for 
a-a collisions but it could be too rough in the case of a collision lllvolving 
heavy nuclei. Thus we propose here a somewhat improved version of the model. 

Let us consider the particular situation in which nA(nB) nucleons of 
nucleus A(B) are wounded (i.e. interact inelastically), with a total number 
of n inelastic collisions taking place. Let an n n be the corresponding A, B, 
cross-section. Since each inelastic collision produces two chains of hadrons, 
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2n chains will be produced. The valence fragments available are : nA (nB) 
valence quarks and diquarks in nucleus A(B). In the case nA < nB the only 
chains one can form involving these valence constituents are nA chains of 
type qqA - q~, nA chains of type q~ - qqB' nB - nA chains of type qS - q~ 
and nB - nA chains of type q~ - qqB' i.e. 2nB chains.(Here qS and q~are sea 
quarks and antiquarks). Since this takes care of all the valence constituent~ 
the remaining 2n - 2nB chains have to be of the type q~ - q~(or q~ - q~) . 
The rapidity density in a nucleus A-nucleus B collision is therefore given by 

A-B 1 
N (y) = 

cr
A

_
B 

nA,nB,n 

+(n 

For A « B a good approximation to eq.(l) is obviously to take 

(2) 

In fact this formula gives results remarkably close to those obtained from 
the exact expression (1) for A ~ B. 

Let us consider next the case of a central nucleus A,...nucleus B 
collision. There are many definitions in the literature about what is a 
central collision. Usually is referred to a collision at zero impact 
parameter. However, this definition is not suitable to compare with experi
mental data. We adopt here an experimental definition ( 2) .: central 
collision is the collision in which there is not any fragment of the pro
jectile inside a small veto angle. This definition corresponds to the 
cross section of having A wounded nucleons in the projectile and all of 
them giving rise to a slow baryon in the final state which therefore is 
not seen in the veto angle. 

According to this definition we have to replace in eq. (1), <nA>, <nB> 
and <n> by A, <nB>c and <n>c respectively. The last two values are computed 
following the method described in ref. (3). We use the optical approximation. 
The results for different beam and target nuclei at Is = 31 GeV per nucleon
nucleon collisQon are given in Table I. The numbers refer to produced 
negative particles. The contribution to the average multiplicity of particles 
produced via intra-nuclear cascade is not considered. We have also computed 
the dispersion of the multiplicity distribution, assuming that the particles 
produced in different chains are uncorrelated and those produced in a single 
chain have a Poisson distribution. The results and the details of our 
calculations will be reported elsewhere (4 ). 
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In order to test our results with cosmic ray data, we have computed 
dN/dy for a Si -Ag collision a.t Is ~. 80GeV:. We obtain about 250 particles 
per unit of rapidity, which is quite close to observed value (5), 

, 
In the case of Ag-Pb central collision we obtain a density of about 

620 particles per unit rapidity. Assuming that the nuclei are compressed 
to a longitudinal thickness of about one fermi (6) and taking 0.5 GeV 
per charged particle, one obtains an energy deposition of 

3 GeV/fermi
3 

Such an energy density is believed (7) to be sufficient to observe the 
phase transition to a quark-gluon plasma. 
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CAPTION 

The average multiplicities and central densities of negative 
particles produced in a collision nucleus A-nucleus B at Is = 31 GeV per 
nucleon-nucleon collision. The last two columns are the corresponding 
values for central (head-on) collisions. 

TABLE I 

dN7dy 
- (~)c - c 

A B < N > < N > 
dy 

12 27 4.9 22.6 15.5 69.6 

12 108 8.2 37.4 24.1 108 

12 208 10.3 46.8 29.5 132 

27 208 18.3 82.7 64.7 286 

64 208 33.4 , 149 139 598 

108 208 45.5 203 207 877 
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ABSTRACT 
Average number of collisions per particle and the energy 

density are calculated for the central products in 
ultra-relativistic heavy ion collisions based on the multi-chain 
model. Within rather short time after the collision, enough 
collisions per particle take place in the system keeping 
sbfficient energy density for the phase transition to 
quark-gluon matter(QGM) when the incident energy and the mass 
number are appropriately high and large. 

Whether the QGM can be created in high energy heavy ion 
collisions, is widely investigated both for fragmentation and 
for central regions. In almost all of these works /1~4/, the 
attention is paid to the energy density achieved in the heavy 
ion collisions while the thermal equilibrium of the produced 
high energy density matter is presupposed. Certainly, the 
Monte-Carlo lattice gauge theory calculation /5/ have shown the 
existence of the quark-gluon plasma phase, under the condition 
that the treated system is in a thermal equilibrium. Therefore, 
it becomes now very important to address whether the thermal 
equilibrium of the system produced through the heavy ion 
collision is realized or not, especially keeping sufficiently 
high energy density. In the present work, we calculate the 
average collision number per particle, Cn , and the ener~y 
density, € , of the centralJ:>roducts in the ultra- relatlvistic 
A-A' collisions by the use of the knowledge of the soft h-N and 
h-A interactions at high ener€:ies. Both £ and Crr are-obtained 
as a function of the proper tlme f of the system. , 

We assume that the whole processes of A-A interaction are 
divided into three stages. (i) Beam nucleons successively 
collide with target nucleons. (ii) The secondary hadrons are 
produced at a proper time ~ =lfm/c (formation time) after each 
N-N collision. (lii) The third step is the final state 
interaction among the produced partlcles which are relevant for 
their thermalization. In ad~itl0n, we will pay particular 
a t ten t ion tot h e f act son N - 1'1 colI i s ion s t V,Jl t ( a ) the rap i d i t y 
density and the inelastic cross section~ ~n , markedly increase 
with the energy above TeV re€:ion and (b) the correlation length 
of produced particles in rapldity space is 1~2 /6/. 

Let us consider the system composed of N(y, 'Y2) hadroIls that 
are produced in an A-A central collision between rapidities y, 
and y?, (y, 'Y2)' Rapidity variables are defined in the center 
of maSs frame of N-N collisions. At time t, N(Yl'Y2) hadrons 
occupy the space volume Vet) in the co-moving frame (COMF) of 
the system wlth velocity vc; JY2 JY2 

dN dN 
vc= thn = dy sh Y dy / dy ch Y dy (1) 

Y1 Y1 
where dN/~y is the rapidity density of the A-A' collision. We 
define £=0 when all the particles in (y, ,y?) hadronize within 
the system. The energy density of the system at t is given by 

(2) 
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where S. is the mean energy of a secondary hadron within (Yl'Y2) 
and is taken to be 0.4 GeV. Here, 

Vet) = ZAA(Yl'Y 2 ;£) TIRA2 (3) 

where RA is the radius of the smaller nucleus A and ZAA is the 
longitudinal extension of the system at t. 

Let us consider, firstly, the N-N collision. According to 
the assumption (ii), a hadron of rapidity y appears after 
't. c h ( y - 7) and a way T. s h ( y - >]) fro m the N - N in t era c t ion poi n t 0 in 

Fig.1 (a). Taking the frame independent hadron size S1 (=1.0fm) 
17/, the system has already extended at £=0 by I 

NN } 20 (Yl'Y2) = 1 0 ch(Y 2-n){th(Y 2-n)-th(Yl-n) +Sh (4 ) 

The system continues to expand and the longitudinal extension of 
t 11 e system at £ is g i v e nb y-

ZNN( '" NN (5) 
Yl'Y2;t) = 20 (Y1'Y2)+{th(Y2-n)-th(Yl-n)}£ 

In the A-A collision, reflecting the finite nuclear size, the 
interaction points of the successive collisions spread in £-i 
space ov~r a.parallerog~am OPQR as is in ~ig.l(b). Accordingly, 
the long~tud~nal extens~on of the system ~s given by 

where 

and 

LA={th(Yin+n)+th(Yl-n)}tA 

LA'={th(Yin-n)-th(Y2-n)}EA' 

t -E -E -(2R +s ch(y +n)}ch(Y i -n)/sh(Zy in ) 
A Q P A h in n -

E '-E -E -(2R'+Shch(y. -n)}ch(Y i +n)/sh(2y, ) A Q R A 1n n ~n 

(6) 

(7 a) 

(70 ) 

(8n) 

( Go) 

The factor Sh in Eqs. (8a) and (8b) comes from the size of 
nucleons. During the expansion, the Earticles in the system 
interact with each other (assumption liii» and the system is 
expected to tend gradually towards a thermalized state. -

If we assume that all the hadrons in the system are pions, 
the mean free path of a pion is given as 

A { TITI -1 (Y l ,Y 2 ;£)= 0inN(yl,y2)/V(t)} (9) 

We take ()tTl. =20mb. The mean £0111sion number C7t (Yl'Y7;t) per 
pion, durIRg the time of O~£~t can be obtained as toIIOWS; 

f
E, 

c.(Yl'Y2;E)~ de ;(Y1'Y2) 1 A(y1,y z ;!') 
o TITI-

o. v(y 1 ,y 2 ) N(Y 1 'Y.2) (~AA AA 
= 1~ ._- In" (Y 1 'Y2;£)IZ (Yl'Y2;t~O)} 

TIRA{th(yz-n)-th(Yl-n)} 

(10 ) 

The mean relative velocity v(Yl.Y2) among the pions in the COMF 
use din e q • ( 10 ) i s t a ken t 0 - b e (V1 ) V,2., W her e 

v 2 = 2 dy th (y-n).dN/dy 1 N(Yl'Y2) - (11) - JY 2 

The remaini~llpoint for the numerical calculation of £ and Cn is 
to obtain N(Yl'Y?) in A-A' collisions. lI.s the energy momentum 
conservation In the successive collision is very important, we 
employ the multi-chain model (MCM)/8/ to obtain N(Yl'Y?). Only 
numerical results of N(Yl'Y2) from MCM are tabulatea in table I. 

The results on the energ~ density, E, of the system and the 
average collision number per pion, Cn, are shown in Fig. 2. (I) 
Incident energy dependence: Owing to the increase of N(Yl'Y2)' 
the energy density and the average collision number per p on ,as 
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shown in Figs. 2(a)-(f), become larger as the incident energy 
increases. (II) Mass number dependence: As the nuclear mass 
number becomes larger, the total collision number in the A-X 
interaction increases. This leads to the increase of N(y, 'Y2)' 
We can confirm that £ and Cn increase with the nuclear maSs 
number. The results on the collisions of A < AI, which is the 
case of the cosmic ra~ experiments /9 10/~ are also shown in 
Fig.2(g) /9/, (h) /101 and (;i). (IIr) .Dependence on rapidity 
region of the system: The difference of e and Cn among various 
rapidity regions comes mainly from the change in values of 
N(Yl Y:J)' thus, both £ and C7t decrease· as the system deviates 
from'tne central rapidity re~ion. (IV) Finite size effect of 
hadrons: We have taken the· rame-independent hadron size 
S h ( = 1 . 0 f m ) in t 0 a c c 0 u n tin AA • a f c 0 u r s e, t his act s tor e d u c e 
t e values of E and CX' Moreover, due. to this finite size 
effect, Sand Cn decrease as ~y decreases. 

From Figs.2(a)_(c) and (i) we can safely conclude that the 
th~rmalizea QGM of life time 10-)3 sec is realized in the 
central rapidity regions in A-X collisions of large enough 
nuclei at high enough incident energy. The spatial volume of 
the QGM is estimated as Vet) ~ 5fm·~R: even at t corresponding 
to C.=3. We have to notice that there exist the cases (Figs.2 
(e), (f) and (h» where the energy densities are above the 
critical value, for example, 0.6 GeV/fm, but the average 
collisi?n number per pion are not. sufficient to get a 
therma11zed QGM, say C-n. {. 3. . 

Hereafter, we discuss several points on our formalism. In 
the MCM, leading nucleons are excluded from the application of 
the formation zone and repeatedly interact with nucleons in the 
colliding nucleus. Therefore, in the present formalism we 
cannot treat the fra~mentat.ion region in a. consistent manner 
with the central reg10n. It can be said if its ap~lication to 
leading nucleons is abandoned in Rei./4{, the pred1cted energy 
density of the fragmentation re~ion may be shifted to higher , 
values. If we include the poss1ble cascade interaction of A-A 
collisions, £ and Cn in the central rapidity region may be 
larger than the value obtained here .. To the contrary resonance 
or cluster production, in place of the direct pion, certainly 
reduce the number density of the system. Moreovir, if emission 
of particles from a hit nucleon takes place at points which 
spread within the hadron size S , the maximum value of e. may. 
somewhat decrease from our resu~ts. In our calculation, C~ is 
considered only within the longitudinal direction. Collisions 
are possible also in the transverse direction. Therefore, we 
may take rather smaller values of Cn as a criterion of the 
thermalization. On the other hand, the expansion of the system 
to the transverse direction acts to decrease the e and Cn. At 
any rate quantitative investigation on the degree of freedom of 
the transverse direction is very important. 

References 
1) R.Anishetty, P.Koehler and L.McLerran, Phys.Rev.D22 

(1980),2793. 

i
2~ J.D.Bjorken, Phys.Rev.D27 (1983),140. . 

M.Cyulassy, Preprint LlrL-15l75, Oct. 1982. 
K.Kajantie l R.Raitio and P.V.Ruuskanen, TFT Preprint 
HU-TFT-83-~, Feb. 1983. . 

5) J.Engels et al., Phys.Lett.lOlB (1981) 89; J.Kuti, 
J . Polo n y ian d K. S z 1 a c han y i , ---pry s . Let t . 98 B (198.1), 199; 
L.McLerran and B.Svetitsky, Phys.Lett.nlr (1981), 195. 

6
7

) C. E z e 11 eta 1 ., Ph Y s . Rev. Let t . 16 (197 7),1r7 3 . 
) J.D.Bjorken Proceedings of the-Summer Institute on 

Theoretical Particle Physics in Hamburg 1975, J.G~Korner 
, G.Kramer and Schildknecht(Editors), Springer-Verlag, 
Berlin, Heidelberg, New York 1976. . . 
K.Kinoshita, A.Minaka and H.Sumiyoshi, Z.Phys.C8 (1981),205 
S.Tasaka et aI., Phys.Rev.D25 (1982),1765. -
JACEE collabolation, AlP ConT.Proc. ,No.8S Particles and 
Fields Subseries,No.26,p.SS2 ed. by V.Berger, D.Cline and 
F.llalzen AIP,New York 1982. 

485 



1=0 

: R(ir.rrJ 
: 
: 

1= 
LA LA-

Fig.l: (a) The longitudinal 
extension of the hadronic 
system in a N-N collision. 
Secondary particles hadronize 
on the hyperbola in the COMF. 
(b) ,The same as (a) but of 
A-A collisions. Within the 
parallelogram, multiple 
N-N collisions take place. 

Table 1 

11 + 11' E('reV/N) 
N 

(-.5,.5) (1.,2.) (-.25,.25) 

U -I- U 
0.4 067 403 445 

10.0 3202 2440 1616 

Fe'l Fe 
0.4 199 114 102 

10.0 SUfi 420 256 

lIe'IC 7.0 23 19 11 

Si-l-lIg 3.6 350 213 177 

Ca-lPb JOO.O J224 942 614 

Table I: Numerical results 
of N(y, ,y?) from MCM at 
incident ~nergy,E (TeV/N) 
for various A-A collisions. 
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Fig.2: Energy density as 
a function of t for U-U 
collision «a) (c» and Fe-Fe 
collision (Cd) (E» at 0.4 
TeV/N (broken lines) and 10 
TeV/N (solid lines). The 
cases of different combina
tion of nuclei. are shown in 
(g) He-C, (h) Si-Ag and (1) 
Ca-Pb at raridity interval 
(-0.5 A O.5) (soliil lines) and 
(l.O,L.O) (broken lines). 
The avera!$e collision number, 
C , per p10n are indicated 
on each line. Dotted lines 
in (b) and (e) are the same 
as broken lines except tl.le y 
are calculated for the case 
of S =0 and L =L '=0. TIle 
maxi~um valueQ o~ the result 
in this case is very close 
to that of Ref./4/. 
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1. PHASE TRANSITION OR PERHAPS TRANSFORMATION 
HADRONIC GAS AND THE QUARK GLUON PLASMA 

I explore here consequences of the hypothesis that the energy 
available in the collision of two relativistic heavy nuclei, at least 
in part of the system, is equally divided among the accessible degrees 
of freedom. This means that there exists a domain in space in which, 
in a suitable Lorentz frame, the energy of the longit.udinal motion 
has been largely transformed to transverse degrees of freedom. The 
physical variables characterizing such a "fireball" are: energy den
stty, baryon number density, and total volume. The basic question 
concerns the internal structure of the fireball. It can consist either 
of indiVidual hadrons, or instead, of quarks and gluons in a new phys
ital phase, the plasma, in which they are deconfined and can move 
freely over the volume of the fireball. It appears that the phase 
transition from the hadronic gas phase to the quark-gluon plasma is 
controlled mainly by the energy density of the fireball. Several 
estimatesl ) lead to 0.6-1 GeV/fm3 for the critical energy density, to 
be compared with 0.16 GeV/fm3 in nuclear matter. 

We first recall that the unhandy extensive variables, viz., 
energy, baryon number, etc., are replaced by intensive quantities. 
To wit, the temperature T is a measure of energy per degree of freedom; 
the baryon chemical potential ~ controls the mean baryon density. The 
statistical quantit.ies such as entropy (= measure of the number avail
able states), pressure, heat capacity, etc., also will be functions of 
T and ~, and will have to be determined. The theoretical techniques 
required for the description of the two quite different phases, viz., 
the hadronic gas and the quark-gluon plasma, must allow f~r the for
mulation of numerous hadronic resonances on the one side2 , which 
then at sufficiently high energy density dissolve into the state con
sisting of their constituents. At this point we must appreciate the 
importance and help by a finite, i.e., non-zero temperature in reaching 
the transition to the quark-gluon plasma: to obtain a high particle 
density, instead of only compressing the matter (which as it turns 
out is quite difficult), we also heat it up; many pions are generated 
in a collision, allowing the transition to occur at moderate, even va
nishing baryon density3). 
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Fig. 1: p-V diagram for the gas-plasma first order transition, with 
the dots indicating a model-dependent, unstable domain between 
overheated and undercooled phases. 

Consider, as an illustration of what is happening, the p-V diagram 
shown in Fig. 1. Here we distinguish three domains. The hadronic gas 
region is approximately a Boltzmann gas where the pressure rises with 
reduction of the volume. When the internal excitation rises, the indi
vidual hadrons begin to cluster. This ~educes the increase in the 
Boltzmann pressure, since a smaller number of particles exercises a 
smaller pressure. In a complete description of the different phases we 
have to allow for a co-existence of hadrons with the plasma state in 
the sense that the internal degrees of freedom of each cluster, i.e., 
quarks and gluons, contribute to the total pressure even before the dis
solution of individual hadrons. This indeed becomes necessary when the 
clustering overtakes the compressive effects and the hadronic gas pres
sure falls to zero as V reaches the proper volume of hadronic matter. 
At this point the pressure rises again very quickly, since in the 
absence of individual hadrons we now compress only the hadronic consti
tuents. By performing the Maxwell construction between volumes V1 
and V2 , we can in part account for the complex process of hadronic com
pressibility alluded to above. 

As this discussion shows, and detailed investigations confirm4 ), 
we cannot escape the conjecture of a first order phase transition in 
our approach. This conjecture of Ref. 19) has been criticized, and 
only more recent lattice gauge theory calculations have led to the 
widespread acceptance of this phenomenon provided an internal SU(3) 
(colour) symmetry is used - SU(2) internal symmetry leads to a second 
order phase transitionli ). It is difficult to assess how such hypothe
tical changes in actual internal particle symmetry would influence 
phenomenological descriptions based on an observed picture of nature; 
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for example, it is difficult to argue that, were the colour symmetry 
SU(2) and not SU(3), we would still observe the resonance dominance of 
hadronic spectra and could therefore use the bootstrap model. All 
present understanding of phases of hadronic matter is based on approxi
mate models, which requires that the table below be read from left to 
right. 

Object + Observational hypothesis+ -Theoretical consequence 

Nature + Internal SU(3) symmetry + 1st order phase transition 
(on a lattice) 

Nature + Bootstrap ; Resonance + 1st order phase transition 
dominance of hadronic (in a phenomenologic~l boot-
interactions strap approach) 

? + Internal SU(2) symmetry + 2nd order phase transit.ion 
(on a lattice) 

Phase t.ransit.ion of hot hadronic matter in theoretical physics 

I believe that the description of hadrons in terms of bound quark 
states on the one hand, and the statistical bootstrap for hadrons on the 
other hand, have many common properties and are quite complementary. 
Both the statistical bootstrap and the bag model of quarks are based on 
quite equivalent phenomenological observations. While it would be most 
interesting to derive the phenomenological models quantitatively from 
the accepted fundamental basis - the Lagrangian quantum field theory of 
a non-Abelian SU(3) "glue" gauge field coupled to coloured quarks - we 
will have to content ourselves in this report with a qualitative under
standing only. Already this will allow us to study the properties of 
hadronic matter in both aggregate states: the hadronicgas and the 
state in which individual hadrons have dissolved into the plasma con
sisting of quarks and of the gauge field quanta, the gluons. 

It is interesting to follow the path taken by an isolated quark
gluon plasma fireball in the ~-T plane, or equivalently in the v-T plane. 
Several cases are depicted in Fig. 2. In the Big Bang expansion, the 
cooling shown by the dashed line occurs in a Universe in which most of 
the energy is in the radia-tion. Hence, the baryon density v is quite 
small. In normal stellar collapse leading to cold ne~tron starsi we 
follow the dash-dotted line parallel to the v-axis. _ The compression 
is accompanied by little heating. 
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Fig. 2: Paths taken in the v-T plane by different physical events. 

In contrast, in nuclear collisions almost the entire v-T plane 
can be explored by varying the parameters of the colliding nuclei. We 
show an example by the full line, and we show only the path correspon
ding to the cooling of the plasma, Le., the part of the time evolution 
after the termination of the nuclear collision, assuming a plasma for
mation. The figure reflects the circumstance that in the beginning of 
the cooling phase, i. e ., for 1 - 1.5 X 10-2 

3 sec., the cooling happens 
almost exclusively by the mechanism of pion radiation5 ) In typical 
circumstances, about half of the available energy has been radiated 
away before the expansion, which brings the surface temperature close 
to the temperature of the transition t~ the hadronic phase. Hence a 
possible, perhaps even likely, scenario is that in which the freezing
out and the expansion happen simultaneously.' These highly speculative 
remarks are obviously made in the absence of experimental guidance. 
A careful study of the hadronization process most certainly remains 
to be performed. 

In closing this section let me emphasize that the question whether 
the transition hadronic gas +-r quark-gluon plasma is a phase transition 
(i.e., discontinuous) or continuous phase transformation will probably 
only be answered in actual experimental work, as all theoretical ap
proaches suffer from approximations unknown in their effect. For 
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example, in lattice gauge computer calculations, we establish the pro
perties of the lattice and not of the continuous space in which we 
live. 

The remainder of this report is therefore devoted to the study of 
strange particles in different nuclear phases and their relevance t.o 
the observation of the quark-gluon plasma. 

2. STRANGE PARTICLES IN HOT NUCLEAR GAS 

My intention in this section is to establish quantitatively the 
different channels in which the strangeness, however created in nuclear 
collisions, will be found. In our following analysis a tacit assump
tion is made that the hadronic gas phase is practically a superposition 
of an infinity of different hadronic gases, and all information about 
the interaction is hidden in the mass spectrum T(m2 ,b) which describes 
the number of hadrons of baryon number b in a mass interval dm 2 and 
volume V ~ m. When considering strangeness-carrying particles, all we 
then need to include is the influence of the non-strange hadrons on the 
baryon chemical potential established by the non-strange particles. 
The total partition function is approximately multiplicative in these 
degrees of freedom: 

tYl 1 = ~.a hOtls~e + e"L :c s~e. (2.1) 

For our purposes; i.e., in'order to determine the particle abundances, 
it is sufficient to list the strange particles separately and we find 

e., :t Sf
ttl.nge(1jV,As}AIl) = C ~,,(,IJ(Xk)[A&>.~1 t >.;1).I\\J 

, . 1:.Z (2.2) 

+ ~ [~A) t .3\J(xl)I[>'s~q t>:"s>:<fl1 

where 

(2.3) 

We have C = VT 3 /2n 2 for a fully equ5.librated state. However, strange
ness-creating (x + 3+5) processes in hot hadronic gas may be too slow 
(see below) and the total abundance of strange particles may fall short 
of this value of C expected in absolute strangeness chemical equilibrium. 
On the other hand, strangeness-exchange cross-sections are very large 
(e.g., K-p cross-section is ~IOOmb in the momentum range of interest), 
and therefore any momentarily available strangeness will always be dis
tributed among all particles in (2.2) according to the values of the 
fugacities Ag = AB 1 / 3 and ~s' Hence we can speak of relative strange
ness chemicaI equilibrium. 
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We neglected to write down quantum statistics corrections as well 
as the multistrange particles, :: and n-, as our considerations remain 
valid in this simple approximation6 ). Interactions are effectively in
cluded through explicit reference to the baryon number content of the 
strange particles as just discussed. Non-strange hadrons influence the 
strange fraction by establishing the value of Aq at the given temperature 
and baryon density. 

The fugacities AS and Aq as introduced here control the strange
ness and the baryon number respectively, While AS counts the strange 
quark content, the up- and down-quark content is counted by Aq = AB 1 / 3 , 

Using the partition function Eq. (2.2) we calculate for given 
~B' T, and V the mean strangeness by evaluating 

(2.4) 

which is the difference between strange and antistrange components. 
This expression must be equal to zero due to the fact that the strange
ness is a conserved quantum number with respect to strong interactions. 
From this condition we get: 

(2.5) 

a result contrary to intuition: As i 1 for a gas with total <s> = O. 
We notice a strong dependence ofy on the baryon number. For large ~B 
the term with AB- 1 will tend to zero and the term with AB will dominate 
the expression for As and y. As a consequence the particles with 
fugacity As and strangeness s = -1 (note that by_convention strange 
quarks scarry s = -1, while strange antiquarks scarry s = 1) are sup
pressed by a factor y which is always smaller than unity. Conversely, 
the production of particles which carry the strangeness s = +1 will be 
favoured by y-l. This is the consequence of the presence of nuclear 
matter; for ~ = 0 we find y = 1. 

In nuclear collisions the mutual chemical equilibrium, that is, 
a proper distribution of strangeness among the strange hadrons, will 
most likely be thus achieved. By studying the relative yields, we can 
exploit this fact and eliminate the absolute normalization, C, cf., 
Eq. (2.2), from our considerations. We recall that the value of C is 
uncertain for several reasons: (i) V is unknown, (ii) C is (through 
space-time dependence of temperature) strongly (t,r)-dependent, and 
(iii) most importantly, the absolute normalization C = VT3/2n 2 which 
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assumes absolute chemical equilibrium, is not achieved owing to the short
ness of the collision. Indeed we have [cf., Eq. (4.3) for further de
tails and solutions] 

de ( 2. / 2. ) dt ~ A H 1 - C It) C (00) • (2.6) 

and the time constant lH = C(oo)/AH for strangeness production in nuclear 
matter can be estimated to be 10-21 sec .7). Thus C does not reach C(oo) 
in plasmaless nuclear collisions. If the plasma state is formed, then 
the relevant C > C(oo) (see below). 

Now, why should we expect relative strangeness equilibrium to be 
reached faster than absolute strangeness equilibrium2 )? Consider the 
strangeness exchange reaction 

(2.7) 

-which has a cross-section of about 10mb at low energies while the ss 
"strangeness-creating" associate production 

(2.8) 

has a cross-section of less than 0.06mb, i.e., 150 times smaller. Since 
the latter reaction is somewhat disfavoured by phase space, consider 
further the reaction (Y is any hyperon = strange baryon) 

n ( .. 

P(~ 
" " 
~-)K 

\ 
',,-
~-)y ...... 

(2.9) 

which has a cross-section of less than 1mb, still 10 times weaker than 
one of the s exchange channels (2.7). Consequently, I expect the rela
tive strange~ess equilibration time to be about ten times shorter than 
the absolute strangeness equilibration time, namely 10-23sec ., in hadrO
nic matter of about twice nuclear density. 

495 



We now compute the relative strangeness abundances expected from 
nuclear collisions. Using Eq. (2.5) we find from Eq. (2.2) the grand 
canonical partition sum for zero average strangeness: 

(2.10) 

where, in order to distinguish different hadrons, dummy fugacities Ai, 
i = K, K, A, A, L, E have been written: the strange particle multi
plicities follow then from . 

d :l. Stra.~.9 e., 
<hi.) = Ai ~". en ~C) \.._ 

QI\L -",,-1 
(2.11) 

Explicitly we find (notice that the power of y fonows the s-quark 
content) : 

(hj<!>= C a:n 
W(><K) (2.12) 

+1 .. I tJ-lJr 
<"1\./10) :: C 'f w ~/2:..' e (2.13) 

(2.14) 

In Eq. (2.14) we have indicated that the multiplicity of antihyperons 
can only be built up if antibaryons are present according to their 
(small) phase-space. This still seems an unlikely proposition and the 
statistical approach may be viewed to provide an upper limit on their 
multiplicity. 

From the above equations we can derive several very instructive 
conclusions8 ). In Fig. 3 we show the ratio <nK+>/<nK-> = y-2 as a 
function of the baryo-chemical potential ~B for several temperatures 
that can be expected and which are seen experimentally. 

We note that this particular ratio is a good measure of the 
baryon chemical potential in the hadronic gas phase, provided that the 
temperatures are approximately known. The mechanism for this process 
is: the strangene~s exchange reaction CEq. (2.7)J tilts to the left 
(K-) or to the right (abundance y ~ K+), depending on the value of the 
baryo-chemical potential. 
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Fig. 3: 

Fig. 4: 
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Relative abundance of antilambdas: the actual yield from the 
hadronic gas limit may be still 10-100 times smaller than the 
statistical value shown. 
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In Fig. 4 the upper limit for the abundance of K as measured in 
terms of A-abundances is shown. Clearly visible is the substantial 
relative suppression of K, in part caused by the baryo-chemical potential 
factor, Eq. (2.14), but also by the strangeness chemistry (factor yZ) 
as in K+K- above. Indeed, the actual relative number of A will be even 
smaller, since A are in relative chemical equilibrium and A are not: 
the reaction K+p + Ano, analogue to (2.7), will be suppressed by low p 
abundance. Also indicated in the Fig. 4 is a rough estimate for the A 
production in the plasma phase, which suggests that anomalous A abun
dances may be an interesting feature of highly energetic nuclear 
collisions6 ) (cf. Section 5). 

3. QUARK-GLUON PLASMA 

From the study of hadronic spectra, as well as from hadron-hadron 
and hadron-lepton interactions, there has emerged convincing evidence 
for the description of hadronic structure in terms of quarks9). For 
many purposes it is entirely satisfactory to consider baryons as bound 
states of three fractionally charged particles, while mesons are quark
antiquark bound states. The Lagrangian of quarks and gluons is very 
similar to that of electrons and photons except for the required sum
mations over flavour and colour: 

(3.1) 

The flavour-dependent masses m of the quarks are small. For u, d 
flavours, one estimates mu d ~ 5-20 MeV. The strange quark mass is 
usually chosen at about 156 MeV10). The essential new feature of QCD, 
not easily visible in Eq. (3.1), is the non-linearity of the field 
strength F in terms of the potentials A. This leads to an attractive 
glue-glue interaction in select channels and, as is believed, requires 
an improvad (non-perturbative) vacuum state in which this interaction 
is partially diagonalized, providing for a possible perturbative 
approach. 

The energy density of the perturbative vacuum state, defined with 
respect to the true vacuum state, is by definition a positive quantity, 
denoted by B. This notion has been introduced originally in the MIT 
bag model ll ), logically, e.g., from a fit to the hadronic spectrumll ), 
which gives 

B=[(140-210)MeV]4:: (50-25'0) MeV!frn3 
• (3.2) 

The central assumption of the quark-bag approach is that inside a hadron 
where quarks are found, the true vacuum structure is displaced or des
troyed. One can turn this point around: quarks can only propagate in 
domains of space in which the true vacuum is absent. This statement 
is a reformulation of the quark confinement problem. Now the remaining 
difficult problem is to show the incompatibility of quarks with the 
true vacuum structure. Examples of such behaviour in ordinary physics 
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are easily found: e.g., a light wave is reflected from a mirror surface; 
magnetic field lines are expelled from superconductors; etc. In this 
picture of hadronic structure and quark confinement all colourless 
assemblies of quarks, antiquarks, and gluons can form stationary states, 
called a quark bag. In particular all higher combinations of the three
quark baryons (qqq) and quark-antiquark mesons (qq) form a permitted 
state. 

As the u and d quarks are almost massless inside a bag, they can be 
produced in pairs, and at moderate internal excitations, i.e., tempera
tures, many qq pairs will be present. Similarly, ss pairs will also be 
produced. We will return to this point at length below. Furthermore, 
real gluons can be excited and will be included here in our considera
tions. 

Thus, what we are considering here is a large quark bag with sub
stantial, equilibrated internal excitation, in which the interactions 
can be handled (hopefully) perturbatively. In the large volume limit, 
which, as can be shown, is valid for baryon number b ~ 10, we simply 
have for the light quarks the partition function of a Fermi gas which, 
for practically massless u and d quarks can be given analytically12),lb) 
even including the effects of interactions through first order in 
as = g2/4n: 

fj" :~ rl ~o<s. 1 '1".1. 2. ) 50 cAs f IT" If] 
t,~4(r.>}f")-=~ ~ ~1-n=- )(ii'ff.» ti,~) t(1-.,i1 Tr ) ~O • (3.3) 

Similarly, the glue is a Bose gas 

(3.4) 

while the term associated with the difference to the true vacuum, the 
bag term, is 

(3.5) 

It leads to the required positive energy density B within the volume 
occupied by the coloured quarks and gluons and to a negative pressure 
on the surface of this region. At this stage, this term is entirely 
phenomenological as discussed above. The equations of state for the 
quark-gluon plasma are easily obtained by differentiating 

(3.6) 

with respect to S, ~, and V. 
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An assembly of quarks in a bag will assume a geometric shape and 
size such as to make the total energy E(V,b,S) as small as possible at 
fixed given baryon number and fixed total entropy S. Instead of just 
considering one bag we may, in order to be able to use the methods of 
statistical physics, use the microcanonical ensemble. We find from the 
first law of thermodynamics 

dE .. - PdV + TdS +,uelli (3.7) 

that 

(3.8) 

We observe that stable configuration of a single bag, aE/aV = 0, cor
responds also to the configuration with vanishing pressure P in the 
microcanonical ensemble. Rather than work in the microcanonical ensemble 
with fixed band S, we exploit the advantages of the grand canonical 
ensemble and consider P as a function of ~ and T: 

with the result 

where E is the energy density: 

e: ~ [( 1- ~~ )(~(~)It t f (~)2 (IT T)2) t (1-~~ )to (,rT)f4.J 

+ ~ (-trT)4 (1- §.~) +B 
15lJ" If "IT" 

(3.9) 

(3.10) 

(3.11) 

In Eq. (3.10) we have used the relativistic relation between the quark 
and gluon energy density and pressure: 

(3.12) 

From Eq. (3.10), it follows that when the pressure vanishes in a static 
configuration, the energy density is 4B, independent of the values of 
~ and T which fix the line P = O. We note that in both quarks and 
gluons the interaction conspires to reduce the effective available 
number of degrees of freedom. At as = 0, ~ = 0, we find the handy 
relation 
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E+£-( T ,4[~J q.. g- 160Me.V) fm~· (3.13) 

It is important to appreciate how much entropy must be created to reach 
the plasma state. From Eq. (3.6), we find for the baryon density v 
and entropy density 1: 

(3.14) 

(3.15) 

which leads for ~/3 = ~q < (TIT) to the following expression for the 
entropy per baryon [including the gluonic ~ntropy second T3 term in 
Eq. (3.14) ] 

o/v ~ 3?15 -rr1. (T; ~q ) 
, 

(3.16) 

As this simple estimate shows, plasma events are extremely entropy-rich, 
i.e., they contain very high particle multiplicity. In order to estimate 
the particle multiplicity, one may simply divide the total entropy 
created in the collision by the entropy per particle for massless black 
body radiation, which is Sin = 4. This suggests that at T ~. ~q there 
are ~ six pions per baryon 

4. STRANGE QUARKS IN PLASMA 

In lowest order in perturbative QeD, s3-quark pairs can be created 
by annihilation of light quark-antiquark pairs (Fig. 5a) and in collisions 
of two gluons (Fig. 5b). The averaged total cross-sections for these 
processes were calculated by Combridge13 ). 

k1, ... :~q1 
k2 ,,)If -q2 

~ . 

0) 

b) 

Fig. 5: Lowest order QCD diagrams for ss production: a) qq ~ ss; 
b) gg ~ ss, 
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Given the averaged cross-sections, it is easy to calculate the rate 
of events per unit time, summed over all final and averaged over initial 
states: 

The factor k 1
o k2/\k 1 1 Ik21 is the relative velocity for massless gluons 

or light quarks, and we have introduced a dummy integration over s 
in order to facilitate the calculations. The phase-space densities 
Pi(k,x) can be approximated by assuming the x-independence of tempera
ture T(x) and the chemical potential ~(x), in the so-called local 
statistic~l equilibrium. Since p then only depends on the absolute 
value·of k in the rest frame of the equilibrated plasma, we can 
easily carry out the relevant integrals and obtain for the dominant 
process of the gluon reaction (Fig. 5b) the invariant rate per unit 
time and volume l4 ) 

1- 2 M 3 -~M/T ( 51 T ) ~ AS = 3;i CXs T e 1 + 14- M t... ) (4.2) 

where M is the strange quark mass. 

The abundance of ss-pairs cannot grow forever; at some point the 
ss-annihilation reaction will restrict the strange quark population. It 
is important to appreciate that the ss-pair annihilations may not proceed 
via the two-gluon channel, but instead occasionally through yG final 
states15l • The noteworthy feature of such a reaction is the production 
of relatively highly energetic y's at an energy of about 700-900 MeV 
(T = 160 MeV) stimulated by coherent glue emission. These y's will 
leave the plasma without further interactions and provide an indepen
dent confirmation of the s-abundance in the plasma. 

The loss term of the strangeness population is proportional to 
the square of the density ns of strange and antistrange quarks. With 
ns(oo) being the saturation density at large times, the following dif
ferential equation determines ns as a function of time 2b ): 

(4.3) 
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Thus we find 

tru,h(t/1:') + YJ5 (O)/Y)S(oO) 
----------_._--------
1 + V1 ~ <.0 J/h s (00) t.av,h (th:) ) (4.4) 

where 

(; -; I1s (00)/ A . (4.5) 

The relaxation time, l, Eq. (4.5) of the strange quark density is easily 
obtained using the saturated phase-space in Eq. (4.5). We have14 ) 

"., ~ "'y ::. 9 (Jr)1/2. -2 M 1/2 T -3/2 M/T( gg 1.. )-1 
L. f\I ~B '+ 2 o(s e 1 -I- 50 M +... , 

(4.6 ) 

For as ~ 0.6 and M ~ T, we find from Eq. (4.6) that l ~ 4 0 10-23 sec. 
l falls rapidly with increasing temperature; in Fig. 6, I show the 
approach to the fully saturated phase-space as a function of time, 
Eq. (4.4). For- M:S T = 160 MeV, the saturation requires 4 0 10-23 sec., 
while for T = 200 MeV we need 2 0 10-23 sec., corresponding to the antici
pated lifetime of the plasma. But it is important to observe that even 
at T = 120 MeV, the phase-space is half-saturated in 2 o l0- 23 sec., a point 
to which we will return below. Another remarkable fact is the high 
abundance of strangeness relative to baryon number in Fig. 6 - here, 
baryon number was computed assuming T ~ ~q = t~, c.f., Eq. (3.15). 

M=150MeV, as=0.6 
- - - - - - - - - - - - -~---+-------'-

0.6 

0.4 

0.2 

o 
t [sec] 

Fig. 6: Time evolution of the relative strange quark to baryon number 
abundance in the plasma for various temperatures T. M = 150 MeV, 
as = 0.6. 
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These two facts, namely 
1) high relative strangeness abundance in plasma; 
2) practical saturation of available phase space, as demonstrated 

above 
have led me to suggest the observation of strangeness as a possible 
signal of quark-gluon plasmal6 ). There are two elements in point 1) 
above: firstly, strangeness in the quark-gluon phase is practically 
as abundant as the antilight quarks, u = d = q, since both phase spaces 
have similar suppression factors: for u, d it is the baryo-chemical 
potential, for s,s the mass (M .. j.l ): 

q 

oI~ 1 

= ~,j(~~3 (~lp:rfM2'1r -+-1-) s/V = sjv (4.7a) 

(4.7b) 

Note that the chemical potential of quarks suppresses the q density. 
This phenomenon reflects on the chemical equilibrium between q-q and 
the presence of a light quark density associated with the net baryon 
number. Secondly, strangeness in the plasma phase is more abundant 
than in the hadronic gas phase (even if the latter phase space is satu
rated) when compared at the same temperature and baryo-chemical potential 
in the phase transition region:- The rationale for the comparison at 
fixed thermodynamic variables, rather than at fixed values of microcano
nical variables such as energy density and baryon density, is outlined 
in the next section. I record here only that the abundance of strange
ness in the plasma is well above that in the hadronic gas phase space (by 
factors 1-6) and the two become equal only when the baryo-chemical po
tential j.l is so large that abundant production of hyperons becomes pos
sible. This requires a hadronic phase at an energy density of 5-10 GeV/fm3. 

5. HOW TO D1SCOVER THE QUARK-GLUON PLASMA 

Here only the role of the strange particles in the anticipated 
discovery will be discussed. My intention is to show that under dif
ferent possible transition scenarios, characteristic anomalous strange 
particle patterns 8merge. Examples presented are intended to provide 
some guidance to future experiments and are not presented here in order 
to imply any particular preference for a reaction channel. I begin 
with a discussion of the observable quantities. 
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Temperature and chemical potential associated with the hot and 
dense phase of nuclear collision can be connected with the observed 
particle spectra, and, as discussed here, particl~ abundances. The 
last grand canonical variable - the volume - can be estimated from par
ticle interferences. Thus, it is possible to use these measured va
riables - even if their precise values are dependent on a particular 
interpretational model - to uncover possible rapid changes in a parti
cular observable. In other words, instead of considering a particular 
particle multiplicity as a function of the collision energy, IS, I would 
consider it as a function of, e.g., mean transverse momentum <p~>, which 
is a continuous function of the temperature (which is continuous across 
any phase transition boundary). 

To avoid possible misunderstanding of what I want to say, here 
I consider the (difficult) observation of the width of the K+ two
particle correlation function in momentum space as a function of the 
average K+ transverse momentum obtained at given IS. Most of K+ would 
originate from the plasma region, which, when it is created, is relati
vely small, leading to a comparatively large width. (Here I have 
assumed a first order phase transition with substantial increase in 
volume as matter changes from plasma to gas.) If, however, the plasma 
state were not formed, K+ originating from the entire hot hadronic gas 
domain would contribute a relatively large volume which would be seen; 
thus the width of the two-particle correlation function would be small. 
Thus, first order phase transition implies a jump in the K+ correlation 
width as a function of increasing <P~>K+' as determined in the same 
experiment, varying IS. 

From this example emerges the general strategy of my approach: 
search for possible discontinuities in observables derived from dis
continuous quantities (such as volume, particle abundances, etc.) as 
a function of quantities measured experimentally and related to thermo
dynamic variables always 'continuous at the phase transition: tempera
ture, chemical potentials and pressure. This strategy, of course, 
can only be followed if, as stated in the first sentence of this report, 
approximate local thermodynamic equilibrium is also established. 

Strangeness seems to be particularly useful for plasma diagnosis, 
because its characteristic time for chemical equilibration is of the 
same order of magnitude as the expected lifetime of the plasma: 
T ~ I _3°10- 23 sec. This means that we are dominantly creating strange
ness in the zone where the plasma reaches its hottest stage - freezing 
over the abundance somewhat as the plasma cools down. However, the 
essential effect is that the strangeness abundance in the plasma is 
greater, by a factor of ~30, than that expected in the hadronic gas 
phase at the same values of (~,T). Before carrying this further, let 
us note that in order for strangeness to disappear partially during the 
phase transition we must have a slow evolution, with time constants of 
~lO-22sec. But even so, we would end up with strangeness-saturated 
phase space in the hadronic gas phase, i.e., ~ ten times more strange
ness than otherwise expected. For similar reasons, i.e., in view of 
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the rather long strangeness production time constants in the hadronic 
gas phase, strangeness abundance survives practically unscathed in this 
final part of the hadronization as well. Facit: 

if a phase transition to the plasma state has occurred, then on 
return to the hadron phase there will be most likely significantly 
more strange particles around than there would be (at this T and 
\1) if the hadron gas phase had never been left. 

In my opinion, the simplest observable proportional to the strange 
particle multiplicity is the rate of V-events from the decay of strange 
neutral baryons (e.g., A) and mesons (e.g., Ks) into two charged par
ticles. Observations of this rate require a visual detector, e.g., 
a streamer chamber. To estimate the multiplicity of V-events, I reduce 
the total strangeness created in the collision by a factor 1/3 to select 
only neutral hadrons and another factor 1/2 for charged decay channels. 
We thus have 

(5.1) 

where I have taken <s> I <b> '" 0.2, cf. Fig. 6. Thus for events with a 
large baryon number participation, we can expect to have several V's 
per collision, which is 100-1000 times above current observation for 
Ar -KCl collision at 1. 8 Ge V /Nuc kinetic energy17). 

Due to the high s abundance we may further expect an enrichment 
of strange antibaryon abundancesI6 ). I would like to emphasize here 
ssq states (anticascades) created by the accidental coagulation of two 
s quarks helped by a gluon ~q reaction. Ultimately, the ssq states 
become sqq, either through an s exchange reaction in the gas phase or via 
a weak interaction much, much later. However, half of the sqq states 
are then visible as A decays in a visual detector. This anomaly in 
the apparent K abundance is further enhanced by relating it to the de
creased abundance of antiprotons as described above. 

Unexpected behaviour of the plasma-gas phase transition can greatly 
influence the channels in which strangeness is found. For example, in 
an extremely p,article-dense plasma, the produced S5 pairs may stay near 
to each other - if a transition occurs without any dilution of the den
sity then I would expect a large abundance of ¢(1020) ss mesons, easily 
detected through their partial decay mode (1/4%) to a \1+\1- pair. 

Contrary behaviour will be recorded if the plasma is cool at the 
phase transition, and the transition proceeds slowly - major coagula
tion of strange quarks can then be expected with the formation of sss 
and sss baryons and in general (s)3n clusters. Carrying this even 
further). supercooled plasma may become It strange " nuclear (quark) 
matterl~). Again, visual detectors will be extremely successful here, 
showing substantial decay cascades of the same heavy fragment. 
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In closing this discussion I would like to give warning about the 
pions. From the equations of state of the plasma, we have deduced in 
Section 3 very high specific entropy per baryon. This entropy can only 
increase in the phase transition and it leads to very high pion multi
plicity in nuclear collisions, probably created through pion radiation 
from the plasma5 ) and sequential decays. Hence by relating anything 
to the pion multiplicity, e.g., considering Kin ratios, we dilute the 
signal from the plasma. Furthermore, pions are not at all characteristic 
for the plasma; they are simply indicating high entropy created in the 
collision. However, we note that the Kin ratio can show substantial 
deviations from values known in pp collisions - but the interpretations 
of this phenomenon will be difficult. 

It is important to appreciate that the experiments discussed 
above would certainly be quite complementary to the measurements uti
lizing electromagnetically interacting probes, e.g., dileptons, direct 
photons. Strangeness based measurements have the advantage that they 
have much higher counting rates than those recording electromagnetic 
particles. 

I would like to thank R. H~gedorn,' B. Muller and P. Koch for 
fruitful and stimulating discussions, and R. Hagedorn for a thorough cri
ticism of this manuscript. 
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Meson Emissions from Quark-Gluon Plasma through Formation and Fission 
of Chromoelectric Flux Tubes 

T. Matsui, B. Banerjee,· and N.K. Glendenning 
Nuclear Science Division, lawrence Berkeley laboratory 

University of California, Berkeley, CA 94720 

In the recent theoretical development of hadron physics based on QCD,1-4 it has 
appeared very likely that the matter that consists of hadrons dissolves into an almost ideal 
gas of quark-gluon plasma at a sufficiently high energy density, which was once realized in 
the early universe and perhaps will be reproduced again in the future program of 
ultrarelativistic heavy ion collisions. Several estimations of the expected energy deposition 
in the energetic central collision (IS ~ 20 GeV/nucleon) confirmed that the energy density 
will certainly exceed the critical value, -2 GeV/fm3, which is required to complete the 
phase transition) both in the fragmentation (nuclear fireball) regionS and in the central 
rapidity region. o,7 Once a quark-gluon plasma is formed in such a process, the high 
internal pressure and temperature will cause its rapid disassembly into hadrons, leptons, and 
photons. Thus, to make a reliable prediction for possible signals of plasma formation a 
dynamical description of the plasma evolution is of crucial importance. 

One fa~et of the time eyolution of quark-gluon plasma has been studied by several 
authors6,8,9 who use landau's relativistic hydrodynamics to describe the plasma expansion. 
In the present work we study another facet of the plasma evolution, the formation elrod 
radiation of mesons at the surface of hot plasma. The surface meson radiation would play two 
important roles. First, it may carry some information about the pre-freezeout stage of the 
plasma evolution. 10 Second, it causes a pressure decrease at the surface that works against 
the expansion. In the extreme, the plasma may extinct· very rapidly by the surface meson 
radiation without collective expansion. Such an extreme scenario was proposed recently by 
Danos and Rafelski with a two-parameter model of surface radiation. ll However, in their 
model there is no dynamical description of meson formation at the plasma surface. Thus, it is 
very unclear how the incident quark degrees of freedom is converted into mesonic degrees of 
freedom and how the color confinement works in such a process. Quite independently we have 
studied the same problem by fully employing the chromoelectric flux tube model. We found that 
their parametrization is quite unsatisfactory and is actually incompatible with such a 
dynamical description of color confinement. In the following we shall briefly recapitulate 
our treatments and findings. Some details of our calculation can be found in ref. 12 and more 
in the forthcoming paper. 

Our scenario of the surface meson radiation is threefold. First, we assume the presence 
of smooth and sharp surface of quark-gluon plasma. The plasma may be viewed as a big MIT bag 
occupied by the gas of almost free quarks and gluons. The surface of the plasma is identified 
with the bag surface, which separates the perturbative vacuum in the plasma from the true 
nonperturbative QCD vacuum outside of the plasma. Then we assume that the meson radiation is 
initiated by the emission of a single quark from the plasma surface. This is caused by the 
thermal motion of quarks, and the flux of the quark is therefore characterized by the surface 
temperature. This leading quark cannot escape from the plasma alone because of the color 
confinement. Next stage of our scenario is the formation of chromoelectric flux tube that 
connects the leading quark to the plasma surface. Now the leading quark suffers a very strong 
attractive interaction with the plasma, which is characterized by the string tension of the 
flux tube. It is decelerated and will eventually be reabsorbed by the plasma unless the flux 
tube breaks. The fission of the flux tube can occur through the quantum tunneling of a 
virtual qq pair, formed in the uniform color electric field inside the tube, into a real 
state. The piece of flux tube disconnected from the plasma forms a meson and is emitted from 
the plasma. This is the last stage of meson radiation. The energy and momentum of the mesons 
formed by this process are determined by the initial energy and momentum of the leading quark 
and the space-time positon where qq pair creation occurs. This mechanism of hadronization has 
been commonly used to describe particle production in high-energy e+e- annihilation. 
Although in our problem the average momentum of the quarks is not so high (ko - T -
200 MeV), we expect that this picture will qualitatively describe the fate of the high 
momentum component of quarks (antiquarks) in the thermal distribution. The contribution of 
the low-momentum quarks to this hadronization process is suppressed. This supports our 
idealization of a smooth plasma surface. One may consider another mechanism for the hadroni
zation at the plasma surface, i.e., the coalescence of a quark-anti quark pair that already 
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exists in the plasma. We do not deal with this process here, because at the expected plasma 
temperature the thermal flux of quarks and antiquarks with specified color charge is small. 

As a quark coming out of the plasma, its kinetic energy is gradually converted into the 
field energy of the chromoelectric field, causing the deceleration of the quark. The energy 
stored in the flux tube per unit length is given by the string tension 0 = £2A/2 where the 
field strength £ and the cross section of the flux tube A can be also related to the QCD 
coupling constant, g/2, by the Gauss' law £A = g/2, yielding 0 = g£/4. The classical 
trajectory of the leading quark is shown in Fig. 1. The motion of the quark normal to the 
surface is decelerated until it stops at time t~ = (Eo/Ezol(kz%) characterized by 
initial quark energy and momentum. Thereafter,t is accelerated back into the plasma. During 
this period the normal component of the quark momentum decreases linearly as a function of 
time t. The field energy stored in the flux tube can be further converted into a new qq pair 
through the quantum tunneling, causing. the fission of the flux tube. If such a pair is 
created at a distance z' from the surface and at a time t, a meson consisting of the original 
quark together with the anti quark of the new created pair is formed with energy EM = Eo -
(Eo/Ezo}oz' and normal momentum k~ = kzo - (Ezo/Eo)at. 

The qq pair creation in. the constant color electric field is quite analogous to the 
problem considered by Schwing~r relating to the.vacuum persistency against e+e- pair 
creation in the constant electric field. 13 This old rather academic problem has been 
recent ly red i scovered by several authors14 ,15. to be of pract i cal import ance in the context 
of QCD. We derived a new result for the qq pair creation rate using an improved energy 
balance relation in the intermediate virtual state, which includes the effect of the mutual 
interaction of new q~ pair. 16 Our result for the probability of making a q~ pair per unit 
four volume is given by . . 

co (2 2 ) '"' (c)2" 1 411 mfn 
p = L..J ~ L..J ~ exp ---6411 n gt 

Flavor n=1 " 

(1) 

If we use current guark masses as in ref. 15, then this probability is well approximated by p 
= (gt)2/(19211) = 02/(1211). 

The fission probability of the flux tube at time t and at position z' with infinitesimal 
space-time interval is now given by d2P = pA R(tldz'dt where R(t} = 1 - P(t} is the 
attenuation factor, which selects out the unwounded flux tube. Noting the previous relation 
between the space-time pOSition of the fission and the energy momentum of the created meson, 
we can rewrite this fission probability as a function of meson coordinates, k~,EM. In 
the massless quark limit, we have a very simple result 

d2P = exp (_ ko(k~-kzo)2) d (k~) d (EM) (2) 
2k k2 ~ ~ zo c 

where kc = /02/(PA} = /240/oc is a parameter that scales the energy momentum involved in 
this process. Physical meaning of this parameter is obtained if one computes dP/dk~ from 
eq. (2). The result is plotted in Fig. 2, which shows that the most probable momentum km of 
created meson is smaller than the incident quark momentum kzo by the amount kc. Thus kc 
characterizes the effect of confinement that suppresses the contribution of the low momentum 
quark (antiquark) to this process and also Drohibits the large momentum transfer to the 
meson. For 0 = 0.177 (GeV)2 and for 0 = g2/411 = 2 (0.55), corresponding to the value 
used by Casher, et al. 14 (MIT bag mOde~17), we have kc = 1.45 (2.78) GeV, which is very 
large compared to the relevant temperature that we consider. 

The meson flux is given by the thermal flux of the quark and antiquark multiplied by the 
fission probability of the flux tube. Because the fission probability has been computed as a 
function of meson momentum and energy, we can derive the spectrum of the radiated mesons by 
integrating over the quark coordinates. 
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x e(jk~2+i < (EZO/EO)EM)e(EM < EO> .. 

(3) 

where the step funct ions make several constraints for the k·inematically allowed processes. 
Here we simply use the Boltzmann distribution with zero chemical potential and y = 
Yc·ys.yf.2 = 24 is the degeneracy factor inc1udingquark-antiquark degrees of freedom. 

We first apply this result to estimate the influence of the meson radiation on the 
hydroexpansion. Because the radiated mesons carry away certain amount of momentum of quarks 
that otherwise contribute to generate the quark pressure acting on the plasma surface, there 
is a pressure decrease at the surface. Figure 3 shows the numerical result of the ratio of 
radiation pressure to the quark pressure. Since this iatio'is less than 20% up to T = 500 
MeV, we may conclude that the meson radiation due to- thif process is a minor perturbation on 
the hydrodynamica1 expansion of the plasma. Our result also shows that the parametrization of 
Danos and Rafelski 11 is not adequate to descri~~ this proce.s, leading to the opposite 
conclusion. 

Because the emitted mesons have continuous invariant mass Ms that is greater than the 
pion mass, they will eventually decay into pions, photons, and so on. If we take the flux 
tube model seriously, we have to compute the cascade decay of long flux tube until we get only 
pions or other stable particles. Instead of doing this, we compute the dominant decay mode by 
assuming the statistical distribution in the phase space. This is done analytically up to 
three pion decay. For large Ms, we use empirical inclusive cross section of e+e- ~ qq ~ 
w + X, which exhibits very simple scaling nature for high energy.I8 Besides the initial 
electromagnetic process, this process is identified as a decay of high energy strings. Once 
the rapidity distribution of pions, dNw/dy, i( given on the rest frame of the string (= 
heavy meson), the rapidity distribution of pion flux on the rest frame of the plasma surface 
can be obtained by folding this by the rapidity.:.invariant mass distribution of the emitted 
string flux. ' 

The numerical result of the rapidity disfribution of pion flux at T = 300 MeV is shown in 
Fig. 4 where the rapidity distributions of the thermal quark-anti quark flux and the broken 
string flux are also plotted. Although the quark confinement reduces the number of strings 
and pions from that of quark-antiquark, we see that a large number of pions are still produced 
compared to the black body radiation of pions at the same temperature in the case of large 
coupling constant a~ = 2. The peak of the rapidity distribution is also shifted downward 
showing a characterlstic nature of the pion spectrum produced in this particular process. 
This result may be used to extract some information on the early stage of plasma evolution by 
holding with a solution of hydrodynamics. 

This work was supported by the Director, Office of Energy Research, Division of Nuclear 
Physics of the Office of High Energy and Nuclear Physics of the U.S. Department of Energy 
under Contract DE-AC03-76SFOO098. 
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Figure Captions 

Fig. 1. 
F i9. 2. 
Fig. 3. 
Fig. 4. 

Classical trajectory of the leading quark on the rest frame of plasma surface. 
Momentum distribution of radiated mesons for initial quark momentum kzo > kc. 
Backward radiation pressure as a function of plasma temperature. 
Rapidity distribution of radiated pions is compared with that of incident quark 
flux, broken string, and black body pion radiation. 
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PION RADIATION BY HOT QUARK-GLUON PLASMA 
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We consider here an approximately spherical region of the perturbative 
QCD vacuum, filled with quarks,·antiquarks andgluons. The particle densi
ties are assumed to be reasonably well described by local thermal and chemical 
equilibrium distributions. The basis for these assumptions is the point that 
the mean free path of a colour-charged particle in the plasma is of the order 
of 1/3 - 1/2 fm. Outside the perturbation region, coloured particles cannot 
exist and hence any matter found there is in the form of colourless hadrons. 
Even though indirect evidence supports the picture of the true and pertur
bative QCD states, we must remember that no direct evidence is available as of 
now. We regard the observation of the quark-gluon plasma state as the most 
direct confirmation of the ideas about the nature of strong interactions and 
quark confinement. 

For an impenetrable surface between the perturbative and true vacuum 
states, the inside thermal and degeneracy pressure would lead to an expansion 
until either pressure equilibrium or a phase transition into individual ha
drons is reached. However, if the surface is penetrable, i.e., if it allows 
transmission of momentum and energy (but not colour) from the inside, then 
this can lead to a substantial internal energy and pressure loss by radiation 
-- the pressure acting on the surface is reduced, as not all the momentum 
impinging on the surface has to be reflected. On first thought, the micro
scopic mechanism for this transmission arises in the following manner: when 
a fast quark or antiquark hits the boundary, a jet-like structure filled 
with colour field flux, j_.e., a fluxtube might be formed. For sufficiently 
high quark momentu~, this tube, instead of retracting, splits by qq pair 
creation. The leading particle associates with the antiparticle of the pair 
to form a meson, while the remaining pair particle may retract into the 
plasma. This microscopic picture l ),2) suffers from several difficulties, in 
particular as far as pion radiation is concerned. 

Before turning to the results of Ref. 1), we wish to discuss here the 
reasons for these difficulties. We first note that a pion is not an average 
qq bag with a mass of several hundred MeV like, e.g., the p meson. Any 
proposed microscopic mechanism for pion production must take into account 
the small mass of the produced final state, i.e., the strong qq binding 
effects and the role of the pion as Goldstone meson. These complex pionic 
structure effects have not been included in the presently available micro
scopic calculation2 ). Therefore, the results of Ref. 2) should be applied at 
best to the production of the heavy mesons. However, we see a further dif
ficulty of principle when generalizing results of Ref. 3) to the particle 
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radiation problem. This has to do with the necessity of conservation of the 
energy and the momentum during the string evolution. In particular, part of 
the energy used to extend the string (with the vacuum) does not require a 
momentum transfer. This excess momentum must be carried by additional degrees 
of freedom, which are not included in the present models. 

Therefore, in the present qualitative context, we prefer to develop a 
quantitative model suitable for surface temperatures of 160 - 220 MeV and 
moderate baryon densities, so that the particle density is less than 
~10 particles/fm3 • Under these circumstances, surface collisions involving 
more than one particle per fm2 are rare. Hence we can limit ourselves to 
consider sequential one-particle events. We assumel ) that in order for the 
surface collision to lead to pion emission, the particle momentum normal to 
the surface must exceed a certain threshold. This momentum has to be larger 
than the normal momentum of the emitted pion. We take this quark threshold 
momentum PM to be of the order of 1/4 GeV/c and observe that the results 
are quite insensitive to this choice, as well as to the actual shape of the 
threshold function e describing the probability of pion emission. However, 
we note that the string breaking calculations of Ref. 2) would be reproduced 
only if the choice of PM ~ 700 MeV is made. 

The energy per unit surface and unit time that leaves the quark-gluon 
plasma is therefore simply given by 

(1) 

where g = 12 is the degeneracy of the light quarks. The differential is the 
normal velocity of particles impinging on the surface. The energy leaving the 
plasma region is not the total energy contained in the leading particle and we 
include in (1) the efficiency factor. f. A naIve degree of freedom counting 
leads to f ~ 2/3. p(p) is the phase space quark and antiquark particle den
sity. We observe here that the presence of a net baryon number in the plasma 
enhances p and therefore the particle radiation. In view of the uncertain
ties it is sufficient to expand the Fermi distributions and to retain only 
the Boltzman term 

p(p) ~ 2cosh(~/T) 
_/p 2+p 2 '/T 

e II 1 (2 ) 

For ~/T ~ 1.5 the effect of radiation is enhanced by a factor 2.4 as com
pared with a baryonless plasma. Combining Eqs. (1) and (2), we obtain the 
generalized Stefan-Bolztman (SB) law: 

4 -PM/T 
.- f ~ cosh(~/T) T 3e 

21T 
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the SB limit is recovered for PM ~ O. The deviation of Eq~ (3) from SB is 
significant for the evolution of the plasma, but nonetheles~ both quantities 
are of the same order of magnitude. In Fig. 1 we show the cooling rate cal
culated from Eq. (3) for two choices of PM as a function of the surface tem
perature T, choosing ~/T = 1. 

1.0 

0.5 

Fig. 1: Surface brightness of a quark-gluon plasma as function of the tempe
rature for several cut-offs PM at fixed ~/T = 1. The dot indicates 
the parameters of our numerical example. 

To appreciate the physical importance of these results, we now discuss 
the rate of energy loss through a surface A, assuming T = 180 MeV, ~ = T. 
First we find 

dE _ A 0.58 GeV
2 

10+23 sec,:",l 
df - fm 

This is a very large energy loss rate For example, through the surface of 
a sphere with a radius of 4 fm, the eqergy loss per ~t = 2 x 10-23 sec is 
260 GeV. The available energy contained in such a sphere at 2.1 GeVlfm3 

(1.4 GeV/fm3 available energy density) is 380 GeV. This shows that during 
the minimum estimated lifetime of the plasma~ a substantial part of plasma 
energy can be radiated by the surface. We have added here the word "available" 
since at the chosen ~-T values the actual energy density is higher by 
0.7 GeV/ fm3, in order to allow for the 150 baryons (~i 0) present. 

To conclude we note that those particles which penetrate the surface do 
not exert their full force on it. In particular one can showl ) that the quark 
pressure is substantially reduced and is given by 

Since the quark pressure is about twice as large as the glue pressure, only 
about 60% of the internal pressure is felt by the surface. 

The physical distinction between the cooling by pion radiation and by 
expansion resides in the reduction of the temperature without a significant 
increase of the plasma volume. Here we have demonstrated that the pion 

517 

(4 ) 



radiation is an essential feature controlling the evolution of a hot baryon
rich quark-gluon plasma droplet. 

We would like to thank L. Van Hove for stimulating discussions and careful 
reading of the manuscript. 
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DO LIGHT FERMIO~JS DESTROY THE CONFIN£MENT/DECONFINEMENT PHASE TRANSITION? 
T.A. DeGrand, Department of Physics, 

University of Colorado, Boulder, CO 80309 
C.E. DeTar, Department of Physics, 

University of Utah, Salt Lake City, Utah 84112 

1. Introduction and Conclusions 

Two phenomena may give rise to a phase transition in nuclear matter at 
high temperatures or high densities. One is associated with the restoration 
of SU(2) X SU(2) chiral symmetry, the order parameter for which is the scalar 
dens ity <<\1<\1>; the other is the confi nement/ deconfi nement phase trans i ti on 
(COPT), the order parameter for which is the IIWilson line ll L = e-F/T where F 
is the free energy of an isolated test quark. 

Let us review what is known theoretically about these phenomen~. It has 
been shown in lattice gauge theories both in numeriCjil)calculations l1 ) and in 
the strong coup 1 i ng hi gh temperature approximati on l2 that the SU( 2) Yang
Mills theory, i.e. a theory with only gluons, undergoes a CDPT at a tempera
ture of the order of the strong interaction confinemj~t scale A. In SU(3) the 
pure gluon theory evidently has a first order CDPT.l } Because of the numeri
cal complexities of introducing fermions into lattice gauge theories and par
ticularly because of difficulties in formulating a chirally invariant lattice 
version of QCD, much less is known about the chiral symmetry breaking phase 
transition. It has been suggested that the la,tter phase transition is con
nected with the former, but numerical evidence (4 ) has been based upon such a 
drastic approximation (the IIquenched" approximation) that one cannot make 
definitive statements at present. Indeed. it is not even known what effect, 
if any, fermions have on the CDPT. 

It is the purpose of the study reported upon here to address this ques
tion in a model lattice gauge theory constructed to imitate the characteris
tics of the COPT of SU(3), and including a chemical potential coupled to bar
yon number dens i ty. We do not cons i der the chi ra 1 symmetry trans it ion. We 
conclude, at least within the confines of our approximation, (a) that the 
COPT, although of first order, is unstable against the introduction of light 
fermions, i.e. if the bare fermion mass is less than a few times the putative 
deconfi nement temperature, there is a smooth trans iti on from matter wi th 
confining characteristics to a plasma with screening characteristics, and 
(b) that at temperatures somewhat below the deconfi nement temperature, as 
the chemical potential or baryon number density in increased, there is again 
a smooth transition. 

Conclusions (a) and (b) are supported in the mean field approximation to 
the model at high temperatures and conclusion (a) is supported in our numeri
cal Monte Carlo studies. These conclusions are summarized in the three dimen
sional phase diagram of Fig. 1. It should be emphasized that these results 
are found in a simple model that is chosen to imitate the phase structure of 
QCD. Thus the terms "bare mass", "temperature", and chemical potential ll do 
not have a precise physical meaning. However, our results offer a concrete 
example that may represent the qualitative phase structure for QCD itself. 
Indeed, it is possible that with massless or nearly massless quarks the only 
phase transition is one associated with chiral symmetry breaking. Such a 
s ituati on coul d have important phenomenol ogi cal consequences in heavy ion 
collisions and in dense stars. 
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Fig. 1. Mean field phase diagram for the Potts model corresponding to the 
high temperature strong couplin~ limit of QCD. Three dimensions are plotted: 
~ increases with temperature; ~ and m correspond to chemical potential and 
quark mass in units of the deconfinement temperature. The surface is the 
locus of a first order phase transition. The heavy line denotes a second 
order transition. 

2. Synopsis of the Analysis 

We}proceed to give a sketch of our analysis. Details are given el~~ 
where(5. Working with the Wilson form for QCD lattice gauge theory,(o) 
modified for an anisotropic lattice and chemical potential, we write the 
partition function at finite temperature 

z = j[dU dn*dn] exp [SG(U} + SF (n*, n, U)] , (l) 

where the integration is over the Haar measure for the gauge links Un~£ SU(3} 
and over the Berezin measure for the fermion Grassmann variables n~ and n. 
The pure gauge action is 

3 
SG = ~ L [a/~.L ReTr(Un4i ) + ~/a .L. ReTr(Un ij)]· (2) 

6 n 1 =1 1 <J ' 

The first term refers to the time-like plaquettes ~nd the second to space
like plaquettes. The lattice has dimensions Nt x Ns . The lattice spacing 
is a in spatial directions and ~ in the Euclidian time direction. The fermion 
action is 
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(3) 

The coefficient K is the "hopping parameter" , which is related to the "bare 
mass". For large masses 

(4) 

The chemical potential is~. The temperature of the lattice is: 

T = (Nt 't)-1 . ( 5) 

Thus high temperatures can be obtained by making Nt and 't/a small. Here we 
discuss the case Nt = 1. Because of the renormalization properties of SU(3), 
as the lattice spacing is taken to zero at fixed 't/a, the coupling ~ must be 
increased so as to keep physical quantities (hadron masses, the string ten
sion, etc.) fixed. Therefore, increasing T corresponds to decreasing't, 
decreasing a, and increasing ~. 

We now replace the sum over SU(3) by a sum over Z(3), the center of 
SU(3). This approximation is justified for the following reasons: (a) The 
COPT with fermions absent reflects a breakdown of a part of the gauge symme
try associated with the center of SU(3). The same is true of a lattice gauge 
theory based on Z(3). (b) The order parameter for the SU(3) transition is 
the same as the order parameter for the Z(3) transition.· Thus we do 1J9t 
expect a qualitative difference between Z(3) and SU(3) in this regard. l ) 
Finally we assume that 't/a«1. This approximation allows us to drop the 
space-like plaquettes in (2) and space-like links) in (3). The time-like 
plaquettes in (2) take on a simple form when Nt = 1, because of the periodic 
boundary conditions on the gauge-like variables: 

* 
Un ,4i = z; z;+i (6) 

where n=(~, 0) is the coordinate of a three dimensional lattice and 
z;c: Z(3) is the time-like gauge link associated with the spatial coordinate 
~. The integration over the Grassmann variables can be carried out with the 
final result that 

+ 24K cosh 't~ 
-+-

L Rezn + 24K i sinh 't~ L 
-+
n 
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The model of Eq. (7) is known in statistical mechanics as the three-state, 
three-dimensional Potts model.(8} In the present version both real and 
purely imaginary external fields occur. At zero chemical potential the imagi
nary field vanishes, and at infinite mass, both external fields vanish. The 
model has been studied widely for K=O. Here a first order phase transition 
occurs as ~ is varied. The order parameter is the Wilson line 

L = <z~> n 

averaged over the lattice. At low~, L=O; at high ~,L*O. Less is known 
numerically for K>O and ~=O. Qualitatively, it is evident that for large K, 
no phase transition occurs.(9} Therefore, introducing a sufficiently light 
fermion may destroy the phase transition. As far as we can determine, the 
model has never been studied with the imaginary term of (7). 

We have analyzed the Potts model (7) in mean field theory and found the 
phase diagram shown in Fig. 1. For purposes of this figure ~=~a/~, exp (-~)= 
24K and ~=~~. A first order surface is shown corresponding to the coexistence 
of two phases, one with large L and one with small L. The surface terminates 
on a second order line. The critical IImass li below which no phase transition 
occurs is m ~ 4. Lowering the fermion mass or raising the chemical potential 
lowers the temperature of the phase transition slightly. 

We have also studied the Potts model numerically with a Monte Carlo 
simulation for the case ~=O. Here w~ find a first order phase transition at 
K=O in agreement with other work.(10) We also ,find that the phase transition 
persists at small K, but has evidently gone away when 24K>0.01 corresponding 
to m<4.6. All masses are expressed in units of 1/~, the lattice temperature. 
These results form the basis for our conclusions stated with the introduction 
above. 
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Normalons, Anomalons and Anomalies in High Energy Cosmic Rays 

_ Arnon Dart 
Department of Physics, McGill University, Montreal, Canada 

Abstract 

We summarize the major anomalies that were reported 

by cosmic ray experiments and discuss possible origins 

of some of these anomalies. 

t On leave from the Technion-Israel Institute of Technology Haifa, Israel. 
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Introduction 

Very high energy cosmic rays are a unique source of information on 

interactions of high energy particles and nuclei at energies well above those 

available at man-made accelerators. Moreover, the unknown sources that 

produce cosmic rays with enormous energies (energies in excess of 1020 eV) 

may also produce new species of particles (and matter) that are difficult or 

impossible to produce under terrestial conditions (e.g. GUT monopoles with 

mass ~ l016GeV/ c2). Is there any evidence for new species of particles among 

the primary cosmic rays? Is there any evidence for new forms of interactions 

at extremely high energies? 

In this lecture I will summarize the major anomalies that were reported 

by high energy cosmic ray experiments and I will discuss their possible origin. 

Following H. Primakoff I will use the following classification of particles: 

Normalons - Particles that have been observed at man made accelerators (and 

are listed e.g. in the Particle Data Bookletl ) including the 

recently discovered W±and Zoo 

Exotics - Particles that are expected to exist, but their existence has not 

been confirmed yet (e.g. quarks, gluons, Higgs, leptoquark bosons, 

monopoles, gravitons, ... , and their supersymmetric partners). 

Anomalons - Unexpected particles that have been claimed to be observed. (e.g. 

nuclear fragments with anomalously large nuclear cross sections). 

Note in particular that the term "anomalon" will be used to denote any unexpected 

or unusual particle whi 1 e nuclear fragments with anomalously large hadronic 

cross sections, will be called "nuclear anomalons". The plan of the talk 

is as follows: First I will summarize briefly some basic properties of high 
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energy cosmic rays and experimental techniques used for their study. Then I 

will list and discuss the major anomalies which were reported by cosmic ray 
,. 

experiments and which may be related to the presence of anomalons or exotics, 

either among the primary cosmic rays or among the products of their collisions 

with atomic nuclei. Conclusions will be drawn after a short discussion of each 

of the individual anomalies. Special attention will be given to cosmic ray 

anomalies that may be related to the formation of quark-g1uon plasma droplets 

or to the formation of nuclear anomalons,because the question whether such phases 

of finite nuclear matter do exist has been the focus of this conference. 

II. Some Background Material 

The atmospheric thickness at sea level is '\.0 1030 gm/cm2. The mean 

interaction length of protons in the atmosphere is '\.0 86 gm/cm2 at '\.0 400 GeV 

and it decreases with increasing energy. The interaction lengths of atomic nuclei 

in the atmosphere are even shorter and the radiation length of photons in'the 

atmosphere is 36±1 gm/cm2. Consequently, the atmosphere is highly opaque to 

normal cosmic rays (atomic nuclei, protons, electrons and photons), and their 

study requires to fly detecting equipment above,or at the top of the atmosphere. 

However, the flux of the primary cosmic rays drops fastly with their energy 

( -2 67+0 05 . 2 6 ) approximately, dF/dE'\.o1.6E . -. partlc1es/cm ·sr·sec ·GeV for E ~ 10 GeV . 

Above about 106 GeV their flux becomes so low that the high altitude flown 

equipment with its rather limited detecting area and exposure time run out of 

statistics and their study must rely on measurements of atmospheric cascades 

with ground or space based equipment. (The space shuttle and the prposed space 

platform probably will make possible direct observations up to 107 GeV). 
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Fig. 1 which is adapted from ref. 2, shows the integral spectrum of. 

the primary cosmic rays at the top of the atmosphere. Below 106 GeV it was 

determined from detection equipment flown at high altitudes. Above 106 GeV it 

was determined from ground based measurements of atmospheric cascades. Also 

indicated there are the equivalent lab energies of the CERN SPS and Fermilab 

Tevatron pp colliders. 

The composition of the primary cosmic rays is known only up to 

energies of about 105 GeV. Fig. 2 shows the differential energy spectra of 

the major cosmic ray species, adapted from ref. 2. 

The major techniques that were used for studying high energy cosmic 

rays are listed in Table I. 

Table 1 Observation Techniques 

1. High Altitude Emulsion Exposures: 
Mountain Labs, Balloons, Planes, 
Rockets, Satellit~s, ?e~~~_?b~!!l~ 

E/A~lO TeV 
Space Shuttle, Space Platform ----------------------------- EfA ~ 104 TeV ~ 

2. Extensive Air Showers: 
Ground Based Measurements 

~. ?E!~~_§!~~~_~~!~~r~~~~!~ 

E ~ 103 TeV 
3. Deep Underground Massive Detectors 

(Proton Decay Detectors) 

* 

1 TeV ~ E ~ 103 TeV 
~ 

100 MeV ~ E\} .~ 10 GeV 

* DUMAND = Deep Underground Muon and Neutrino Detector ----------------------------------------------------

proposed 

We shall now discuss the major anomalies that have been observed 
by these techniques. 
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III. Anomalies Observed With Emulsion Chambers (103 GeV ~ E ~ 106 GeV) 

Table II summarizes the major emulsion chamber experiments at mountain 

altitudes that have been investigating cosmic ray interactions in the energy 

range 103 GeV ~ E $ 106 GeV. 

Table II Major Mountain Chambers 
- uetectors--

Mountain Alt. Atm. D2Dth 
(m2) (m) (gm/cm ) Area Pb (Tons) 

Mt. Chacaltaya 5220 540 150 100 
eBbl ivia) 

Nt. Pamir 4370 596 500 1000 

Nt. Fuj i 3780 650 100 100 
(Japan) 

* ~ 

Mt. Kanbara 5500 520 >1000 ? 
(Tibet) 

- 2 
Atmospheri c depth a t sea 1 eve 1 : IV 1030 gm/ cm 

- 2 
Mean free path of protons at 100 TeV : ~50 gm/cm 

* Under Construction 

Table III summarizes the major anomalies that have been reported by these 

experiments. They are divided there into three categories: (i) anoma 1 ous 

multiplicities (ii) anomalous transverse momenta (iii) anomalous cross 

sections. In Table III we also include anomalies that have been observed 

in balloon born emulsion chambers. 
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Table III Anomalies Observed in Emulsion Chambers 
(Balloons, Rockets, Planes, Sattelites, Mountain Tops) 

COLLISION 

Projectile Target E or E/A 

? Air > 350 TeV 

? Air > 350 TeV 

S. 
1 

Emulsion "V 3.6 TeV/r . 

? Air > 350 TeV 

? Air ~, 100 TeV 

Ar Pb rv 1 TeV/n 

Ca C ,·.83 TeV/n 

Nuclear Emulsion > 1 GeV/n 
fragment 

? Air 3000 TeV 

1. Anomalous Multiplicities' 

Centauros-

.. 

Property 

n ,n c y 

nc,ny 

'n c 

<p > " t h 

<peh 

<p > . ,t nO 

<pe lrO 

(J. 1n 

(Jin 

.. 

ANOMALY 

Obser. Expec. Name . 
nc"'lOO 

n "'n Centauro 
n '" 0 y c y . 

n ",15 c . ~li ni 
n '" a n "'n Centauro y y c 

1010 < 500 Plasmon 

1.5GeV/c .5 GeV/c Centauro 

15GeV/c .4 GeV/c Geminion 

1.2GeV/c . 36GeV/c Plasmon 

O-ZGeV/c .42GeV/c Plasmon 

'2 2 Anomalon » nRA '" nRA 

«anN > (JTIN Penetron 

Experiments with accelerator beams show that up to energies of at least 

150 TeV the number of photons, ny, and of charged hadrons, nc ' that are produced 

in hadron collisions are approximately equal. This result is expected if most 

of the produced particles are pions (as indeed' observed), if no'" (n + + n )/2 TI TI TI-
o . 

as implied by charge sYmmetry, and if most of the y's result from n ~ 2y decays. 
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However, a Brazil-Japan Collaboration that studied cosmic ray interactions with 

emulsion chambers at the top of Mount Chacaltaya in Bolivia reported the 

observation of several high energy (E > 350 TeV) cosmic ray interactions with 

air nuclei above their chamber (?ee fig. 3) which had a high charged multiplicity •. 

n ~ 75±15, but a seeming absence of accompanying photons from nO + 2y and 
c 

nO + 2y decays3). These events had also unuaual high average transverse 

momenta,<PT)~ 1.5 GeV/c, and a large production probability (rising from ~ 10% 

around 350 TeV to ~ 40% around 3000 TeV).They called these unusual events 

"centaurosll. They also reported the observation rif many more similar events 

but with much less hadron multiplicity, n ~,.15±2, which they called "Mini c 

~ Centauros". A detailed description of these events can be found in ref. 3. 

Therefore I wi 11 1 imit my di scuss i on to a fe\'/ comments: 

Centauro events have not been reported by the Pamir and Mount Fuji 

experiments; However, the Brazil-Japan Collaboration claim3 that the results 

from these experiments are not inconsistent with theirs. The reason is that 

even if the primary interaction produces only charged hadrons (in a collision 

well above the chamber) these charged hadrons will produce nOls (and nOls) 

in secondary collisions with air nuclei and,the chamber will record both hadron 

and photon jets. They claim that some of the Pamir events may be 

"centauros". The UA5 search of Centauro events in pp collisions at 

~ 150 TeV has yielded negative results4). However the Centauro events have 

been observed at somewhat higher;energies .. Themulti-TeV~p colliders under 

construction will have c.m. energies well above the "threshold" energy for 
, . '. \ 

Centauro production and will provide a clear answer to the question whether 

Centauros are produced in pp collisions. 
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It is of course possible that Centauros are produced only in high energy 

nuclear collisions and not in pp (or pp) collisions. A Japanese-American Coopera

tive Emulsion Experiment (JACEE) have recently investigated interactions of 

cosmic ray nuclei with energies up to lOa TeV per incident nucleon, using a 

balloon borne emulsion chamberS). For medium weight nuclei such energies per 

nucleus extend well into the energy region where the Centauro events have been 

observed. (The JACEE highest energy event was a Ca+C collision at ~ lOa TeV/ 

nucleon, i.e. at a total incident energy of 4000 TeV). The JACEE studied primary 

interactions inside their chamber but did not see any Centauro events in a total 

exposure of 100 m~ hr.sr at an atmospheric depth of 3.5-5 gm/cm2• 

The total exposure which led to the discovery of a few centauro events 

on Mount Chacaltaya was of the order of 100m2, year, i.e. much higher than the 

JACEE exposure. However, the flux of high energy protons is strongly degraded 
2 at atmospheric depth of ~ 540 gm/cm compared to the primary cosmic ray flux 

at the top of the atmosphere, where the balloon-borne emulsion chamber of the 

JACEE was flown. (The mean free path for energy loss of ~ 1000 TeV protons in 

the upper atmosphere, estimated from Glauber's theory with cross sections 

extrapolated from measurements at the SPS pp collider, is approximately 50 gm/cm2). 

Consequently the total number of high energy interactions in the balloon-borne 

emulsion chamber of the JACEE and in the Mount Chacaltaya chambers are not very 

much different. 

It is possible that Centauros are produced by very penetrating hadrons 

either present among the primary cosmic rays (collapsed nuclei 6), superdense 

nuclear droplets7) .. ) or produced in cosmic ray collisions with air nuclei (glue 

balls8), quark-glue drop1ets9) ... ). It is however not clear~ (i) why such systems 

produce only charged hadrons but no TIo,S, nO,s, etc., (ii) why they are so 

abundant? 
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Plasmons- Quark Gluon Plasma Droplets? 

The Japanese-American Cooperative Emulsion Experiment has recently 

investigated the interactions of cosmic ray nuclei with energy> 1 TeV per 
2 incident nucleo,n. From a total exposure of 'V 100 m . sr· h in the stratosphere 

10} 
they have observed 100 events, two of It/hi ch had extremely high multi pl icities: 

The highest multiplicity event was of the form: 

Si( 'V 4 TeV/nucleon} + AgBr+5N h + (1010±30)Nch + > 170y (1 ) 

while the second highest multiplicity event, which is also the most energetic 

nucleus ever directly observed, was of the form: 

Ca( 'V 100 TeV/nucleon} + C(or O)+He + (760±30)Nch + > 300y , (2) 

where Nh and Nch stand for heavily ionizing tracks and singly charged relativistic 

tracks, respectively. Such high multiplicities are not predicted by models 

which describe nucleus-nucleus collisions as a simple superposition of independent 

collisions between their nucleons ll ). Moreover, the average transverse momenta 

of the rro,s in these events were estimated from the PT's of the y's to be 

550~100 and 700~50 MeV/c, respectively, which are much higher than those observed 

at the CERN ISR and SPS ~p collider at the same energies. ( 'V 340 MeV/c at 

'V 2 TeV12 ) and 424 MeV/c at 'V 150 TeV 13). Are these high multiplicities and 

high transverse momenta due to the formation of plasmons ~roplets of quark-gluon 

plasma} in these events? 

It has been suggested a long time ago14) that the study of high 

energy central collisions between complex nuclei may yield information on 

the equation of state of nuclear matter at high density and temperature such 

as those encountered in astrophysical phenomena (e.g. gravitational collapse 

of massive stars) and at the early stage of the universe (the Big Bang). A 

clear proof of the formation of hfgh density - high temperature nuclear matter 
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in high energy nucleus-nucleus collisions requires detecting a signature which 

is unique to such matter and cannot be predicted by models which describe 

nucleus-nucleus collisions as a simple superposition of independent collisions 

between their constituents15 ). Until recently no such signature has been dis

covered, neither in high energy interactions of cosmic ray nuclei 16 , nor in 
17 a-a collisions at ISR , nor in interaction of relativistic heavy ions at 

the Bevalac. 

Recently, however, new interest has been focused on high energy 

nucleus-nucleus interactions due to claims by some authors that quantum chromo-

dynamics leads at sufficiently high density and temperature to a phase transition 

of normal nuclear matter into unconfined quark-gluon plasma18a ) and because of 

speculations that such quark-gluon piasma will be formed in high enet:gy central 

nucleus-nucleus co11isions18b). W~en the results bf the JACEE became known they 

led a few authors18c) to suggest that th~ high multiplicities and transverse 

momenta observed in events (1) and (2) are due to the formation of a quark-gluon 

plasma in these events. Unfortunately, the high multiplicities and average Pr 

observed in events (1) and (2) are in fact predicted also by a simple superposition 

model - a "Wounded Quarks Model" of nucleus-nucleus collisions15 ,26 , without 

invoking the formation of a quark-gluon plasma. 

The "Hounded Quarks r10del" is based on five main assumptions: 

Al) The Constituent Quark Model - Each nucleon in a nucleus is made of 

three constituent quarks (which consist of a valence quark and a sea 

of gluons and qq pairs). 

A2) The Additivity Assumption - In a collision the constituent quarks of 

the beam particle interact independently with the constituent quarks of 

the target (via gluons and/or quark exchanges) and with a small 

interaction probability. 
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A3) The Fragmentation Hypothesis - The fragmentation/recombination of 

wounded quarks (quarks that have suffered collisions) populate the 

central rapidity region while the fragmentation/recombination of 

spectator quarks from wounded nucleons (nucleons that have suffered 

collisions) populate the beam and target fragmentation regions. 

A4) The "Wounding Approximation" - Multiple collisions of a quark do not 

change the multiplicity of hadrons that it fragments/recombines into. 

A5) The Glauber Approximation - The multiple scattering of quarks within 

a nucleus can be described by the Glauber ApproximatioJ9),(straight 

line trajectories.neglecting off ~hell effects). 

Assumptions Al-A4 yield direct and simple relations between proton

proton (pp), proton-nucleus (pA) and nucleus-nucleus (BA) collisions: If one 
- B - B denotes by WN and Wq the number of wounded nucleons and wounded quarks, 

respectively, in nucleus B then the inclusive distributions of hadrons produced 

in pp, pA and BA collisions, at the same energy per incident nucleon, are related 

as follows In the beam fragmentation region 
dn dn 
dxf(BA+hX) ~ wN

B dxf(PA+hX) , (3a) 

(3b) 

In eqs. (3) the subscript f denotes the fragmentation region, i.e. x+l where x 

is the fraction of the nucleon momentum in the nucleon-nucleon c.m. system that 
- 0 - P is carri ed by the produced hadron h, and s· = 3 - His the averag~ number q q 

of spectator quarks in the incident proton (assuming that h is mainly produced 

by the fragmentation/recombination of a single quark 20) ). 
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where the subscript c denotes the central region, i.e. x ~ O. One can combine 

eqs. (3) and (4) in a single interpolating formula of the form 
- B 

(dn/dx) WB+U A IVI{Sq,x>o 
RBA(x) = BA;; (l-lxl) g' g + J.& -A 0 ) 

- (dn/dx) 2 2 Sq x < pp , 

(5) 

- B ..B..B -A -.A ~ where Sq = 3WN - Wq and Sq = 3WN - Wq are the total numbers of spectator quarks 

in wounded nucleons in nuclei B and A, respectivel~ ~1nce most of the produced 

particles in high energy pp collisions are produced in the central rapidity 

region we obtain from eq. (4) a simple relation also between the integrated 

multiplicities in BA and pp collisions at the same nucleon-nucleon c.m. energy 

<n>BA = (we + wA) <n> /2. (6) q q pp 

Assumptions Al and A2 are the underlying assumptions of the Additi,ve Quark 

Mode1 2
l). They yield its \'1ell known relation O"qN = (1/3}O"pN" The average 

number of wounded constituents in a nucleus B that collides with a nucleus A 

at impact parameter b can then be shown, using standard nuclear optics 

techniques22 ) or Glauber's multiple scattering theory19)to be given by 

~(b) = f (1-eXP(-O"ppTA(b'»)TB(b-b')d2b' (7) 

~(b) = 3f(1-exP(-(1/3)O"ppTA(b'»)TB(b-b',)ib l (8) 

QO 

where Ti(b') ~ f Pi(b')dz, 
_00 

i = A,B, (T.(b') is the nuclear thickness at 
1 

transverse coordinate b') and the nuclear density function Pi ;s normalized 

such that fPi d3r = i. Eq. (8) is valid also for B = 1 provided that 

Tl(b-b ' ) = o(b-b'). 
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Eqs. {7l, (8) can be averaged over any desired range of impact parameters. 

Table IV summarizes the resulting expressions for WN and Wq in three typical 

ranges of impact parameters. The total inelastic quark-nucleus, nucleon-nucleu~ 

and nucleus-nucleus cross sections, aqA , apA and aBA' respectively, can be 

calculated from Glauber's multiple scattering theOry19)emplOying nuclear density 

functions that were determined from electron scattering, aqp = lapp and 

app ( = ap~) values that were measured at the CERN ISR and ~p collider. 

Table IV 

Model -+ Wounded Hucleons ~Jounded Quarks 

Collision -B WA W B H A WN 
'" 

N q q 

All Impacts BapA AapB 3Ba A 3AGqB (0 < b < 00) q 
aBA GBA aBA aBA 

Central AUpB (b < IRA-RBI) B 3Ba A 3AogB g 
°pA °pA °pA 

Head On apB % 3Aa a % 
(b = 0) 'VB ,...A[l-(l- -) ] ,..., 3B 

'" -~ [1-(1- ~) 
apA °pB apA 

Table IV Analytic estimates of the average number of wounded constituents 
in nucleus-nucleus collisions as deduced from eqs. (6) and (7) 
and assuming B«A for central and head-on collisions. 

In Table V we list the numerical values of WN and Wq obtained b-yapplying 

Table V to SHAg and Ca+C collisions at incident energies of 4 reV/nucleon 

and 100 TeV/nucleon, respectively, and the resulting values of <nc>BA and of 

R(x ~ 0) (i.e. R around zero c.m. pseudorapidity, n ~ 0) for these reactions. 
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I 

~I Si 
N _ Ag 

WN 
R c 
<n > c 

W 5i 
q 

H Ag 
q 

Rc 

<n > c 

W Ca 
N 

~J C 
N 

Rc 

<n > c 
W Ca 

q 
W c 

q 

Rc 

<n > c 

Table V 

Table V 

Theory 
• All Impacts Central Head On JACEE 

o < b < co b < I RA-RB I b = 0 

5i + Ag ; E/A = 4 TeV 

10.4 28 28 

16.4 42 60 

13.4 35 44 

161 420 522 

20.8 55 .84 

27.4 72 108 

24.1 63.5 96 100±20 

289 762 1152 1010±30 

CatC , E/A = 100 TeV 

6.4 19 24.8 

4.3 12 12 

5.4 15.5 18.4 

128 372 441 

7.9 19.6 35.1 

8.9 26.2 36 

8.4 22.9 35.5 30±6 

202 550 853 760±30 

Comparison between the predictions of the Wounded Nucleons Model, 
the Wounded Quarks Model and the JACEE events (1) and (2). 
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· . t 1 1 12b - in ~ a 83 t ~ 40 . In the calculatlons we used the experlmen a va ues pp=app - . app - m~, 

~nc (pp) ~ 2 around n 'V a and <n > :: 12 at PLAB ,\,4 TeV/c, and 13) an c.m. c pp 
a ~ 0.81a t ~ 50 mb, dnc(pp) ~ 3 and <n > ~ 24 

pp pp dn c PP 
from measurements at the CERN ISR and pp Col1ider. 

at PLAB 'V 100 TeV/c, obtained 

As can be seen from Table V 

the Wounded Nucleons Model 11 underestimates the total multiplicity and the 

density of particles in the central rapidity region. (Note that the dispersion 

of the multiplicity at a fixed and small impact parameter is expected to satisfy 

D ~ ~n2>_<n >2 = ~ , i.e. D« <n > , because the multiplicity distribution c c c c 

is expected to approach there a Gaussian distribution 23 ). This is due to the 

Central Limit Theorem in the theory of probability that applies here to the 

total multiplicity which is a sum of multiplicities from ~any independent 

constituent-constituent collisions). However, Table V also shows that the 

predictions of the Wounded Quark Model are consistent with events (1) and (2) 

assuming they are due to very central collisions. Support for the assumption 

that eV2nts (1) and (2) are indeed due to central collisions is provided by 

the absence of "spectator" protons in the beam fragmentation region (spectator 

protons are expected to retain their original momentum, i.e. the average 

momentum per nucleon in the beam modified only by internal Fermi motion). 

Moreover, from impact parameter considerations one expects a few percent 

of central collisions events in an unbiased sample of nucleus-nucleus 

collisions. This is consistent with the observations of events (1) and (2) in 

a sample of 'V 100 nucleus-nucleus collisionslO) 

In Fig. 4 we compare our predictions for the rapidity distribution 

in events (1) and (2) as given byeq. (5) (assuming that the relativistic 
+ charged tracks are due to n-) and the experimental distributions. Fig. 4 
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shows good agreement between the predictions and the observations, 
. 20) 

within the present statisti~s. Refinements of the Wounded Quarks Model 

probably will be required only when high statistics experiments on high energy 

nucleus-nucleus collisions will become available. 

The nuclear enhancement of the production of large PT's in hadron

nucleus collisions is a well known effect24). It results from multiple scattering 

of the constituent quarks of the projectile on target constituents 25) and from 

the internal (Fermi) motion of the constituents in the target. In nucleus-

nucleus collisions the internal motion of the constituents in the incident 

nucleus, and their scattering among themselves after scattering off target 

constituents, further enhances the pl'oduction of large PT's. A detailed 

evaluation of the effect and its dependence on A and 8, on impact parameter, 

on incident energy and on longitudinal momentum and quantum numbefs of the 

produced particles, requires the construction of a complicated Monte Carlo code, 

which is beyond the scope of this research. Hm'Jever the magnitude of the 

effect is expected to be given approximately by 
1/2 

<PT>BA ~ [Bopp/30pB + AOpp/30pA + 1/3] <PT>PP ~ 

where the square brackets stand for the average number of collisions that a 

wounded quark suffers (both in A and B) in central collisions, and where we 

neglected the transverse momenta of the quarks that it collides with. Eq. (q) 

yields <PT>SiAg = 1.5 <PT>pp= 540 r~eV/c using <PT>pp= 360 r~ev/c12),at 4 TeV per 

(9) 

incident nucleon,and <PT>CaC = 1.45 <PT>pp = 635 MeV/c using <PT>pp = 424 MeV/c 

at 100 TeV per inci dent nucl eonl)3~ n good agreement "Ii th the experimental estimates 

of 550±50 MeV/c and 700±50 MeV/c in events (1) and (2), respectively. 
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In conclusion, the high multiplicities and average 

transverse momenta observed in events (1) and (2) are consistent vlith the 

predictions of a simple Wounded Quarks Model and do not necessarily indicate 

the formation of quark-gluon plasma. Moreover the agreement between experiment 

and theory is achi eved without the use of ft'ee parameters and \·!ithout even 

specifying, either the nature of the colour forces beh/een constituents, or 

the detailed mechanism of particle formation postulated in references 1Sd-1Sf. 

(ii) High Transverse Momenta 

For many years cosmic ray data have suggested the existence of a high 

transverse momentum tail in the interactions of very high energy partic1es27). 

This has been observed directly in interactions inside emulsion chambers28 ,lO,3) 

and has also been deduced from the lateral distribution of normal air cascades29~ 
from underground muon observations30) and from multi-core structure air cascades29 ). 

It has already been mentioned in the discussion of "plasmons" that an 

enhancement of the tail of the PT distribution in particle-nucleus and nucleus

nucleus collisions compared to pp or pp collisions is a well known 24 ) .and well 

understood phenomenon. It results from the multiple scattering of projectile 

constituents off target constituents and from the Fermi motion inside the nuclei. 

Cosmic ray collisions with emulsion layers, or with target layers,or with air 

nuclei are either proton-nucleus or nucleus-nucleus collisions where such an 

enhancement compared to pp or PP collisions is indeed expected. 

The large PT deduced from mu1ticore structur~'air cascades, such as 

"Geminions", which are discussed in detail in ref. 3, are probably of completely 

different origin. It can be due to the production and decay of a pair of 

massive mesons that contain a new heavy flavour (top or higher flavour). 
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(iii) Anomalous Cross Sections 

Nuclear Anomalons: 

Since 1954 there have been sporadic rep9rts from studies of interactions 

of high energy cosmic rays with atomic nuclei, that some of the fragments of 

the incident cosmic ray nuclei have anomalously large cross sections for 

secondary nuclear collisions31). These observations have been claimed to be 

confirmed a few years ago by emulsion experiments 32 ), and more recently by new 

emulsion experiments, by experiments employing plastic track detectors and by 

experiments employing heavy liquid bubble chambers (although there are few 

experiments that failed to see the effect). This proceeding includes a 

detailed discussion of the evidence on nucl~ar anomalons from these experiments s 

and of their possible origin. Therefore, I will limit my discussion,. to few 

remarks: 

1. Counter experiments are still badly needed in order to establish the existence 

of anomalons and to determine their basic properties. Simple schemes for 

such experiments are described in reference 33. 

2. The anamalon search should be extended to elementary particles (using 

bubble chambers and electronic counters) because there is a gap in our 

knowledge of the behaviour of elementary particles in the proper time 
-10 -20 range 10 sec < 'T <10 sec after their formation, and because the 

situation is reminiscent of the need to introduce strangeness conservation 

in the 1950's to explain the fact that new particles that were strongly 

produced in pion-nucleon collisions were living thirteen orders of magnitude 

too long (for particles that decay into other strongly interacting particles). 

3. At this conference evidence was presented that nuclear anomalons are 

produced mainly in peripheral collisions34). This is probably consistent 

with earlier reports from emulsion experiments that anomalons tend to 

retain their "anomaly!! in successive collisions.- These highly suggest that 
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if the anomalon phenomenon is real, it involves the excitation of only a 

single nucleon i.e. that it probably exists also at the elementary particle 

level! It is then nat~ral to speculate that it is due to associated 

production of a new quantum number, \'Jhich we suggest to call "Anomaly", 

associated with a" medi"um-range strong interaction." " 

Penetrons 
35) 36) The Moscow group and the Pamir collaboration reported the 

observation of collimated bundles of very energetic hadrons with seemingly 

anomalously long mean free paths (anomalously small cross sectionsl Fig. 
- 36) illustrates the Pamir event • It consisted of a highly collimated bundle of 

particles which penetrated through the whole hadron block and every x-ray 

film at the different depths recorded a big spot with a halo of about 1 cm2. 

Neither attenuation nor variation of the core throughout the chamber have 

been observed. It was interpreted as a bundle of hundred hadrons or more, 

with a total energy of mor~ than 3xl06 GeV and with anomalously small cross 

sections. We suggest to name these penetrating anomalon "penetrons". No 

theoretical scheme has been suggested so far to accommodate them. 

IV. Anomalies Seen By Deep Underground Detectors 

Underground detectors have been used for quite some time for the 

study of penetrating cosmic ray components. They detected both single muons 

and multimuon events that w.ere associated with the decay of pions-and kaons 

.. d t db· t· 1 37) ln alr casca es genera e J cosmlC ray par lC es . Searches of prompt 

muon sources (particles that decay into ~IS with a very short life time), based on 

different dependence on zenith angle of muon y;~lds from prompt and "delayed" 

sources, were not conclusive37 ). 
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The construction of deep underground proton decay detectors has renewed interest 

in penetrating cosmic ray components (high energy muons, neutrinos, monopoles, 

•.. ,). At present most of the attention in deep underground experiments is 

focused on: 

1) Search of proton decays. 

2) Search of magnetic monopoles. 

3) Search of baryon-antlbaryon oscillations. 

4) Search of neutrino oscillations. 

However, since the 10 kiloton Irvine-Michigan-Brookhaven (1MB) Water Cherenkov 

Detector located in the Morton Salt Mine near Cleveland, Ohio, which is the 

largest among the present generation proton decay detectors, did not see any 

of these effects38), it is natural to expect that attention will soon be 

shifted to the study of penetrating cosmic ray components. 

Preliminary results from the operating deep underground detectors 

(Kolar Gold Field, Homestake, Soudan, Silver King, Mont Blanc, 1MB and Kamioka) 

are consistent with previous observations on single and multimuon events. In 

particular they also s,=e high energy "muon bundles" - very collimated jets 

of highly parallel and energetic muons. The origin of these muon bundles is 

not clear. It has been speculated39 ) that these muon bundles may result from 

the production and decay of a pair of massive mesons that contain heavy flavour 

(such as b,t, ... ,). The cascade decay of such heavy flavours can yield many ~'s 

e.g. 

with: 

t ~. b(ev,~v,Tv,cs,ud) 

L c(ev,uv,ud) 

L. s(ev,~v,ua) 
T ~ \I(ev,~v,ud) 
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If they are produced at very high energies they may be collimated enough to 

look like a ~-bundle in a deep underground detector. It is not clear however 

whether their production cross section is sufficiently large to explain the 

observed rate of ~-bundles in the underground detectors. 

~ ___ Anomalies in Extensive Air Showers (106 GeV < E < 1011 GeV) 

The study of very high energy cosmic rays with high altitude flown 

. t' h d b th' 1 . t . t . ( 10-2 t' 1 -2 h -1 - 1 equlpmen lS ampere y elr ow 1n enSl 1es ~ par 1C es·m • r -sr 
6 -2 - 1 -1 10) above 10 GeV and ~ 1 particle.km -year -sr above 10 GeV. The only 

practical method for studying very high energy cosmic ray interactions has been 

to use the atmosphere as a calorimeter and to extract the information on the 

primaries and their interactions from ground based measurements of the various 

components of the extensive air showers which they produce in the atmosphere4l ). 

When the primary cosmic ray particle interacts with air nuclei in the upper 

atmosphere it produces fast fragments which further collide with air nuclei and 

produce new fragments. Most of the produced particles are mesons, and at each 

collision a fraction of the energy is carried off by TIo·s (and nO·s) which decay 

into photons initiating electron-photon cascades. These electromagnetic cascades 

dissipate most of the primary energy leaving only a small fraction to be carried 
+ + 

alt/ay by neutrinos and muons (mainly from TI- and K- decays) and by hadrons 

stooping in the earth. + 
(The interaction mean free paths of energetic TI- and 

K mesons is much shorter than their mean decay lengths in the atmosphere). The 

electron and muon components of extensive air showers are relatively well under-

stood, as well as the visible photons, whether produced by the Cherenkov process 

or by atmospheric fluorescence. Their measurements have been used to determine 

the energy spectrum of the primary cosmic rays. Fig. S shows a summary of 
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cosmic ray energy spectra adapted from ref. 40. One observes three major 

"anomalies" in these spectra: 

1. A break in the spectrum aroUnd E ~ 106 GeV. ' 

2. A break in the spectrum around E ~ 1010 GeV. 

3. An enhancement of the spectrum beyond E ~ 1010 GeV. 

Are these "anomalies" due to astrophysics or are they due to high energy particle 

physics? 

Cosmic Rays With 106 GeV < E < 1010 GeV 

It is interesting to note that :106 GeV is also the energy where the 

emulsion chamber experiments reported4l ) the set-in of "new physics". Is there 

any evidence for such "new physics" from extensive air shower? 

Linsley42), Hillas and others43-48) have suggested, on the basis of 

very general particle physics arg~ments that a simple test whether particle 

physics extrapolates smoothly from the energies of man-made accelerators to 

the energy range beyond 106 GeV' is provided by comparing calculations and 

measurements of the average depth of maximum energy deposition 
atmosphere, t max ' in extensive air showers. A simple analytic 

air shower development yields the approximate prediction49 ) 

in the 
treatment of 

(10) 

where A is the mean free path (gm/cm2) of nucleons in the atmosphere, 
p 

L ~ 36±1 gm/cm2 is the radiation length in the atmosphere, E = 0.077 GeV is 

the critical energy in air, xmE is the most probable energy of the nO·s 

emerging from the primary collision and E is the primary energy per nucleon. 

Eq. (10) is in good agreement with the results of the detailed Monte Carlo 
• 

calculations of Hillas43 ) and Gaisser50 ). Fig. 6 comp~res the experimental 

results compiled by Watson48) and eq. (10) for pure proton and iron primary CR. 

(The solid lines refer to Eq. (10) while the dashed lines refer to Monte Carlo 
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calculations of Hillas43 ) and GaiSSer50 )). Although the experimental points 

lie between the pedicted proton and iron curves the slope of the data pOints 

is clearly steeper than that of the theoretical lines, sUggesting46 ) a 
7 transition from a heavy nucleus dominated composition near 10 GeV to a 

light element dominated compos~tion by 109 GeV. 

It has also been suggested5l ) that the steepening of the data may 

be explained by a change in the interaction characteristics above accelerator 

energies. e.g. if xm in eq. (10) increases with energy (violation of Feynman 

scaling) then the maximum possible increase in t at energies beyond those max 
: 2 

achieved by man-made accelerators would be ~ 70 gm/cm. Such a change could 

produce the desired steepening; however, although such a possibility cannot 

be ruled out at present, no such extreme behaviour have been suggested by 

experimental data from Fermilab, ISR or CERN'~p collider. 

In addition to speculating about possible changes in the interaction 

characteristics, one can also use eq. (10) to predict the contributions pf 
., 

various possible exotic components in the high energy cosmic ray flux. In 

Table VI we list some possible exotic particles, together with their correspond-

ing values of x and Ap' and the increase or decrease of t from the proton . m . max 
value (based on Eq. lD). 
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Table VI 

The mean depths of primary interaction and shower maximum 

of primary cosmic ray particles. 

, ' 

! 
! 

Particle A 
, <t > <t > x i -m I m m p 
I 

I 

I I Proton A 1/8 I 

I 
-p 

Photon 0 1 2.75L - A p 
Nucleus - A (E/A) 1/8A -L £.n A + A (E/A) ~ A (E) p p p 
Quark - 0 1/5 L - A 

I 
p 

3 A 1/5 L + 2 A .. 
p p 

Anomalon - 0 l/SA -A - L 9.n A p 
Centauro A ? 1/8<n > A - ), - L 1,n <n > 

c p c 

1) Photons: Several authors52 ) have suggested the possibility that a 

part of the very high energy cosmic ray flux might be due to primary gamma 

rays. In this case the cascade53 ) begins at a depth t ; 0 rather than A , .. P 

the factor 2.3 in the logarithm increases to 4.5~ and xm = 1, so that photon

induced cascades would mimic the observed high energy behavior by lowering the 

shower maximum into the atmosphere by an amount 2.75L - Ap. In fact the 30 K 

cosmological microwave radiation becomes opaque52 ) to extragatactic photons 

around Ey ~ 106 GeV which is the effective threshold for the reaction 

y + Y 0 ~ e+e-. Beyond E ~ 106 GeV the opacity decreases like £.nE IE 
3 K 2 Y Y Y 

because cr + ~ 4rra [£.n( ~\ -1] where s ~ 4E E ,(1-cos6). A significant 
r?~e e - s m) y y 

e 
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Component of photons among the primary cosmic rays thus may give rise to the 

break in the CR spectrum around 106 GeV and to the steep rise in the depth of 

shower maximum beyond this energy. 

2) Free quarks: The study of quark jets in e+e- annihilations, in 

deep inelastic lepton-nucleon collisions, and in high energy hadron-hadron 

collisions shows that the TIo spectrum due to the fragmentation of a quark is 

somewhat harder than the TIo spectrum in the fragmentation region of a nucleon. 

For quark fragmentation, f(x) - (1-x)2/1X ; then xm - 1/5 compared with xm - 1/8 

for primary protons. From Eq. (9), this increase in xm induces a small increase 

in t max (less than a radiation length). However, if free quarks have a large 

cross section due to unconfined colour, then A - 0 and their primary interactions 

take place higher in the atmosphere. Since at high energies Ap - L, this decrease 

in the depth of maximum offsets the increase due to the change in xm' so the net 

effect on t max is rather small. This is not the case if free quarks have a 

small cross section (i.e., if they act like bound quarks, for which 

aup - ad - a /3, a - aK - a /2, etc.). In this case quarks penetrate p pp sp P TIp 
deeper in the atmosphere and produce harder TIo,S than in proton-induced 

showers. A proper admixture of such quarks in the primary cosmic ray beam 

could explain the behaviour of t max at energies above 107 GeV. 

3) Nuclear anomalons: If unstable, they occur only in the hadronic 

cascade and not in the primary radiation; their net effect on t max is then 

negligible. However, if stable, they might be present among the primary cosmic 

rays. Although, compared with normal nuclei, their primary interactions will 

be higher in the atmosphere, their energy is shared by A nucleons; the main 

effect, like that of ordinary nuclei, will be to decrease t max by L£nA. 
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4) Centauros: If a significant fraction of primary cosmic ray inter

actions are Centauro events then the TIo,S will be produced mostly by second

and later-generation particles with degraded energies; this by itself will 

decrease t max . However. the mean depth of interaction A is unknown and might 

be much larger than Ap' so that a definite conclusion about t max for Centauros 

cannot be drawn. 

In summary, an increase in the flux of light nuclei, photons, and/or 

Centauros, quarks, or some other exotic particles with long interaction length 

would reproduce the observed increase in elongation rate above 1017 eV.54) 

Ultrahigh Energy Cosmic Rays (E > 1010 GeV) 

Greisen, Kuzmin and Zatsepin were the first to point out55 ) that if 

the ultra high energy cosmic rays 'are protons of extragalactic origin, they 

must be cutoff at energies exceeding ~ 3xl010 GeV,because their mean free path 

for undergoing the photoproduction reaction p+Y~TI+N in collisions with the 30 K 

cosmological background photons becomes shorter than the distances they travel 

* before reaching earth (The photoproduction cross section peaks at the N1236-

resonance. The peak value is ~500 ~b which corresponds to a mean free path 

of ~1.6 Mpc in a 30 K black body radiation of 400y/cm3, compared for instance 

to the distance to the Virgo Cluster which is ~ 20 Mpc). The observations56 ) 

seem to beat odds with this p~diction: Cosmic rays have been observed with 

energies extending up to lOll GeV and with intensities much larger than those 

expected from a smooth extrapolation from energies below 1010 GeV. 

One possible solution to this' anomaly is that the ultrahigh energy 

cosmic rays are produced by near~by sources and do not travel cosmological 

distances before reaching earth. Such a solution implies that ultrahigh energy 

cosmic rays are highly unisotropic since they are not confined by the galactic 

magnetic fields. 
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Another solution is that the ultrahigh energy cosmic rays consist 

mainly of Photons53 ), either produced di~ectl~ by astrophysical point sources, 

or in collisions of cosmic ray protons with the 30 K cosmological photons 

(through the reaction p+y-+'IT0+p and the prompt decay n°-+2y). Since the 30 K 

microwave radiation is more transparent to ultrahigh energy photons than to 

ultrahigh energy protons, photons can arrive from much larger distances and 

therefore perhaps with accumulated intensities, much larger than those of 

the primary protons. 

It is of course possible, that the energy deposition into the various 

components of the extensive air showers is different from what is anticipated 

from extrapolating our knowledge on particle production at accelerator energies 

to the ultrahigh energies of the most energetic cosmic rays. It then may 

lead to a \'Irong determination of the energy of the primary cosmic ray particles 

and may fake an lIanomalousll behaviour and perhaps fake an enhancement of the 

spectrum at cosmic ray energies above 1010 GeV. In this connection it is 

important to notice that the probability of nO,s produced in extensive air 

shov/ers to decay before they suffer inelastic collisions with air nuclei, is 

given by57) tV l/(l+yE) with y-1= mchosece/T = 3.6x1010.sece.GeV,where m, T 

and E are the mass, proper lifetime and energy, respectively, of the 

nO, ho ? 6.5 km is the scale parameter of the upper atmosphere and e is the 

zenith angle of the incident cosmic ray particle. Therefore, when the energy 

of the primary cosmic ray protons increases beyond 1010 GeV an increasing 

fraction of the nO,s that are produced in the primary collisions are absorbed 

in secondary collisions before they decay into 2y. This tends to supress the 

increase of the average depth of shower maximum for primary energies beyond 

1010 GeV. 
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Figure Captions 

Fig. 1. The integral flux (particles with energy larger than Eo) of the 

primary cosmic rays at the top of the atmosphere. 

Fig. 2. Differential energy spectra of the major cosmic ray species:protons, 

helium, carbon, iron, and electrons. This compilation of data 

summarizes the results of a number of different measurements (except 

for electrons where only the Chicago data are shown). 

Fig. 3. Schematic des~ription of the first centauro event in the Mt. 

Chaca1taya emulsion chamber. 

Fi g. 4. Pseudo rapidity distributions of charded hadrons produced in two of 

the JACEE events. 

Fig. 5. The integral flux of the primary cosmic rays at the top of the 

atmosphere multiplied by El . 5. 

Fig. 6. Comparison between experimental results compiled by Watson48) and 

theoretical predictions of the mean depth of shower maximum 

t max as a function of primary energy. 1he solid lines represent 

formula (10) while the dashed lines refer to Monte Carlo results 

of Hillas43 ) and Gaisser50 ) for pure iron and proton primaries. 
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POSSIBLE CANDIDATES FOR QUARK-GLUON PLASMA IN THE JACEE EMULSION CHAMBER* 

The JACEE Collaboration+ 

T. H. Burnett!h], S. Dake!b], M. Fuki!b], J. C. Gregory!g], T. Hayashi!d], R. 
Holynski!i], J. Iwai!h], W. V. Jones!e], A. Jurak!t], J. J. Lord!h], O. 
Miyamura!c], H. Oda!b,f], T. Ogata!a], T. A. Parnell!f], T. Saito!a], T. 
Tabuki!a], Y. Takahashi!e], T. Tominaga!c], B. Wilczynska!i], R. J. Wilkes!h], 
W. Wolterlil, and B. Wosiek!i]. 

ABSTRACT 

Cosmic ray nucleus-nucleus interactions have been analyzed 
at energies exceeding 1 TeV/nucleon. A high PT tail «P

T
» 

1 - 1.2 GeV/c) has been observed in C + C interactions, and 
three anomalous central collision events (Ar + Pb, Ca + ~, and 
Si + AgBr) each imply energy densities )4.0 - 4.6 GeV/fm , for 
an expansion time of 1 fm/c, which exceed the predicted critical 
value for quark-gluon deconfinement. The average PT for these 
anomalous events is significantly above normal (400 MeV/c). 

1. INTRODUCTION: 
The Japanese-American Cooperative Emulsion 

Experiment (JACEET has been investigating high 
energy interactions of cosmic ray nuclei with 
balloon-borne emulsion chambers (Burnett, et al., 
1981). About 100 nucleus-nucleus (A-A) events with 
energy ) 1 TeV/n ( Is) 45 GeV/n) have been 
observed from a total exposure of ~100 m2-sr-hr in 
the stratosphere (3.5 - 5 g/cm2). Distributions of 
rapidity and transverse momentum (PT) are measured 
for individual events, providing data for both 
event-by-event stUdies and quasi-inclusive 
analysis. This report focuses on the high energy 
events. Low energy interactions. (20 - 80 GeV /n; 
~100 Fe and )100 events for 14 ~z ~25; all in 

targets of C, AgBr and Pb) are being investigated 
with a hybrid emulsion chamber-electronic counter 
system and will be reported elsewhere. 

2. METHOD: 
The JACEE instrument (Fig. 1) employs thin 

CHARGE 
DETECTOR 

TARGET 

SPACER 

CALOR I METER 

Fig. 1 
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double-sided emulsion plates, x-ray films and plastic detectors throughout the 
chamber to (a) define the incident particle, (b) observe the interaction in a 
target, (c) follow the secondary particles, and (d) measure the energy in a 
calorimeter section. Chambers are sensitive to all secondary particles except 
low energy photons (E < 30 GeV). With the incident particles 
-perpendicular to the ~mulsion plates, the interaction cores can be resolved 
satisfactorily even in extremely high multiplicity events. Emulsion plates in 
the calorimeter measure individual photon energies to ±20-30,%. 

3. RESULTS: 
By scanning x-ray films for cascades with ~E ) 2 

interactions have been obtained, for which analysIs of 
parameters is partially complete (Table 1). 

The pseudo-rapidity distributions for 
protons, helium, and iron nuclei are shown 
in Fig. 2. The central rapidity densities 
for all five charge groups are plotted in 
Fig. 3, where the normalization at 1 TeV/n 

Number 
Detected 
Measured 
Analyzed 

TeV, about 400 
the inclusive 
Table 1 

Z:l 2 
223 92 
122 40 

38 28 

3-5 
12 

7 
2 

6-8 
44 
19 
13 

>9 
21 
l6 

9 

has been made assuming an energy dependence similar to the proton-carBo~5data 
(Burnett et ale, 1981): dn(E)/dn = [dn(E = 1 TeV/n)/dn! (E/TeV/n)· • 
The central rapidity density can be roughly described by Ao•n up to A = 20 for 
a carbon target. The predictions of the wounded nucleon model (WNM) by Bialas 
et ale (1976) and multi-chain model (MCM) by Kinoshita et ale (1981) are also 
shown in Fig. 3. 
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Fig. 2 

photons in C + C The inclusive PT distribution of 
compared with that in 102r-r-"-'---r-1....,...,..,.....,...,-r-T"""T"-r-r-. 

p + C reactions (Fig. 4a), 
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The high PT tail in the C + C events 
is consistent with previously reported 
high PT tails shown in Fig. 5 (from 
Burnet t et ale, 1981), which correspond 
to <PT > = 1 - 1.2 GeV/c, about three 
times ~he normal value (400 MeV/c). 
It has been shoWn recently by the 
CERN pp collider at E1ab = 150 TeV that 
elementary nucleon-nucleon interactions 
do not produce such high values of <PTn > 
in the region 1 - 4 GeV/c. 

Anomalously high <PT> is also observed 
in the three highest multiplicity events 
in this experiment. Among the 40 analyzed· 
(A-A) events with primary charge Z > 6, 
two events have been found with a charged 
multiplicity (1010 for 8i + AgBr, and 

z 10 

Inclusive PTY 
(4 high PT events) 

exp (-PTy/S40) 

500 1000 

PTy (MeV/c) 

Fig. 5 

300 

..!lli... 
d'1 

1500 

- MCM (S TeVln) 
_.- WNM(S TeVln) 

760 for Ca + C) far exceeding any other 
directly observed interactions (Figs. 6 
and 7). The <PT 0> for these events was 
noticeably high ,goo - 700 MeV/c), as 
displayed in Fig. 8 for the Ca + C event, 
also the highest energy event ( ~100 
TeV/n). A third event of slightly 
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smaller multiplicity (416 forAr + Pb) 
shows an even larger <PT 0> ~ 1.2 GeV/c 
and <PT> for protons ~ ~~O MeV/c. All 
thre~ events are apparently central 
collision events. 
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Table 2 compares the observed multiplicities of the three anomalous 

central collision events with the corresponding calculations by the WNM and 
MCM models. The Ar event seems to have a multiplicity (N h) less than either 
model predicts, even considering the dispersion, D. The §i and Ca events are 
in reasonably good agreement with the MCM model (both multiplicities and 
rapidity distributions) and are far from the WNM prediction. It should be 
noted, however, that if we consider the observed high PT values of 600 - 700 
MeV/c for these events, even the MCM model cannot reproduce the data. 

Table 2 

Event Energy Observed WNM MCM Observed 
Type (TeV/n) Nch Nch D Nch D <P TIT 0 > 

Si + AgBr 5 1010 589 68 1020 110 550 ± 100 MeV/c 
Ca + C 100 760 399 70 779 166 700 ± 50 MeV/c 
Ar +Pb 1 416 710 67 1070 145 1200 ± 150 MeV/c 

These three heavy nucleus events differ from each other in many aspects, 
e.g., primary energy (1 - 100 TeV/n), primary and target charge (hence the 
size of the colliding volume), and the final state characteristics. Yet, they 
show more or less similar energy densities (4.0 - 4.6 GeV/fm3) deposited in 
the central region at the expansion time of 1 fm/c, excee~ing the 
theoretically predicted critical values (0.6 - 1.5 GeV/fm ) for quark-gluon 
deconfinement. 

It is also interesting to note that these events seem to hold an inverse
linear relationship between <PT> and the particle density per unit rapidity 
and unit space-time. These nucleus-nucleus events do not agree, in this 
correlation, with the pp collider data (Arnison et al., 1982). Van Hove 
(1982) has suggested that the saturation of the increase in <PT> with 
increasing rapidity density, observed in pp interactions, might be an 
indication of a phase transition. However, the pp maximum <PT> of 480 MeV/c 
does not seem to be valid for the (A-A) events in Table 2. 

4. CONCLUSIONS: 
During the analysis of high energy cosmic ray interactions, the following 

new characteristics have been observed: (i) A high PT component with an 
average value of 1.0 - 1.2 GeV/c for mesons seems to exist in high energy 
nucleus-nucelus interactions; (ii) For central col1isons, a very high energy 
density is achieved, providing candidate events for observing quark-gluon 
plasma. The correleation of temperature-equivalent average PT and entropy
equivalent rapidity density in (A-A) interactions does not follow the form 
observed in recent pp measurements. 
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Fractional Charge Search at the Bevalac 

Gordon L. Shaw 
Physics Department 

University of California 
Irvine, California 92717 

Abstract 

The glow model of broken QCD allows for free, low-mass, frac
tionally charged, glow-singlet, color~, diquarks Q. Althou~h 
these composite Q's may be difficult to produce at present e e
and hadronic energies, the situation could be much more favorable 
in heavy-ion coll~sions. In contrast to other models, the glow 
model allows for parameters which could lead to the production of 
fractional charge at Bevalac energies. A two stage experiment is 
in progress: The firs~ step, consisted of an (initlBl) e~posure 
of a heavy target conflguratlon to a total of 3xlO Fe lons of 
1.9 GeV/nucleon kinetic energy. Fractional charge which escaped 
the target was stopped in five gallon tanks of CC1 4 and collected 
(and thus concentrated) on thin central wires. The target 
materials and collection wires were distributed to a number of 
laboratories conducting experiments designed to look for free 
fractional charge in bulk matter. The first results from the 
SFSU automated Millikan droplet e~periment found less than one 
fractional charge produced per 10 Fe-Pb co~lisions (and with 
further assumptions, less than one for 2xlO colli~ions) • 
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In order to account for the reoorted observation of free 
fractional charge,l the glow model'- of broken QeD was proposed. 
SU(3)c color is spontaneously broken to SO(3)g glow and five of 
the eight gluons acquire a mass ~ that can be somewhat less than 
the QeD scale parameter A. Just as unbroken QeD would perfectly 
confine color, glow is perfectly corifined. Thus for ~ > 0, there 
can exist free, fractionally charged quark-quark composites Q 
that are 19 of glow and 6c of color. It is not possible to 
determine-from present theory or experiment whether the "exact" 
local symmetry in nature is SU(3)c x U(l)em or SO(31 g x U(l)em 
(or some smaller group). In a previous model (DGJ) of com
pletely broken QeD, the experimental limit on fractional charge 
produced in elementary particle collisions required that (all 
eight gluons have a common mass).~ < lS MeV and a corresponding o ~ 4 -quark mass> 10 GeV. Shaw and Slansky argued that the Q's, as a 
result of their composite nature, are much harder to form and 
free than the quarks in the DGJ model (see discussion following 
Fig. 1 in Ref. 4). Thus ~ may be nearly as large as A, giving a 
Q ma~s as sma~l,as 1 GeV and still ~e surpressed in,elementary 
partIcle collIsIons. They proposed that Q productIon be 
searched for in heavy-ion collisons since the environment of a 
quark-gluon seaS should enhance both the fotmation and freeing of 
the Q's. 

Although the present Bevalac energies are clearly marginal 
for producing the "optimum" conditions for the sea,S a very 
sensitive experiment should be of great interest. It was 
stressed that the mass of the Q must be < 1.S GeV and the QeD 
breaking range l/~ < the radii of the projectile and target 
nuclei (both of which are allowed by experiment and the glow 
model) for 4 tge Bevelac experiment to be worthwhi Ie. The proposed 
experiment' is a production, collection (and thus concen
tration) scheme combined with the existing conventional 
searches l ,7,S,9 for fractional charge in bulk matter. In 
principle, it could he sensitive to the production of 10-11 

diquark/collision. 

The first version 6 of Bevalac experiment 669H, the production 
and concentration stage, was run on May 21. The target materials 
and collection wires (see Fig. 1) were distributed to a number of 
groups which either have or will shortly have operating experi
ments designed to detect fractional charge in bu,k matter. They 
consist of (a) magnetic levitatiog experiments l , ~ (b) automated 
Mi 11 i kan type droplet exper iments·; (c) tandem Van de Graa ff 
charge-spectrometer experiments 9 which involve vaporizing a 
source by sputtering off ions and measuring charge/(kinetic 
energy) and kinetic energy, with the use of charge-exchange fil
ters to reject background. The amounts of material 4hat these 
experiments can or expect to process vary from ~ 10- to ~ 1 
g/day with a "typical" efficiency of ~ 10% for detecting frac
tional charge. The first limits (of Q production in this run) 
from the San Francisco state Universityl\utomated Millikan 
apparatus (which processes mat~5ial at a low rate with very high 
efficiency) are now available. 
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~ total of 3xlO lO Fe ions of 1.9 GeV/nucleon kinetic energy 
in this initial run were incioent on a target configuration. The 
Fe beam was 1.5 em in diameter and was accurately maintained in 
the center of the target. The target consisted of ~ 1 interac
tion length of heavy materials: 22 Pb and 9 In (interspersed) 
wafers 1/8" thick ano 3 cm in oiameter. Near .the middle were 
some Cu plates, lag of Hg and some steel balls suitable for the 
magnetic l~vitation experiments. Within a 30 0 cone behind the 
target were 26 five-gallon tanks of CC14 (a non-polar liquid) as 
shown in Fig. 1. Each tank had a thin central wire maintained at 
a potential either of +90 or -90 volts with respect to its inside 
wall. Fractionally charged particles that stop in the tank form 
fractionally charged atoms or mole~yles (not necessarily of the 
same sign) which drift to the wire (if it has the appropriate 
sign of its voltage) and are permanently trapped there by their 
image charge since no subsequent reaction can neutralize them. 
Thus 50% of fractional charge stopping in the tanks are concen
trateo on the thin central (Au, In, Cu, Nb or W) wires. 

The choice of a mainly Pb target was made to optimize the 
probability of a central colli~ion with the incident Fe ions. 
The remaining materials in the target configuration and the 
choice of materials for the collection wires were done in consul
tation with the groups who will analyze these materials for 
fractional charge. (Wor example, In mixed with 3 parts Ga is 
liquid at room temperature and can be analyzed in the Millikan 
type apparatus of Hendricks. 12 This experiment when operational 
is expected to process grams of matter per day.) We selected 
fully ionized Fe for the beam since we wanted the largest nucleus 
and highest energy having a reasonable intensity. Following .the 
nuclear collision, fractional charge may be part of a nuclear 
fragment. The total collection configuration (of target plus 
tanks) was designed to stop both low and high charge fragments. 
Most high-charge fragments (Z > 6) are expected to stop in the 
target, whereas most low-charge fragments pass through the target 
plates into the tanks (the preparation of the pb and In into 
separated wafers was done to enhance this escape of the low
charge fragments from the target). The stopping efficiency of 
the tanks was estimated using Monte-Carlo techniques ana the 
Bethe-Block relation. For a large range of mass (.5 - 1.5 GeV) 
and reasonable momentum distribution for the produced particles, 
roughly 1% of all particles with charge e/3 and ~ 8% of those 
with charge 4e/3 are stopped in each of the front tanks. The 
stopping efficiencies of the other tanks decrease with production 
angle and distance from the target. 

The SFSU Millikan type experiment using Hg drops has now 
completed an agalysis lO of some target and collection wire 
materials. We prepared two samples for them: Sample A was 
prepared from the 36~ diameter gold wires from two tanks, one of 
each polarity. Each wire was passed twenty times through a small 
drop of Hg in a capillary tube in order to remove the surface 
layer of the wire. The two drops were combined to form Sample A. 
Since the fractional charge is transferred to the Hg 
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Figure 1. Schematic top view of the setup for experiment 669H at 
the Bevalac 6 showing the target config~iation and stopping tanks 
of CC1 4 . Some of the five-gallon tanks are arranged in a double 
layer as denoted by the 2. The 26 central collection wires 
included Au, In, Cu, Nb and W wires, each maintained at +90 V or 
-90 V with respect to the inside wall of its tank. The target 
configuration consisted of 22 Pb and 9 In (interspersed) wafers 
1/8" thick and 3 em in diameter. Near the middle were some Cu 
plates, 10 g of Hg and some steel balls suitable for the magnetic 
levitation experiments. The Fe beam was 1.5 em in diameter and 
was accurately maintain~d in the center of the target. 
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TARGET 
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in Sample A with an unknown efficiency, perhaps small, the two Au 
wires were then dissolved in a larger amount of Hg from the tar
get configuration to form Sample B. They have measured a total 
of ~ 250,QOO drops or a total of .5 mg of Hg roughly half from 
each sample. After making appropriate analys~s and cuts on 
certai~3distribuf~ons, no drops with fractional charge were 
found. A limit of less than one fractional charge produced 
per 10 4 Fe-PH collisions (at the 95% confidence level) was 
obtained from Sample B~ with the further assumption that all of 
the possible fractional charge collected on the wires i~ trans
ferred to Sample A, the limit is less than one per 2xlO 
collisions. 

In conclusion, these first results from SFSU are already of 
interest, in particular, if the limit from Sample A is relevant. 
We can look forward during the coming year to other analysis of 
the 669H materi~ls by groups which can, in principle, measure 
substantially more material. It is further hoped tha~ the 
Bevalac intensity will be increased by a factor of 10 in the 
next year. 14 Further improvements in concentration techniques 
are being considered. Thus we expect that if fractional charge 
can be produ~ed io I.? Ge~/nucleon Fe-Pb collisions at the level 
of one part In loll, It WIll be seen by the end of 1984. 

Clearly, the advent of higher energy, very intense heavy ion 
beams would be of enormous interest in a future version of this 
experiment. If a true quark-gluon phase transition is produced 
in the collision, then color confinement will really be tested by 
the search for fractional charge. Higher center of mass energies 
will also allow for heavier fractional charge to be produced and 
thus test models other than glow. It is not clear what the opti
mum energy would be. Highly relativistic heavy~ion colli~ers 
might not be as useful as perhaps a 10 GeV/nucleon fixed target 
machine. Finally, we note an analogous experiment at the 
Fermilab Tevatron fixed:target proton machine could set much 
better limits 6n fractional charge production than by direct 
electronic detection means. 

We thank J. Carroll and collaborators, of Bevalac experiment 
671H, for permitting a test of parts of this experiment, and the 
staff of the Bevalac, especially Fred Lothrop and Bob Miller, for 
their enthusiastic help. We also thank George Basile for assis
tance in the construction of the collection tanks, and George 
Chapline and Cherrill Spencer for useful discussions. This work 
was supported in part by the u.s. Department of Energy and by the 
National Science Foundation. 
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Recent Atomic Physics Experiments at the Bevalac 

Harvey Gould 

Materials and Molecular Research Division, 
71-259 Lawrence Berkeley Laboratory, 

Berkeley, California 94720. 

Recent atomic physics experiments at the Bevalac have concentrated on atomic collisions 
of very heavy particles, and. three of these experiments are outlined here. energy loss by very 
heavy relativistic nuclei; radiative electron capture; and charge capture and loss by highly 
stripped uranium. The selection while incomplete is chosen to give an overall view of the atomic 
physics being studied at the Bevalac. These experiments point the way toward more ambitious 
experiments as more intense beams become available and experimenters gain experience. 

The energy loss of a (relativistic) nucleus in matter is usually calculated from the Bethe 
theory.' A number of corrections have been applied to the theory2 as measurements became more 
precise and as heavier and higher energy nuclei have been studied. Two recent experiments, one 
by Ahlen and Tarle'3 and a second by Waddington, Freier, and Fixsen,4 have examined the 
energy loss of 955 MeV/nucleon uranium in Cu, and the stopping of 1.0 GeV /nucleon gold in 
nuclear emulsions, respectively. Two corrections to the Bethe theory are found to be very impor
tant for very heavy nuclei at relativistic energies. The Mott correction is a correction to the use 
of an approximation to the exact cross section for scattering of a charged particle in a Coulomb 
field. 5 The correction is small for Z/137 «1 and low velocities, which is to say that it is large 
for relativistic gold and uranium. The second correction is the Bloch correction6 which arises 
because the wave functions of the target electrons can not be properly treated as having infinite 
extent. An extension of the Bloch correction to relativistic energies has been calculated by 
Ahlen7

• 

Both experiments find that without the Mott and the Bloch corrections, theory and experi
ments are in serious disagreement. In these experiments the Mott correction increases the rate of 
energy loss by about 10.5% and the Bloch correction decreases it by 5%. Including these terms 
brings theory and the experiments into agreement. There is a small difference in conclusions of 
the experimenters in that Ahlen and Tarle3 find the relativistic from of the Bloch correction gives 
better agreement, where as Waddington, Freier, and Fixsen,4 find that it does not. 

The study of radiative electron capture, is carried out by a collaboration8 from Stanford, 
LBL and Shanghai. In this experiment, a beam of heavy ions pass through a target at sufficient 
energy to ionize most (or all) of the projectile Land K shell electrons. Electrons are recaptured 
into these states by nonradiative charge exchange, and by radiative electron capture (the inverse 
of photoionization). In radiative electron capture, the emitted photon has an energy which is 
equal to the binding energy of the state into which the electron is captured (minus its binding 
energy in the target) plus the kinetic energy of an electron at rest in the laboratory as seen in 
the rest frame of the projectile. 

Fig. 1 shows the spectra from 190 MeV/nucleon Xe atoms passing through a beryllium tar
get.9 The peak near channel 550 is due to the ~ 143 keV x ray from radiative electron capture 
into the K shell of the Xe projectile. A much weaker peak at channel 300 corresponds to radia
tive electron capture into the L shell. The height of the peaks normalized to the solid angle of 
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Figure 1. - Pulse height spectra of x rays from 190 
MeV /nucleon Xe (Z=54) in a Be target. Peaks from radiative 
electron capture into the Xe K-and L- shells and K", and KfJ lines 
are visible. The detector is an intrinsic Ge x-ray detector. 

the detectors, the beam intensity, and the average number of K- and L- shell vacancies deter
mines the absolute cross sections. The natural width of the radiative electron capture peak in 
Fig. 1 is dominated by the Doppler width due to the large acceptance angle of the detector. 
With the more intense beams now obtainable, tighter collimation may be used to reduce the 
Doppler line width. At that point, the radiative electron capture peak for capture from heavy tar
gets is expected to show structure reflecting the momentum of electrons captured from different 
target subshells. 

Figure 1 also shows peaks near channel 100 corresponding to Xe K", and KfJ transitions. 
Since a fraction of the Xe ions have been stripped of all but their last one- or two- electrons, 
these peaks contain contributions from the 2p - Is transitions in hydrogenlike and heliumlike Xe. 

An LBL - University of California Space Science Laboratory collaboration, is a studyinglO 

electron capture by lfI+ and lfH and i()nization of lfo+ and lfI+. In this experiment lfi8+ 
ions are passed through targets, analyzed in a· magnetic spectrometer and then detected in a 
position-sensitive ionization chamber. At 962 MeV/nucleon, beams containing more than 85% 
bare lfH are obtained by stripping tji8+ in Cu and Ta targets of > 150 mg/cm2 and;:::: 85 
mg/cm2 respectively. The charge state fractions as a function of the thickness of a Cu target are 
shown in Fig. 2. At the target thickness necessary to produce fully-stripped uranium, the 
deterioration in the beam emittance is small, and injecting beams of bare uranium nuclei into an 
ultrarelativistic accelerator is entirely feasible. 

The equilibrium charge state distributions for several materials are shown in Fig. 3. In 
the interstellar medium 65% of the 962 MeV/nucleon uranium will contain bound electrons, and 
almost 90% of the 437 MeV/nucleon uranium will contain bound electrons, including :::::: 9% 
which contain two- K shell and one- L shell electrons. Entering the atmosphere results in a net 
ionization of the cosmic ray and a copper target increases the charge state still further. 
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Charge state composition of 962AMeV uranium 
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Figure 3. - Charge state distributions of uranium at 962 
MeV/nucleon and 437 MeV/nucleon for equilibrium thickness tar
gets of interstellar medium (1M), mylar (Z ~ 6.6), Cu (Z = 29), 
and Ta (Z = 73). 
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Evidence for the Non-existence of Anomalous Projectile 

Fragments with'Z* = 1.33, 1.67,2.33 and 2.67 

M.A. Bloomer, E.M. Friedlander, H.H. Heckman, and Y.J. Karant 

Lawrence Berkeley Laboratory, University of California 
Berkeley, California 94720 

Recent speculation on the cause of the anomalously short reaction mean 
free paths of projectile fragmentation products (PF's~ ~roduced fromrelativ
istic heavy-ion (RHI) collisions with emulsion nuclei - has led to the sug
gestion that "anomalons" (i.e., the fraction of PF's exhibiting this anomaly) 
are nuclei with bound third-integral charges. 6- 9 In an earlier paper lO we 
described in detail how to measure the nuclear charge of 1 ~Z~3 PF's of RHI 
collisions in nuclear emulsion: specifically, measurements based on the lac
unarity, i.e., fractional transparency, of the linear track structure of such 
ionization tracks will easily yield a precision of cr = 0.05 charge units for 
Z=l and Z=2, and about cr = 0.07 charge units for Z=3. We now present the re
sults of 1179 measurements carried out by 3 observers on 1 ~Z~3 PF's produced 
by the extra-nuclear cascade of interactions initiated by a 1.88 AGe V 56Fe 
beam incident upon a stack of Ilford G-5 emulsion pellicles. 
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FIG. 1. Char~e distribution of 1 ';;Z';;3 projectile fragments from the extra-nuclear cascade of inter 

actions ~rom ~ 5 Fe ~eam~ all generations and all observers. The blackened squares are those measure- -
ments WhlCh 11e outslde lnterva1s of ±30Z centered around the integer means Z = 1.0, 2.0 and 3.'0. 
Not shown are the charge measurements of 4';;Z';;6 PF's. 
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We show in Fig. 1 a plot of the charge distribution for 1 ~Z~3 PF's of 
all generations and all observers. No corrections of any kind described in 
the earlier paper have been made to these data. Each charge distribution was 
separately normalized to the pof its sub-sample of "secondary" (i.e., pro
duced from the "primary" 56Fe beam) PF charge measurements. Recall that 
Z = kop, where 

p = I-ln L, L = lacunarity, i .e~, fractional 
transparency 

The values of k (Z) and 0 derived therefrom are shown below in Table 1. Not 
displayed are tRe charge ~easurements for 4~Z~6, since the saturation of 
the grain density beyond Z=3 makes measurement insufficiently precise to 
resolve third-integral charges. The salient feature of Fig. 1 is that all 
charge measurements for each PF are narrowly distributed around their integer 
means, and, with the possible exception of the set of measurements scattered 
around Z = 2.33, there is no indication that PF's of third-integral charge are 
produced with the same relative abundance as reported for anomalons to date 
( ~6% for 3~Z ~26) .1-4 Since a relativistic track of Z = 0.67 would have a 
grain density of only 7 grains per 100 microns, it is improbable that any ob
server could have detected such 'a iight1y ionizing track in our emulsion 
stack. Hence we limit the test of non-integral charged PF's to Z* = 1.33, 
1.67, 2.33 and 2.67 (from henceforth Z* will be used to denote these hypothet
ical fractional charges). 

We can rigorously test for the existence of fractional charge by first 
asking how many charge measurements lfe outside intervals of ±30Z centered 

N ;;>±30Z 
from integer mean Z 

N (# of ko(=Z/iS) and 0z before/after remeasure- Improved charge estimates 
ment and energy (deviation from mean Z* in 

measurements) for_ secondary PF's loss corrections. etc. units of 0Z*) of remaining candidates 

Z = 1 108 
ko = 3.096 

2 I 2 
1.160 ± 0.035 (-5.4oZ*' Z* = 1.33) 

-
0z = 0.055 1.203 ± 0.029 (-4.10Z*' " ) 

k o = 3.137 2.199 ± 0.036 (-4.1oZ*' Z* = 2.33) 
Z = 2 1006 13 / 3 2.131 ± 0.019 (-6.1oZ*' " ) 

0z = 0.052 2.319 ± 0.035 (-0.50Z*' " ) 

Z = 3 k 0=3.116 
65 0 I 0 -----

Oz = 0.068 

TA8LE 1. Results of charge measurements on 1';;Z';;3 projectile fra9ments. k = Zip. where p = ,!.:i;i""[ • L = 1ac
unarity. i.e. fractional transparency of track structure (see ref. 10). For Z*o= 1.33 and 2.33. oZ. = 0.055 and 
0.057. respectively. 
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around means of Z = 1.00, 2.00 and 3.00, where 0z for each charge is that dis
played in Table 1. Of the total 1179 measurements, 15 meet this criterion 
(seen as the black squares in Fig. 1). One observer subsequently remeasured 
several times the charge of each candidate, making a correction for apparent 
charge increase due to energy losses by ionization of its ancestor nuclei. We 
rejected candidates whose improved charge estimate was compatible with an in
teger mean, as well as Z=l PF candidates with emission space angle 8s > 10° 
and Z=2 PF candidates with 8sp > 6°, since such large angles would imPly large 
momentum transfers, and one can then no longer assume that the projectile frag
ments have the same velocity as their parentpt:'ojectile. 11 Five candidates 
remain: two are -5.402* and -4.10z* from Z* = 1.33 (where 0z* = 0.055), and 
three are -4.10z*, -6.10z*, and -O.ooz* from Z* = 2.33 (where 0z* = 0.057, 
a precision interpolated from 0Z=2= 0.052 of Z=2 and 0z= =0.067 of Z=3). Of 
these five, only the charge measurement at -0.50z* from Z* = 2.33 (Zroeas= 2.32 
± 0.04) presents any difficulty. This 3rd gene~ation PF travelled a distance 
of 4.04 cm before interacting, emitting two light tracks of Zroeas = 1.78 ± 
0.03 and 1.66 ± 0.05, and 8sp = 36° and 13°, respectively. The track signa
tures from this interaction are consistent with those of low energy (120-140 
AMeV) projectile fragmentation products: thus, this was most likely a low 
energy fragment ( "'490 AMeV if we use the char:g~ to estimate the energy). 
Therefore, we conclude that we observed.from 1179 charge measurements none with 
Z*= 1.33, 1.67,2.33 or 2.67. This puts an upper limit of 8 x 10-4 at a 
confidence level in excess of 99.9% on the relative number of such PF's with 
a charge differing from an integer by 0.33 charge units. This result is in 
agreement with a similar fractional charge search recently carried out by 
Price et. a1.12 on 10~Z~18 PF's from the cascade of interactions produced 
by a 40Ar beam incident on CR-39 plastic track detector. 

To date no one has reported conclusive evidence for a short mean free 
path effect for Z=l and Z=2 PF's (see however Judek's, E1-Nadi's et. a1., and 
Karant's et. al. contributions to this conference). If such an effect does 
become firmly established for these PF's, bound fractional charges cannot ex
plain it. If we assume that, in every generation of PF's with 1 ~Z ~3, there 
is a 6% admixture of anomalons having third-integral charge (ignoring the poss
ibility of "memory" effects in subsequent generations 5 ), we would expect on 
the average to see "'66 such fractional charge candidates, when in fact we see 
none. Even if the admixture were as small as 1%, we would still expect "'11 
candidates. The explanation for anoma10ns in the PF's from relativistic nuc
leus-nucleus collisions must lie elsewhere. 

This work was supported by the Director, Office of Energy Research, Di~ 
V1Slon of Nuclear Physics of the Office of High Energy and Nuclear Physics 
of the U.S. Department of Energy under Contract DE-AC03-76SF00098. 
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• 
Equilibrium charge states of uranium 

at relativistic energies 

Henry Craw f ord Q
, Harvey Gould, Douglas Greiner, 

Peter lindstrom, and James Symons 

Lawrence Berkeley Laboratory, 
Berkeley, California 94720 

We have measured the charge fractions 
of uranium ions at energies of 962 MeV jamu 
and 430 MeV jamu passing through various 
thickness targets of mylar (Z ::::; 6.6), Cu 
(Z=29) and Ta (Z=73). From these we 
determine the equilibrium charge state distri
butions. 

Uranium 68 + ions from the LBL Bevalac 
are transported in vacuum through a window
less beam line and pass through targets 
located upstream of the beam 40 magnetic 
spectrometer (Fig. 1). The charge states pro
duced by collisions in the targets are spatially 
separated in the magnets and are detected by 
a position sensitive ionization chamber located 
approximately 10 meters downstream from the 
magnets. At the detector the charge states are 
separated by roughly 1 cm. The convolution of 
the instrumental resolution and the beam 
width is about 0.2 cm (Fig. 2). 

sensitive 
ionization chamber 

, , 
I.. __ ..J 

10 15 

The equilibrium charge state distribu
tions are shown in Fig. 3. These distributions 
were obtained from the data as follows: 
Charge capture and loss cross sections were 
fit 1 to the curves of charge state population 
verses target thickness. The fitted capture and 
loss cross sections were then used to construct 
the equilibrium distributions. 

Fig 3 shows that at 962 MeV jamu the 
average charge state of the uranium ions is 
monotonic with target Z. However, at 430 
MeV jamu the average charge state first rises 
and then falls with increasing target Z. The 
qualitative behavior of the charge state distri
butions can be understood in terms of the 
different energy and target Z dependence of 
the ionization cross section and of the charge 
exchange, and radiative electron capture cross 
sections 2. These will discussed in detail in a 
future paper. 

~=~.==-:::-~=;=;:""=*1 ~ 
- B40Q2A \ 

B40Q2 B "-~ Target Area 

20 

Figure 1. - Schematic diagram of the experimental apparatus 
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Figure 2. - Charge state fractions of 962 
MeV /amu uranium (incident charge state 
68 +) after passing through 7.1 mg / cm 2 of 
mylar. 

We thank Dr. Jose Alonso, Mr. Ismael 
Flores and Mr. Douglas MacDonald for their 
assistance in analyzing the data and in setting 
up the experiment. We are especially grateful 
to the operators and staff of the Bevalac and 
the Super-HILAC whose skill and dedication 
made this experiment possible. This work was 
supported by the Director, Office of Energy 
Research: Office of Basic Energy Sciences, 
Chemical Sciences Division, and Office of 
High Energy and Nuclear Physics, Nuclear 
Science Division, of U.S. Department of 
Energy, under Contract No. DE-AC-03-
76SF00098. 
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equilibrium charge state distributions 
of uranium at 430 Mev/amu 

and 962 Mev/amu in mylar (2", 6.6) 
Cu (2=29) and Ta(2=73) 
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uranium ion charge-

XBL 835-9640 

Figure 3. - Equilibrium charge state dis
tributions 
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The Stopping of 200 GeV Gold Nuclei in Nuclear Emulsions 

C.J. Waddington, P.S. Freier, and D.J. Fixsen 
School of Physics and Astronomy, University of Minnesota, 

Minneapolis, Minnesota 55455 

Abstract. The residual ranges of l~~ Au-nuclei stopping in nuclear emulsions 
has been measured for nuclei with an incident energy of 991 MeV per amu. The 
mean ranges observed are appreciably less than those predicted from measure
ments made on energetic particles of lower charge. However, by considering 
higher order correction terms to the rate of energy loss, good agreement can 
be obtained between the predicted and observed ranges. 

Two small and identical stacks of Ilford G5 nuclear emulsion pellicles have 
been exposed to a beam of gold nuclei, l~~ Au, accelerated by the LBL Bevalac. 
This report describes a determination of the residual ranges of these nuclei 
as they are brought to rest in these stacks, and relates the residual range 
observed for those nuclei that come to rest without making a visible interac
tion to that predicted from measurements made on particles of lower charge. 
In particular, we are interested in whether there is evidence for non Z2 terms 
in the energy loss similar to those reported for Fe and U nuclei. 1

,2 

The emulsions were exposed during a calibration of the HEAO-3 UH-nuclei 
cosmic ray detector 3 to a beam of Au nuclei having a nominal energy of 1063.8 
MeV per amu and an intensity of about 1000 nuclei per dump, spread over an 
area of some 100 cm2 • The energy of the beam was measured by a bending magnet 
after extraction from the Bevalac and after passage through a thin foil to 
ensure that the nuclei were fully stripped, since they were accelerated to a 
rigidity of about 5.7 GV as Z = 61 particles, i.e., with 18 electrons still 
attached. This measurement of the energy is stated to be accurate to 1 MeV 
per amu.~ The beam then passed through a thin scintillator before leaving the 
vacuum through a sailcloth window, traversing a gas-filled MWPC, air and the 
light-tight paper wrapping of the emulsions. A proton with an initial energy 
of 1063.8 MeV would have lost 2.077 MeV while traversing these various mate
rials. Hence a l~~ Au-nucleus, if its energy loss were purely Z2 dependent, 
would have lost (65.8 ± 2.0) MeV per amu and the energy on entry into the 
emulsions would have been (998 ± 2) per amu. . 
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The tracks of Au nuclei were found by 
scanning 1 rom below the top edges of the pelli
cles and then traced back to the top edge and 
down into the emulsions until the nuclei either 
interacted or came to rest. Residual ranges, 
R, were measured on only those tracks that re
mained in a single pellicle. Figure 1 shows 
the distribution between the two mean values, 
as well as wide tails on the distributions • 
This latter "straggling" we attribute mainly to 
unobserved interactions causing relatively 
small changes in Z and/or A. Proton and/or 

Fig. 1. The distribution of range in emulsion 
for ending Au-nuclei; as observed in the ini
tial exposure made shortly after the beam ener
gy determination and in the final exposure made 
at the end of the run. 
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neutron stripping of Au-nuclei could lead to quite large range differences with
out necessarily producing an observable interaction. The observed FWHM of the 
two distributions of 0.4 rom of emulsion, gives standard deviations of 0.17 rom, 
corresponding to an energy spread of ±3 MeV per amu (assuming only Z effects), 
which is thus an upper limit to the energy dispersion in the beam. However, 
the difference between the two exposures, which is about 0.5 rom, i.e., some 
10 MeV per amu, is too small to be due to the imposition of additional detector 
elements in the beam, since it represents an imposition of only 0.16 g cm-2 of 
low Z.absorber. It is possible, but not verifiable, that this difference re
presents a slow drift in the beam energy over the six hours between the energy 
determination, which was closely followed by the initial exposure, and the 
second exposure. We will therefore take the lower value of R, which is from 
the initial exposure, as the value appropriate to the measured energy. 

If we combine the various forms of energy loss that have been described in 
the literature, we can write the rate of energy loss, following Ahlen,s as 

2mc2 S2 2 
[ n -r;- (l-SL) ~ S - s - D + M - B + BR] • J (eq. 1) 

where N is the number of atoms per unit volume in the medium with mean atomic 
number Zm and adjusted ionization potential 1m. Zp is the effective charge of 
the projectile of velocity Sc and m is the mass of the electron. Zp differs 
from the true atomic number of the projectil~, 'Zo, due to the effects of elec
tron pickup and stripping. We have used the semiempirical expression of 
Pierce and Blauer 6 to estimate Zp from Zp = Zo[l - exp(-130S/Z0

2/ 3)]. This 
expression has been found to be a reasonable fit to a wide range of experimen
tal results. s In this experiment changing the exponential constant to 150 
alters Zp by 10% at a S where Zp = Zo/2 and changes the residual range of a 
1000 MeV per amu Au-nucleus by 0.3 rom (see Fig. 2). 

M = G/2 (Zp,S,Im) is the correction for Mott scattering which accounts' for 
the finite size of the charge distribution on the projectile. It has been 
approximated by Ahlen s who included terms in Zp and S up to Zps and S-3. Con
sequently, this approximation is invalid at low velocity. Conventionally it 
has been customary to "turn-off" this correction at a velocity where the uncer
tainties equal the magnitude of the correction. 1 This approach introduces a 
somewhat arbitrary discontinuity into the calculation, which, however, does 
not sensitively affect the range. Thus varying the turn-off energy by 10% 
only changes R by 0.06 mm. In our calculations we have chosen to set the Mott 
correction to a constant when the energy fell to a value where the estimated 
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error in the approximation equals the 
correction itself, E ~ 200 MeV per amu. 
Since the Mott correction term varies 
slowly with energy, ~ 3%/100 MeV per 
amu, fixing its value at the turn-off 
point seems more physically plaUSible 
than turning it off. The reduction in 
calculated range from this approach 
compare~ with turning off the correction 

Fig. 2. The observed mean ranges as a 
function of energy of the incident 
nuclei. Also shown are the predictions 
from successive terms of eq. 1 (see 
text). 
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is 0.33 nun. 

B = f(Zpa/S) is a correction derived by Blocha for the electron binding 
during close collisions. The validity of this correction in the relativistic 
limit is not clear, and Ahlen9 has introduced a further term: BR = C(Zp,s,e, 
A), the relativistic Bloch correction, where e and A are adjustable parameters 
of the theory, and A is of the order of unity and has been set equal to 1 in 
what follows. 

J = F(S ,Zm) is the so-called low velocity correcti,on introduced by Jackson 
and McCarthy.lO . . 

The residual range, R(E) is then given by Ri(E) = f dE/(dE/dx) where (dE/dx) 
is evaluated including each of th~ above terms in turn. Values of Ri(E) 
between 975 and 1000 MeV/amu for 1~~ Au-nuclei are shown in Fig. 2, under the 
following assumptions. 

The Bethe terms are straightforward apart from the selection of the correct 
value for 1m in the nuclear emulsion. A range of values appear in the litera
ture. The majority of these have been calculated from the adjusted ionization 
potentials derived for each element and the assumed composition of nuclear 
emulsions. Depending on the quantities selected, values ~f 1m between 286 eV 
and 323 eV can be obtained. l1 ,12 However, Barkas et al.l3 have used direct 
range measurements of pions and protons with E .;:. 800 MeV to derive a value for 
1m of 323 eVe We have used this value in what follows, but it may be noted 
that the effect on the range of a 1000 MeV per amu Au-nucleus is quite small, 
making R change by 0.62 nun from 38.99 nun to 38.37 nun as 1m is varied from 323 
eV to 286 eVe A further small source of uncertainty comes from the precise 
value of the relative humidity. and thus the density, appropriate to this 
particular exposure. In this case the emulsions were allowed to equilibrate 
with a 50% relative humidity atmosphere before being sealed. The effect on 
the density is to increase it from the nominal 3.828 g/cm 3 by 0.45%, thus de
creasing the range by 0.3%, or ~ 0.11 nun on the 1000 MeV per amu Au-nucleus. 
Since the standard deviation of batch density variations is of the order of 
0.5%,14 we have neglected this effect, but note that density uncertainties 
could produce an error similar to the statistical spread. 

Figure 2 shows that the Bethe range is significantly greater than the 
measured range, and that the addition of the Shell and Zp corrections merely 
reduce the rate of energy loss,dE/dx, over at least some part of the trajec
tory, and hence extend the range, increasing the discrepancy. However, inclu
ding the Mott correction greatly increases dE/dx and leads to a range signifi
cantly less than that measured. Adding the Bloch correction and the minor 
multiplication of the Jackson. term, leads to a range in good agreement with 
the value from the initial exposure. 

The remaining correction is the relativistic Bloch correction. The form 
suggested by Ahlen 9 leads to too high a range. However, the parameter e has 
a major influence on the result. Some plausible values even change the sign 
of the correction. The values of e must lie between ay/S and 1. where a is 
the fine structure constant and y = (1-S2)-~. Ah1en selects the energy inde
pendent value of 0.1 as it is the geometric mean of ay/S and lover the energy 
interval 100 MeV/amu to 750 MeV/amu. In our initial calculation e was taken 
to be the energy dependent geometric mean of ay/S and 1. The difference be
tween these two approaches is only 0.16 mms of range. If e is arbitrarily 
increased or decreased from this geometric mean value by a factor of ~ or e, 
the resulting calculated ranges over a wide band of values which includes 
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both of the measurements (see Fig. 2). 

If the energy loss experienced by the beam before entering the emulsion is 
now re-evaluated using the dE/dx expression up to and including the J term, 
but neglecting BR, the primary energy of the Au-nuclei is reduced by a further 
7.1 MeV/amu to 990.9 ± 3.0 MeV/amu, where the error includes allowance for un
certainties in the thickness of the matter. Both experimental mean range 
values are then in reasonable agreement with the predictions of this energy 
loss expression. It appears unnecessary to invoke any relativistic Bloch 
correction, although such a term, with e reduced by approximately re, could be 
included. . . . . 

We conclude that the range-energy relation of highly charged nuclei with 
S ~ 0.9 can be adequately derived from eq. 1, neglecting the BR term, unlike 
Ahlen and Tarle,2 who do include the BR term. 

Acknowledgments. We are grateful to the staff of the LBL Bevalac for their 
dedicated efforts in achieving the first beam of relativistic gold nuclei, and 
in particular to Hank Crawford for all his interest and guidance. We are also 
grateful to the other members of the HEAD C-3 team for the opportunity to make 
the emulsion exposure. This work was supported by NASA under Contract No. 
NAS8-27977 and by NSF under Grant No. Phy 8119421. 

1M. H• Salamon, S.P. Ahlen, G. Tarl~ and K.C. Crebbin, Phys. Rev. A, 23, 73 
(1981) • 

2 / S.P. Ahlen and G. Tarle, Phys. Rev. Lett. 50, 1110 (1983). 

3W•R• Binns, M.H. Israel, J. Klarmann, W.R. Scarlett, E.C. Stone, and C.J. 
Waddington, Nucl. lnst. Meth. 185, 415 (1981). 

4H• Crawford (private communication). 

5S. p • Ahlen, Rev. Mod. Physics, ~, 121 (1980). 

6T. E• Pierce and M. Bl~nn, Phys. Rev. 173, 390 (1968). 

7W. H• Barkas and M.J. Berger, Nat. Acad. of Sci. Pub. 1133 (1964). 

sF. Bloch, Ann. Phys. Leipzig 16, 285 (1933). 

9 S•p • Ahlen, Phys. Rev. A, 125, 1856.(1982). 

10 J •D. Jackson and R.L. McCarthy, Phys. Rev. B~ ~, 4131 (1972). 

11J.F. Janni, Tech. Rep. No. AFWL-TR-65-l50 (1966). 

12V. Fans, Ann. Rev. Nucl. Sci. 13, 1 (f963). 

13W•H• Barkas and S. von Friesen, Nuovo Cimento 19, 41 (1960). 

14M•M• Shapiro, Handbuch der Physik, XLV, 342 (1958) • 
. ' 

588 



Search for Unstable Superdense Nuclei at the Oubna Synchrophasotron 

A.A. Kuznetsov 

Joint Institute for Nuclear Research. Oubna 

The existence of superdense nuclei has been first predicted in 
papers l }. During the ensuing years attempts have been made to observe this 
effect. A more complete review of experimental results obtained until 1977 
can be found in 2}. 

One of the fields of a search for radioactive superdense nuclei h~s been 
proposed and implemented by A.V. Kulikov and B.M. Pontecorvo3}. Using the 
setup with parameters T > 5 10-3 sand Ee > 45 MeV, they have obtained 
the upper limit of the production cross section for radioactive superdense 
nuclei in pPb interactions. 

Later on the energy threshold of electron detection was decreased in the 
experiments 4). in which bubble chambers were used under special conditions 
and targets were exposed to relativistic nuclei. This technique allowed one 
to detect decay particles of practically any energy. but it did not allow one 
to obtain data in the region T ~ 10-3 s. 

As shown 5). the production of metastable superdense nuclei in nuclear 
reactions can be observed by delayed nucleon radiation. An experimental 
search in this field for the lifetime of metastable states T > 1 s has been 
performed in the experiment6). 

Below we discuss experimental results 7) on a search for superdense 
nuclei unstable to a-decay for a lifetime of 10-8 < T < 10-6 sand 
metastable superdense nuclei decaying with ~o-meson emTssion for a lifetime 
of 10-7-10-1 s. These experiments have been recently carried out at the 
synchrophasotron on beams of carbon relativistic nuclei. The momenta of the 
beam of 12C nuclei extracted from the synchrophasotron were 1.68 and 4.5 
GeV/c per nucleon. A layout of the experiment and a trigger system are 
presented in fig. 1. Curve 4 in fig. 2 qives the upper limit (with a 
confidence level of 90%) of the production cross section for superdense 
nuclei having lifetime and decaying with the emission of electron or 
positron with E > 45 MeV in 12CPb interactions at 4.5 GeV/c per nucleon. 
Curve 5 shows the upper limit (with a confidence level of 90%) of the 
production cross sections for nuclei, unstable to the emission of ~o-mesons 
with a kinetic energy of -50 MeV, in 12CPb interactions for a momentum of 
1.68 GeV/c per nucleon. 

As seen from the figures, the probability of nucleus production having a 
lifetime of 10-8-10-6 s with the emission of electron/positron with Ee 
~ 45 MeV is no larger than 3'10~4 in inelastic CPb interactions and the 
probability of nucleus production having a lifetime of 10-7-10-1 s with 
the emission of ~o-meson does not exceed 6.10-4 in inelastic CPb collisions. 

The data on the observation of superdense nuclei are summarized in the 
table. 

An account of other experiments in the program of the Oubna 
Synchrophasotron is given in Oubna preprint El-83-334. from which this report 
is an extract. 
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I. Introduction - Constituent Quarks, Current Quarks and Partons 

Experimenters have been working very hard on anomalons by studying 
secondary interaction in emulsions. However it is still an open question 
whether this work constitutes convincing evidence that anomalons have any 
connection to the real world. Similarly we can note that theorists have been 
working very hard on supersymme try, supergravi ty, technicolor, grand 
unification, solitons, bags, and composite models for quarks and leptons. 
Here again one can ask where is the convincing evidence tha t these have any 
connection to the real world? So far there is not a single piece of such 
evidence!!! 

Unfortunately the history of the search for multiquark exotics has been 
full of theories which have shown no connection with. ~he real.world. A wild 
goose chase by experimentalists for objects predicted by these theories 
reached its peak in the baryonium fiasco. We therefore begin this discussion 
of multiquark exotics by returning to the real world and seeing what real 
experiments have taught us about hadron structure. We choose models which 
have proved themselves by giving a reasonable description of these 
experimental results and by demonstrating predictive power that can be used to 
investigate the possible existence of multiquark exotics. 

There is now overwhelming experimental evidence that hadrons are made of 
colored quarks bound by interactions with colored gluons. We have every 
reason to believe that the correct theory ~or these interactions is QCD. 
However, we do not know how to calculate the structure and spectrum of hadrons 
with QCD starting from first principles. We therefore have to use 
phenomenological models. 

The first indications that hadrons were composed of quarks came from the 
Constituent-Quark model l in which the hadron spectrum was calculated by the 
assumption that hadrons contained constituent quarks in the same way that 
atoms and nuclei contain constituent electrons and constituent nucleons. The 
deep inelastic lepton scattering data interpreted with the Quark-Parton mode1 2 

provided completely independent evidence for the existence of quarks. In this 
picture hadrons consist of elementary point-like "current" quarks which behave 
like free point particles in deep inelastic scattering. But in addition to 
the valence quarks which give the hadron its spin and flavor quantum numbers, 
each hadron also contains an ocean of. quark-antiquark pairs and gluon 
constituents. 

The Constituent-Quark model and the Quark-Parton model provide 
complementary descriptions of hadrons in different domains of hadron 
physics. In the Quark-Parton model, the properties of quarks are well 
defined. They are point-like current quarks whose electroweak couplings are 
described exactly by the Glashow-Weinberg-Salam standard model. However, the 
way in which these quarks are bound together to make hadrons is completely 
unknown and the model gives no way of determining the hadron wave functions. 
These are determined by experiment and expressed in terms of the conventional 
structure constants, Fl , Fl and F3 • 

In the Constituent-Quark model, on the other hand, the hadron wave 
function is described completely in terms of the constituent quarks. The 
baryons consist of three quarks and nothing else, the mesons consist of a 
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single quark-antiquark pair and nothing else, and the wavefunctions are 
described by various models such as the potential models used in the 
description of charmonium. However, the properties of the quarks themselves 
are completely unknown and not specified by the theory. All that is known are 
the valence quantum numbers which correspond to quantities like electric 
charge and strangeness. These are conserved in strong interactions and must 
add up to give the correct total value for each hadron. But other properties 
such as the quark masses, the quark form factors, and the axial vector 
coupUngs are unknown and cannot be predicted in the framework of this 
model. 

The magnetic moment of a hadron in the Constituent-Quark model is 
completely given in terms of the magnetic moments of the quarks. 3 However 
these quark magnetic moments are not known from first principles. If they are 
assumed to be proportional to the electric charges of the quarks, one can 
write then as Dirac magnetic moments 

... .-!:l!. 
llq M C 

q 
( la) 

where Mq is the quark mass. However the quark mass is not known 

M o=? 
q 

(lb) 

This is the characteristic dilemma of the Constituent Quark model. 
Experimentally measured quantities like hadron magnetic moments are expressed 
in terms of parame ters like the quark masses which are unknown from firs t 
principles. These properties, like the structure functions of the Quark
Parton model, are determined from experiment and relations between different 
experimental quantities are obtained when these unknown quantities can be 
e 1 imina ted. 

There are then two approaches to the problem of baryon magnetic 
moments. One is simply to get relations between baryon moments like the ratio 
of the neutron moment to the proton moment by eliminating the unknown quark 
mass parameters. 4 The other approach is to attempt to determine the quark 
mass parameters from other data on hadrons, namely hadron mass 
splittings. 5 ,6,7 This approach has been surprisingly successful in 
calculating the magnetic moments of the nucleon and the lambda. It has had 
moderate succes·s in the calculation of other hyperon moments, while leaving 
some discrepancies and some open questions. 8 ,9 

The complementary nature of the two models is illustrated by the 
calculation of GA/Gv in the two models. The Constituent-Quark model gives the 
value of GA/GV for the nucleon in terms of unknown quark properties 

. 5 
(GA/GV) I = -3 (GA/GV) k = ? nuc eon quar (2a) 

The best that can be done with this expression is to invert it to give the 
value of GA/Gv for the quark in terms of the measured data for the nucleon. 

3 
(GA/GV)quark = 5 (GA/GV)nucleon (2b) 

In a sense, this relation (2) is complementary to the determination of the 
structure functions FI , F2 and F3 in the Quark-Parton model. In both models 

597 



the experimental data are used to determine the properties of quarks or of 
hadron wave functions which are not given by the model. 

In the Quark-Parton model, the value of GA/Gy for the quark is given as 
unity by the Glashow-Weinberg-Salam standard mode 

(GA/GV) k = I • (3a) quar 

However there is no relation analogous to (2a) because we do not have any 
hadron wavefunctions from first principles. The value of GA/GV for the 
nucleon is not given in the Quark-Parton model 

Adler and Weisberger obtained GA/GV for the nucleon by using PCAC and 
pion-nucleon scattering data. They took from experiment the information about 
hadron wave functions needed to calculate the value GA/GV• In some sense, 
this is analogous to the calculation of baryon magnetic moments in the 
Constituent-Quark model using unknown quark parameters whose values are 
determined from other hadron data, in that case the quark masses determined 
from hadron masses. 

The Quark-Parton model and the Constitutent-Quark model must arise as 
complementary aspects of the same basic theory which hopefully will come from 
QCD. But so far no one has succeeded in obtaining either model from first 
principles using QeD. Gell-Mann has suggested that constituent quarks and 
current quarks are two different descriptions which should be related by some 
kind of uni tary transforma tion. However the search for such a transformation 
has not been very fruitful and it has been very difficult to translate the 
results from one model into the language of the other. 

II. Why Bag Models Fail to Describe Multiquark Exotics 

An intermediate approach between the two models has been provided by the 
various bag models which consider the hadron as consisting of point-like zero
mass current quarks with valence quantum numbers and a bag. In this approach, 
the complications of the ocean of quark-antiquark pairs, gluons, etc. are all 
swept under the rug and into the bag. One might say that in the Constituent
Quark model, these complications are swept into the definition of the 
constituent quarks, with each constituent quark carrying its share of the 
ocean gluons, etc. whereas in the bag model the valence quarks are kept as 
bare current quarks and the additional constituents are all described by the 
degrees of freedom of the bag. Intuitively this seems to be avery attractive 
approach. In practice, however, it has not led to any new insight into hadron 
struc ture. 

The spectroscopy of the low-lying hadrons seems to be adequately 
described by the degrees of freedom of the Constituent-Quark model in which 
each valence quark is "dressed" by its share of gluons and pairs and moves as 
a unit in a manner described by a simple Schr6dinger equation and shows no 
signs of excitation of its internal structure. IO We know that there must be 
other degrees of freedom present in baryons and mesons beyond the three quarks 
and the quark-antiquark pair. In the Constituent-Quark model, these would 
show up as excitations of the constituent quarks. In the Bag model, these 
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would show up as excitations of the bag or as motion of the valence quarks 
relative to the bag. So far no experimental evidence has been found for the 
existence of any of these additional degrees of freedom. All new effects 
predicted by the Bag Model have led to unsuccessful experimental searches with 
negative results, the most striking being the baryonium catastrophe. 

Many years ago, Yoshio Yamaguchi visited the Weizmann Institute from CERN 
and gave a seminar summarizing recent developments there. When he was asked 
whether there had been any thought about the breakdown of QED at small 
distances, he hesitated for a moment then said "No. Many calculations, no 
thought." Unfortunately this seems to characterize most of the work with bag 
models. The main success of the Bag Model is that it has obtained similar 
results to those of the nonrelativistic quark model in a formulation which is 
manifestly relativistic. This perhaps shows that the relativistic corrections 
to the nonrelativistic Quark model are small or are somehow renormalized away 
by the procedure of adjusting phenomenological parameters like constituent 
quark masses to fit experimental data. Such renormalization effects have been 
demonstrated in some simple models. 7 But one would have hoped to get much 
more from the Bag Model. It has taught us no new physics and has not 
succeeded in providing any new predictions to be tested by experiment which 
show the presence of the bag. 

In the case of multiquark exotics, the Bag Model has actually led us 
astray as shown in the case of baryonium. In fact there are two important 
aspects of the phystcs of multiquark systems which are left out in the Bag 
Model. 

1. Correlations. One can expect clustering to occur in multiquark 
systems. It is difficult in the bag framework to describe a system of quarks 
which separates into two or more localized clusters. 

2. The wave nature of hadrons. The bag is semiclassical. A model of a 
neutron with three quarks and a bag cannot describe neutron diffraction or a 
two slit experiment. The constraints on the motion of a bag due to the 
uncertainty principle are not easily included since the bag itself does not 
carry momentum. 

The importance of these two features for multiquark systems is easily 
seen in the case of the description of the deuteron. The phenomenological 
picture of the deuteron in nuclear physics is a state of two nucleons inter
acting with a short range potential and with a tail on the wave function in 
which the nucleons spend a large part of the time outside the range of inter
actions. The wave nature. of the nucleon is essential for the description of 
such a state with the tail of the wave function in the classically forbidden 
region. The question of whether a bound state exists depends upon the 
delicate balance between the potential energy obtained from the short range 
interaction and the kinetic energy required by the uncertainty principle when 
the nucleons are close enough together to feel the effects of the potential. 
In a Bag Model, where the nucleons are three quarks in a bag, it is very 
difficult to describe this kind of physics. One part of the wave function has 
the two bags outside their interaction range. Another part of the wave 
function must have two overlapping bags. A third part of the wave function 
must have all six quarks in the same bag. All these parts of the wave 
function are coherent and quantum effects with relative phases are important. 
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III. Why Multiquark States are Not Bound by Color-Electric Forces 

The simple Constituent-Quark model, with all its difficulties, does 
include a proper treatment of the wave nature of the quarks and of the 
uncertainty principle as well as the possibility of describing states 
consisting of several separated clusters. These seem to be crucial for the 
description of multiquark bound states. We therefore use the Constituent
Quark model with two body potentials as the basis for our further analysis of 
multiquark systems. 

Why are multiquark states considered exotic? If the forces between 
quarks and antiquarks are attractive shouldn't there be bound states with 
larger numbers of quarks than three quarks and a single quark-antiquark 
pair? The first answer to this question can be found in Nambu's old mass 
formula for color singlets. ll Nambu noted long before QCD that a crude mass 
formula could be obtained for a system of n-particles, quarks or antiquarks in 
a color singlet state interacting via the exchange of colored gauge gluons 

(4) 

where mO is a parameter. 

Although Nambu simply called this result a linear mass formula for 
multiquark states, it already suggests that only the quark-antiquark and three 
quark states are stable. For the color singlet states with n=2, and 3, we 
obtain 

M(qq) = 2mO 

M(qqq) = 3m
O 

For the exotic four and five body systems we obtain 

(Sa) 

(5b) 

M(qqqq) = 4mO = 2M(qq) (6a) 

M(qqqqq) = 5m
O 

= M(qqq) + M(qq) (6b) 

All larger states are seen to have sufficient mass to break up into two 
smaller color singlet clusters having the same mass. They will therefore be 
unstable against such breakup in this crude approximation. 

Nambu did not consider the kinetic energies of the quarks nor the spatial 
variation of the potential in deriving his mass formula. He simply took the 
quark masses and a constant value for the two body quark potential independent 
of the spatial wave functions. 

A generalization of Nambu's formula is obtained by taking into account 
the spatial variation of the potential and including kinetic energies. 12 For 
an n-particle system containing both quarks and antiquarks, 

1 V(n) = -
8 

[A A 
o io jO 

(7a) 

where Vij depends on all the noncolor variables of particles i and j and 
AiO(O = 1, ••• , 8) denote the eight generators of SU(3)color acting on a 
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single quark or antiquark 1. This is directly analogous to the "isospin 
exchange interaction" for nucleons of isospin liz interacting by exchanging p 
mesons, 

(7b) 

+ 
where ti is the isospin of particle i and Vii contains the dependence on all 
other degrees of freedom except isospin. If we assume factorization of 
isospin from these other degrees of freedom we can write for any n-particle 
system containing antinucleons and nucleons, 

V [ + + + +] V V(n) == - L t ot - L t ot = -[I(I+l)-nt(t+l)] 
2 all i j Iii 2 (Sa) 

where V is the expect!iion value of Vij integrated over all variables 
isospin, I is the total isospin of the system and t is the isospin of 
particle; 1.e., liz for a nucleon. 

except 
one 

For the colored quark interaction (7a) the interaction energy of an n
particle system can be calculated by the same trick used in Eq. (Sa) to give 

V(n) = Y (C - nc) 
2 

(Sb) 

where V is the expectation of Vij ' integrated over the noncolor variables, C 
is the eigenvalue of the Casimir operator for SU(3)color for the n-particle 
system and c = 4/3 is the eigenvalue for a single quark or antiquark. These 
eigenvalues are directly analogous to the SU(2) Casimir operator eigenvalues 
1(1 + 1) and t( t + 1) in Eq. (Sa). 

The mass of the n-particle state is given by the sum of n times the quark 
mass, the interaction (Sb) and the kinetic energy T. For a color singlet 
state, C = 0 and 

M(n) = nM + V(n)+T = n(M -~) + T 
q q 2 

(9) 

This is just the Nambu formula (4) with an additional kinetic energy term. 
Again we see that there are no bound multiquark states. When two color 
singlet hadrons are brought together eq. (9) shows that their potential energy 
is unchanged. Their kinetic energy must be increased by the localization of 
the two particles as a result of the uncertainty principle. Thus any color 
singlet state of more than four particles will have a larger mass than the two 
color singlet clusters into which it can decay by breakup. 

The factorization of color from the other degrees of freedom assumed in 
deriving eqs. (S) and (9) is automatic for the quark-antiquark and three quark 
systems where the color coupling is unique for a color singlet state. This no 
longer holds for multiquark systems and the possibility exists that states of 
lower mass than that given by eq. (9) could be obtained by introducing 
correlations between color and the other degrees of freedom. These effects 
were first investigated for the (qqqq) system where there are two independent 
couplings to make an overall color singlet. 12 For this system, the 
interaction (7a) is a nontrivial 2 x 2 matrix in color space. It was shown by 
diagonalizing this matrix that there were no exotic bound states fQr well
behaved spin-independent potentials where the criterion for well-behaved 
included all the commonly used potentials like Coulomb, harmonic oscillator, 
Yukawa, etc. 
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The conclusion from this treatment was that color singlet hadrons are 
color-electric neutral objects and behave like neutral atoms. There are no 
strong color-electric forces between color-singlet hadrons. 

IV. Color Magnetic Forces and Color-Spin Exotics 

The color-magnetic forces introduce the possibility of bound states 
produced by,color~spin correlations. 13 A simple picture of a such a bound 
state is seen by examining what happens when two kaons are brought together so 
that the quarks in one kaon can feel the interactions due to the quark
antiquark pair in the other kaon. Our results (8) and (9) show that there is 
essentially no effect from the color-electric forces. This is confirmed by 
the experimental observation that the binding energy of the deuteron is very 
small and there is no evidence for any larger color-electric effects. However 
energies of several hundred MeV are seen to be available from the hyperfine 

* interaction since flipping a spin in either kaon to make a K instead of a 
kaon costs an energy of 400 MeV. 

In the system of two kaons where each kaon is in a spin-zero color 
singlet state, the hyperfine energy within each kaon is minimized while the 
hyperfine interactions between the quark or antiquark in one kaon and the 
quark or antiquark in the other average to zero. However recoupling color and 
spin can gain binding energy from the hyperfine interaction between pairs in 
the two different hadrons at the price of losing energy in the interaction 
between the quark and antiquark in the same kaon. It has been shown that 
there is a net gain in hyperfine energy by recoupling in certain cases and 
that therefore there is a possibility of having bound multiquark 
s ta tes .13,14,15,16 

Jaffe first showed that the lowest multiquark states in the light quark 
sector are "crypto-exotic" and do not have exotic quantum numbers. 13 This 
makes it difficult to prove experimentally that they are indeed four-quark 
states rather than ordinary mesons. However, Jaffe's result was shown to 
break down when there are more than three flavors. l4 In the charm sector the 
lowest-lying four quark state can have exotic quantum numbers if all four 
constituents have different flavors; e.g. (csua). Such exotics would provide 
striking and convincing signatures for multiquark states, but so far none have 
been found. 

For more detailed calculations we use the potential model with the 
interaction (7a) including the spin dependent forces. As discussed above, bag 
model calculations are useless because they cannot treat the effects of 
correlations and of the uncertainty principle applied to the motion of bags in 
any simple way. 

A phenomenological approach was tried in which the parameters of the 
interaction (7a) could all be determined from experiment with a minimum of 
model dependence. ls Consider the case of two mesons (e.g. KR) brought 
together to make a four particle wave function like an a-particle. We assume 
that the change in color-electric energy is negligible and investigate the 
optimum coupling of color and spin to minimize the color magnetic energy. We 
choose a wave function in which the spatial wave function for any pair in the 
four body system is the same as in a meson. The matrix elements of the 
hyperfine interaction are obtained directly from the experimental hyperfine 
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splittings observed in the meson spectrum. 

If such an a-particle-like wave function were shown to have a lower mass 
than two mesons, this would prove the existence of a bound state by the 
variational principle even though the a-particle-like wave function chosen may 
not be the best or the ~orrect wave function. However the results showed that 
the gain in hyperfine pote~tial energy by recoupling spins was not quite 
enough to overcome the kinetic energy required to bring two mesons together, 
thus indicating that the a-particle wave function is not bound. 

V. Can These be Bound Multiquark Clusters? 

The question then arises whether a slightly better wave function might 
give a bound state. However there is no way of getting matrix elements of the 
interaction directly from experimental data for spatial wave functions'
different from those in the mesons. Some model- must be assumed to make 
definite predictions. But it is already clear at this stage that any bound 
state will be barely bound and therefore very close to threshold. The 0 and 
* S scalar mesons are candidates for such bound states of the KR system since 

* they are both very close to KR threshold and the S does not couple strongly 
to two pions. The degeneracy of the isovector state with the isoscalar state 
decoupled from pions arises naturally in the four-quark state of one strange 
and one nonstrange pair. In the quark-antiquark system the degenerate 
isoscalar and isovector states are both nonstrange, like p-w and f-Al and the 
even -G state couples strongly to two pions. 

Weinstein and Isgur tested this idea using a harmonic-oscillator 
potential model because of its ease of calculation. l6 Although this potential 
has peculiar unphysical long range effects,l7 they concluded that their 
calculation was insensitive to these long range properties. They found by 
using a varia tional ca lcula ti'on wi th a large space of trial wave func tions 
that the KR system was the only four-quark system where binding occurred and 
that the wave function resembled the deuteron; i.e. it consisted mainly of two 
quark-antiquark clusters separated by a distance which was larger than the 
size of each cluster. Although their variational trial wave functions 
included a continuum between a-particle-like states and such cluster states, 
the variational principle picked out the states having this clustering 
property. 

Their results can also be expressed in terms of a simple phenomenological 
model for a two meson bound state. 18 Consider a meson-meson scattering 
problem with the hyperfine interaction replaced by a short range effective 
interaction in the two-meson space with a strength inversely proportional to 
the product of the quark masses as indicated by the hyperfine interaction. 
For a square well potential with a range a, the condition for the existence of 
a bound state is 

MV 2,,2 
> -'"-"- (10) 

ml m2 4a 2 

where M is the mass of the meson, ml and m2 are the masses of the constituent 
quarks in the meson, and U is a parameter specifying the strength of the 
potential. Subs ti tu ting cons ti tuent quark masses and experimental meson 
masses into the left hand side of eq. (10) shows a maximum for the case of the 
kaon where the two quarks are an up quark and a strange quark. 
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The physics of this maximum is easily seen. For low-mass mesons like 
pions, the hadron mass in the numerator of the left hand side of eq. (10) is 
too small; i.e. the kinetic energy required to localize a low mass pion in a 
bound state is too large. At high masses like those of charm or bottom 
quarks, the quark masses in the denominator are too large; i.e. the hyperfine 
interaction is too weak to produce a bound state. Without a model to give the 
values of the parameters U and a, we cannot say whether there will be bound 
states. However eq~ (10) shows us that the best place to look for them is in 

* the KR system and supports the idea that the 0 and S scalar mesons are indeed 
four quark states. In this case their binding energy is so low that eq. (10) 
shows that there are no other bound four quark states. 

* How can we test experimentally whether the Sand 0 are indeed four quark 
states? Unfortunately, the (ssuu) system can decay by annihilation of the 
(s;) 'pair into the o~en un and on channels, even if the state is below the 
KR threshold and cannot decay by breakup. For this reason the charmed-strange 
exotic confi~urations (csna) and (cu~a) were suggested 14 as better candidates 
for unambiguous evidence of a four quark structure. These cannot decay by 
annihilation and must be stable against 'strong decays if the breakup channels 
are closed. However, the Weiristein-Isgur calculation16 with the result (10) 
shows that if the KR system is barely bound, the the DK system is unbound and 
might be observed as an exotic resonance but not as a bound state. 

The S* and 0 might be "mini-anomalons" with a shorter mean free path in 
nuclear matter than qq mesons. If they are indeed larger structures looking 
like two mesons separated by a distance large compared to the size of an 
individual meson one would expect that they would be absorbed much more 
quickly in nuclear matter than ordinary qq mesons and that this might be 
detected in experiments on complex nuclei. 18 For example, these mesons going 
through a nucleus could produce a hypernucleus and a kaon 

(O,S*) + (Z,A) + A(Z,A) + KO ( 11a) 

* + (o,S ) + (Z,A) + A(Z-l,A) + K ( 11b) 

The structure of these'mesons might be tested experimentally by comparing 
the A-dependence of their production in nuclei with the production of 
conventional quark-antiquark mesons hav~ng the same decay modes. Consider for 
example, the reactions 

K-+p A + S * +A+n+n ( 12a) + 

K - A (p,f) A+ ( l2b) + p + + + n + n 

-K + p + A + o + A + n + n (13a) 

K - A + p + + A2 + A + n + n ( l3b) 

* In the reaction (12) the nn spectrum should show peaks at masses of the p, S 
* and f. A shorter mean free path in nuclear matter for the S implies a 
* qualitatively different behavior in the A-dependence of the S peak as 

compared with the p and the f. Similarly the A-dependence of the 0 and A2 
peaks in the n,n spectra of the reactions (13) can be compared. 

604 



VI. Conclusions - Are Anomalons Multiquark Exotics? 

So far there is no convincing experimental evidence for any multiquark 
* exotic bound state nor for any exotic resonance. Except for the 0 and S 

there are no candidates for bound states and no firm theoretical predictions 
waiting to be tested. Exotic resonances may exist in the 1.S-2.0 GeV region 
and in the charmed sector, e.g. the charmed-strange exotics. The experimental 
search for multiquark resonances is still open and active. 

All this brings us back to the topic of anomalons and the question of 
whether some kind of multiquark exotic could be responsible for the 
experimental observations reported here. Could a meson bind to a nucleus in 
this kind of deuteron-like state to make an exotic anomalon? One might 
envision a binding of a meson to several nucleons with very short range 
interactions giving additional binding not present in the meson-nucleon 
system. However carrying this point of view further encounters difficulties. 
The long lifetime of anomalons is a serious problem because pions bound to a 
nucleus should be absorbed much too quickly. Similarly the K- bound to a 
nucleus should react to form a hyperon and a pion in a time shorter than the 
observed anomalon lifetime. ,A KT bound to'a nucleus would be stable against 
decays by strong interactions and would have a reasonable lifetime comparable 
to the kaon lifetime. Howev~r there does not seem to be any simple mechanism 
for producing such a bound state. The s-wave K+-nucleon interaction is known 
to be repulsive. However perhaps there are other possibilities. 
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ARE ANOMALONS STILL PROVOCATIVE? 

- A SUMMARY OF THE PRESENT EXPERIMENTAL SITUATION -

Ingvar Otterlund 
Division of Cosmic and Subatomic Physics 

University of Lund 
SOlvegatan 14; S-223 62 LUND, Sweden. 

Abstract: A number of experiments have shown that enlarged cross sections 
exist for projectile fragments which are emitted in relavistic heavy ion colli
sions. The present status of these investigations is reviewed and new detector 
techniques for anomalon search are discussed. Most experiments are compatible 
with an assumption that the anomalon effect is smaller than 3% and appears with
In distances shorter than about 2 cm from the parent reaction. 

Introduction. 
High energy hear; ion reactions are normally described in the spectaror

-participant picture, Fig. 1. Spectators are comparatively cold fragments, 
while the participants may form a fireball of hot hadronic matter. During re
sent years it has been widely speculated if two different exotic channels are 
available via relativistic heavy ion reactions. One speculatiorc has its ori
gin from theoretical studies which suggest that nuclear matter can be heated up 
or compressed to such an extent that the participant system passes a phase tran-

TWO WAYS? 

ANOMALON _ 

NORMAL FRAGMENT @.t7 ;:f7 000 

HADRONIC MATTER 

~ 0 ~ 
QUARK- GLUON MATTER -0 ~ <> 

(J Q ~ 

Fig. 1. Two different exotic chan
nels (quark-gluon matter 
and anomalons) may be avai
lable via relativistic hea
vy ion reactions. 

sition to quark-gluon matter [1,2]. The 
other speculation has its origin from ear
ly experimental observations that a few 
fragments have a mean free path conside-
rably shorter than the value expected from 
simple geometrical considerations [3-7]. 
Here theoretical speculations [8-10] came 
first when the effect was more systemati
cally studied in accelerator based experi
ments [11-13]. The explanation for this 
anomaly was searcherl among quark-gluon ef
fects [8], nuclear physics effects [9] 
and effects originating from quasi-mole
cular states of projectile fragments [10]. 
The name "anomalons" has been given to 
fragments exhibiting anomalously short 
mfp's [14]. 

Since the first anomalon workshop in 
February 1982 many new experiments have 
taken data [15-28]. The new results pre
sented during the workshop, gave however 
a somewhat confusing picture of the mag
nitude of the anomalon effect. 

In this summary I will first reVlew 
different experimental teChniques used 
for anomalon search and thereafter I will 
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approach the experimental data from a new point of Vlew In order to present an 
answer to the question raised above. 

Solid state nuclear track detectors (SSNTDs) for anomalon search. 
Data from experiments using two different techniques (emulsion nuclear 

track detectors and plastic nuclear track detectors) and with different syste
matic errors and methodology were presented at the workshop. Before the pre-
sentation of the results obtained from SSNTDs I give below a short descrip
tion of the two types of experiments. 

Emulsion nuclear track detectors. 

In the anomalon experiments emulsions are exposed parallel to the sur
face. Scanning of the emulsion pellicles involves picking up the entering 
beam nuclei within a few mm from the entrance edge and following along each in~ 
dividual track until it either interacts or leaves the stack. The followed 
track length of the beam nuclei are measured. Different beam nuclei are in 
general used to determine I\~eam' and b in the relationship, eq. (1), between 
the mean free path (mfp), A, and the charge of the nuclei, Z: 

A=I\* Z-b 
beam 

Relativistic projectile fragments (PF's) emitted in the first, second, 
third etc. generation of events'are followed until they either interact or 
leave the stack. For each fragment the charge and the potential path available 
for interaction in the detector or the distance to the interaction, if it in
teracts, are measured. The reduced mfp, 1\*, in each individual path is used 
for the analysis. 

(2) . 
. ·-r 

z 

x is the total distance followed for fragments with charge Z and N is the to
tal number of events observed for all charges. Observations of 1\* < 1\* beam 
at small distances from the parent interactions have been interpreted as Slg-
nals of anomalons [29]. I\b* varies substantially from one experiment to earn 
another. Values from I\te m = 25.1 ± 1.7 cm [13]'to I\b* = 32.4 ± 1.7 cm [12] . a . earn . . . 
have been obtalned. The large fluctuatlons may depend on dlfferent sensltl-
vities of the emulsions used and on different scanning efficiencies. A nor
malized mfp R*, where 

R* = 1\* 
1\* 

beam 

lS therefore more convenient than 1\* for comparlsons between different emul
sion experiments. 

§~~~~i~g~~ff~~i~~~~2_~· 
The probability density for an interaction distance x lS glven by 

(4 ) 

608 



In nuclear track detectors the mfp, 
terms of number densities of target 

A, has a simple physical interpretation In 
nuclei and cross sections,namely: 

rk r1 
A = lL n.G.J 

i= 1 l J_ 

k is the number of different nuciides in the huclear track detector, n· is the 
number of nuclei per unit volume of nuclei iand G. 'is the total reaction cross 

l 
section [30]. 

Scanning in emulsion is not perfect. A reduced efficiency, E < 1, re
sults In a longer mfp, i.e. 

A = AlE (6) 
E 

This may introduce a bias in the results e.g. if primary nuclei and fragments 
are scanned with different efficiencies a small' "anomalon effect" will be obser
ved in the density of interactions for small distances x, from the starting 
points of the scanning. I illustrate this effect in the following unrealistic 
example. 

There are two scanners A and B. B is scanning primaries and unhappy be
cause he (she) does not expect any surprises like anomalons to appear in his 
(her) work. Scanner B has been chosen to-scan tracks of multiply charged frag
ments because he (she) is known to be an excellent-scanner (in fact perfect 
E=l) and he (she) is happy to do something else than boring primary scanning. 

The two scanners follow the same number o_f· tracks of primary nuclei res-
pectively fragments with the same charge. Because of different efficiencies 

dN 
dx 

Fig. 2. 

~--
SCANNER A FINDS 
INTERACTIONS 

------

THERE ARE NOT MANY 
TRACKS FOR SCANNER B 
TO FOLLOW 

x 

There will be an important diffe-

there will be an important diffe
rence in the registration of reac
tions. At long distances scanner 
B does not have many tracks to 
follow because he' (she) has alrea
dy found the events. Scanner A 
on the -other hand still has tracks 
to follow because he (she) is mis
sing interactions (c.f. Fig. 2). 
The ratio of the probability den
sities to find interactions de
pends on x and is given by 

f(x) -1 
[ (E-1 )xII, ] (7 ) 

f (x) 
= E exp 

E 

When Xi':::: A scanner A and B find 
the same number of events. 

rence in the registration of inter- After the data aquisIKonthey 
actions for scanner A and scanner compare the number of found events 
B. At long distances scanner B as a function of the distance, x, 
finds more interactions than followed from the starting points. 
scanner A. Th~ resuit, exhibited in Fig. 3, 
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< lS that scanner B observes an enhancement of interactions when x ~ A. 

In the following I 

dN 
dX 

E=G.8 

~ _ }...=1 
1\(- E 

f(xldx=+e- h dx 

Fig. 3. 

5 
x [em] 

10 

intend to examine the emulsion data presented at this 
and the previous workshop in such a way that nei
ther do I have to normalize to the primaries nor 
do I have to worry about scanning efficiencies. 

Plastic nu~lear track detectors. 

In plastic experiments ~ 600 ~m thick foils 
of CR-39 are radiated perpendicular to the ion 
beam. After etching particle tracks can be ob
served in the foils and the charge can be~measu
red with high resolution at about 600 ~m inter
vals along the path of incident and emitted 
fragments. Due to the threshold for detection 
of relativistic particles only nuclei with char
ges > 7 can be observed [15]. The mean free 
paths in plastic for relativistic beams of 2o Ne , 
40 Ar , 55 Fe and 238 U producing charge changing in
teractions are shown in Fig. 4. The data are 
well represented by the relationships A=A~eamz-b 
and A=A~eamA-c, where band c are constants. 

a. AE increases with de
creasing efficiency, E. 

Only a charge change (6Z~1) can be measured 
and the foil where the charge change tooks place 
can be identified. No other information about 
the reaction is obtainable. The accuracy in de
termining the vertex position of an event is li
mited by the sheet thickness. Tracks shorter 
than 600 ~m (1 foil thickness) can therefore not 
be detected. 

b. Distribution of inter
action distances x for 
different values of E 
calculated for 40Ar 
nuclei. 

20 

10 
9 

E 8 u 
7 EMULSION 

r< 6 A= 30.4 Z-0.44 

5 

4 

3 

2 
5 10 20 

Two plastic experiments were presented by 
W. Heinrich [15] and M. Tincknell [16] respecti
vely. The Siegen-group [15] uses an automatic 

Fig. 4. 

CR - 39 PLASTIC 
CHARGE CHANGING INTERACTIONS 

"\ "" - C f\ = BEAM A 

"\-". z-b 
f\ - BEAM 

50 100 200 

Z.A 
610 

500 

The mean free 
path for charge-· 
changing in
teractions of 
relativistic 
2 ON 40A e, r, 
55 Fe and 238 U 
beam nuclei in 
plastic CR-39 
as a function 
of the charge, 
Z, and the 
mass A. Emul
Slon 

('A=30.4 Z-O.44 
[29]) is shown 
for comparison. 



• 
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track measuring system and has therefore access to a comparatively fast data 
aquisition experiment. The UC-group [16] has slow data taking (like emulsion 
experiments) thus limited statistics but comparatively small systematic errors. 

Two extreme hypothesis for the anomalon effect. 
To obtain some insight as to the nature of the excess of interactions of 

PF's at short distances two different approaches have been presented. One is 
the anomalon decay hypothesis (ADH) suggested by Barber et al. [13]. The other 
is the stable anomalon hypothesis (SAH) suggested by Friedlander et al. [11,29]. 
In both models the probability density for an interaction distance x can be 
written as: 

f(x)dx = [A expt-C(x) + B expt-Sx)] dx 

---- - N OR MAL FRAGMENTS 
- -- THE ANOMALON DECAY HYPOTHESIS 
--THE STABLE ANOMALON HYPOTHESIS 

5 lz 10 15 x [c m] 

Fig. 5. A as a function of the distance x from 

(8 ) 

.with values of A, B, C( and S 
depending on the model. The 

. mfp, A, as a function of the 
distance x from the parent in
teraction is in Fig. 5 shown 
for the different hypothesis. 

The anomalon decay 

5~E~!5~~~~=IE~El~-
In this hypothesis it is 

assumed that a fraction f of 
the fragments are anomalons 
with enhanced cross section, 
0a = m on' c.f. Fig. 6. 0a 
and on are the interaction 
cross sections for anomalons 
and normal fragments respecti
vely and m is the enhancement 
factor. A decay time is intro
duced which determines when 

the parent interactions shown for normal the transition from the anoma
fragments and for fragments produced in Ion state to the normal state 
accordance with the ADHand the SAH. It takes place. This decay time 
is convenient to study correlations bet-corresponds to a decay length 
ween Al = A« £1) and A2 =~(> £2) where of t cm. The probability den
Al and A2 ar; the mean free path in the sity, eq. (8), when f=1, has 
shaded regions respectively. the coefficients: 

(m-1)A + m(m-1)t n 
A = B = 

A (A + ( m-1)t) 
n n 

A +(m-1)t; 
n 

C( = 
A +mt 

n 

A t 
n 

s = 
A 

n 

In a recent experiment [23] where the production of projectile fragments were de
tected when the beam hit a solid target and a diluted target respectively ruled 
out the anomalon decay hypothesis with the values of m = 1.54 and t = 0.85 cm 
given by Barber et al. [13] 
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~~~_~!~~!~_~~~~~!~~_~lE~!~~~i~_i§~l 
This hypothesis is built on the assumtion that a fraction, a, of the 

projectile fragments are anomalons with a mfp A (c.f. Fig. 6). The probabili
ty density, eq. (8), has then the coefficients:

a 

THE ANOMALON DECAY HYPOTHESIS 
~TERACTION 

A~ 
ANOMALON NORMAL FRAGMENT 

INTERACTION 

ANOMALON NORMAL FRAGMENT 

~/W///#A////I////#//#/ff~ 

THE STABLE ANOMALON HYPOTHESIS 
NORMAL FRAGMENT 

NORMAL FRAGMENT 

INTERACTION 

INTERACTION 

( 10) 

When analysing the data 
Friedlander et al. [11] ten
tatively assumed that the ano
malons have a mfp Aa indepen
dent of charge. The best fit 
to the correlation between 
A* and followed distance, x, 
in the LBL - NRC experiment 
[11] gives a = 6% and Aa = 
= 2.5 cm. 

The F-parameter. 
If the anomalon~effect 

has such a large magnitude as 
a = 6% and Aa = 2.5 cm a 
simple strategy would be first 
to hunt a significant enhance
ment of fragments with mfp's 
shorter than normal using on
ly a very rough charge classi
fication and to analyse the 
results in a way which is 
comparatively independent on 
the scanning efficiency. I il
lustrate this using the F-pa
rameter defined as 

F( Z) = = 

Fig. 6. An artist drawing of the 
for anomalon production; 
the SAH. 

A2 = A(X>£2) is the mfp of PF's 
two hypothesis beyond x = £2 and Al = 
the ADH and = A(X ~ £1) is the correspon-

ding value in the first x < £1 
cm. The F-parameter has the 
merit of being rather insen

sitive to scanning efficiency why fluctuations from one experiment to another 
lS expected to be small. The reason lS that Al and A2 are normally measured 
by the same scanner. 

The dependence of F on the fragment charge, Z, estimated from the ADH and 
the SAH are shown in Fig. 7 with £1 = £2 = 2.5 cm. In the calculations I have 
used An estimated from Bradt and Peters cross section formula [31,32]. 
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( 12) 

where AB and AT are the mass numbers of t'he beam (B) and the target (T) nuclei, 
respectively. bo is the overlap parameter and ro is the constant of proportio
nality In the expression for the geometrical nuclear radius r = ro A17 3

• The 

1.6 

1.4 
, , 
rWz/zvza Az (>2.5eml 1.2 

F = .,--:--::--=-~ '---vti!4 ZZZZJZ{() Al (~2,5eml 

1.0 

0.8 

0.6 

o 

---ADH (f=1, (To = 1.54 (Tn ,t= 0,85 em I 
--- SAH (Q=6%, Ao=2,5eml 

5 10 15 
Z 

20 

au 

...... 

25 

Fig. 7. F = 1.. 2/1.. 1 as a function of Z esti
mated for the ADH (f= 1, m= 1 .54, 
t=0.85 cm) and the 8AH (a=6% and 
Aa = 2.5 cm). The hatched boxes 
exemplify the uncertainties if 
the sample of followed fragments 
is divided into charge groups 
without identification within 
the subsample (see the text). 

bo and ro values given in Fig. 1 
ref. [32] are used. The estima
tes for f=1, m=1.54 and t=0.85 cm 
(c.f. Barber et ale [13]) in the 
ADH are shown by the solid curve 

;in Fig. 7. This model gives es
sentially Z-independent F-values 
F ~ 1.18). The dotted curve 
shows the values expected from 
the 8AH using a = 6% and Aa = 2.5 
cm. Because of the assumption 
that Aa is independent on Z this 
model always predicts a decrease 
of F with increasing Z. F lS 

1.3 for He-fragments but only 
1 .06 for Ar-fragments. 

However, to pool informa-
tion for fixed charge Z ~ 3 is 
difficult in emulsion experments. 
One may thus consider F when the 
sample is divided into charge inter-
v~ls Zi ~ Z ~ Zj' 

F(Z. < Z < Z.) = 82Nl/81N2= 
. l - - J 

A(x> )/,2) 1..2 
= -----= 

82(81 ) is the total followed distance of fragments with charge Zi ~ Z < Z· 
. and with observed track paths x > )/,2 (~)/,1). N2 respectivelyN1 are the J 
number of reactions observed. 

-b 
Using the parametrization A=AZ we obtaine the approximative relation 

1..2 
F(Z. < Z < Z.) - -- ~ 

l J Al 

<Z:b(> )/,2» 

-b 
<Z* (~ )/,1» 

( 14) 

where Z* is the charge of the interacting fragments. Observe that F > 1 if 
i # j be2ause the charge spectrum of interacting fragments is changing with 
x resulting in decreasing mean values of Z* with increasing x-values. This 
effect is however small and can be calculated if we know the charge spectrum 
of interacting fragments. The magnitude of this effect is shown in Fig. 7 by 
the hatched boxes for three different charge groups 3 < Z < 8, 9 < Z < 16 and 
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16 < Z < 26. The lower limits of the boxes are calculated from the SAH (a = 6%, 
Aa ~ 2.5 cm) assuming a flat charge spectrum in the charge bin considered. 
The upper limit is the corresponding value assuming a linear decrease of the 
charge spectrum with the constraint that the number of fragments with charge Zi 
1S twice the number of fragments with charge Zj. 

Another alternative 1S to study the correlation between Al (.:£ £1) and 
A2 (> £2). 

Correlations between Al « £1) and A2 (> £2). 
Figure 8 shows Al (.:£ £1 )~"ersus >:; (> £2)~ -In this diagram the diagonal 

Al = A2 is of course available if no anomalons exist. A reduced scanning ef
ficiency (E < 1) results in a movement upwards along the diagonal in comparison 

with the value obtained when 
E = 1. The triangle to the 
right of the diagonal can be 
reached if anomalons exist. 

A1(:S l,) This diagram will be further 
discussed below. 

Fig. 8. Correlations between Al (.:£ £1) 
andA2 (>£2). 

Results. 

~~~~_!~~~_E~!~~_2f_E~2= 
j~~!~~~_f~~g~~~!~· 
In the two plastic experi

ments presented at this work
shop [15,16] beams of 1.85 A 
GeV 40 Ar were used. The re
sults are shown in Table 1 
and Fig. 9. Both experiments 
observe a depression of the 
mean free path in the first 
cm from the parent interac
tion. Tincknell and Price 
[16] found a fraction a = 5% 
of anomalons with a mfp Aa ~ 
1 cm (in plastic) and that 
both even and odd charged 
secondaries exhibited anoma
Ion behaviour. In a plastic 
experiment the UC-group rea
ched a charge resolution of 

Oz = 0.06 and they could rule out explanations of anomalons based on models 
in which anomalons have non integral charge in the charge range 10 < Z < 18 [26]. 
Heinrich et al. [15] obtained a = 1.2 % and Aa = 0.65 cm (in plastic)~ These 
values are smaller than the corresponding values reported from emulsion exper1-
ments at the first anomalon workshop [11-13]. 
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Fig. 9. A plot of R* = ~*/~*calc versus x for data from two plastic 
experiments [15,16]. 

Table I. 
Observations In plastic experiments. 

EXPERIMENT DEPRESSION RANGE Aa [CM] Aa [CM] 
CM a PLASTIC EMULSION*) 

Heinrich 
et al. 0.2 - 1.4 (2.6sD) 1.2% 0.65 0.89 
ref. [ 15] 

Tincknell 
and Price 0.38-1.54 (2.6sD) ~ 5% ~1 ~ 1.4 
ref. [ 16] 

*) When estimating the emulsion values we assume that a mfp of 1 cm 
in CR-39 corresponds to 1.31 cm in emulsion [15]. 
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Table II 
Emulsion data presented at the first anomalon workshop 1982. 

EXPERIMENT 
FRAGMENT # OF FRAG- # ON IN- REF 
CHARGE INTERVAL MENTS TERACTIONS 

LBL 3 < z < 26 2621 730 11 - -

NRC 3 < z < 8 1797 730 11 - -

BUFFALO 4 < z < 26 2100 865 12 - -

MINNESOTA1 ) 3 < Z < 28 2424 <- 634 '13 - -

TOTAL 3 < z < 28 8942 2882 , . - -

1 ) 
Cosmic ray interactions. The median energy lS somewhat over 2 A GeV [13]. 

". 
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The early emulsion experiments (Tab
Ie II and Fig. 10 [11-13]) registrated a 
depression of the PF mfp within distances 
x ~2 cm. Fot x ~ 2 cm the Buffalo [12] 
and Min'nesota [13] experiments did not de
tect different A*-values for projectile 
fragments and beam nuclei. Only the LBL
-NRC [11] experiment exhibits data· points 
below Abeam (dotted line in Fig. 10) when 
x > 2 and such a deviation can well have 
its origin in statistical fluctuations. 
Thus both observations from early emulsion 
experiments [11-13] and 1~om new plastic 
experiments [15,16] point towards an ano
malon effect which mainly appears within 
distances shorter than about 2 cm from 
the parent interaction. Having this in 
mind we look back to the three cosmic ray 
heavy nuclear.cascades [3-5] which initi-

. ated, more than 25 years of speculations 
about the anomalon effect (Fig. 11). There 
are three facts I like to focus our at
tention on. Firstly the incident ener
gies are high ~10 A GeV [5]. Secondly 
the parent interactions have no visible 
target fragmentation (Nh = 0). Thirdly 
the distances between the events in the 
heavy ion cascades (HIC) are ~. 2 cm and 
most of them even smaller than 1 cm (c.f. 
Fig. 11). If these distances were det€r-

Fig. 10. Plots of A* versus x for the 
three emulsion experiments; 
Buffalo [12], Minnesota [13] 
and LBL-NRC [11]. 
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mined by a characteristic decay time for anomalons a complete different picture 
would anpear at 2 A GeV. Depending on the small y-factor the distances between 
the events in a HIC would be very small at Bevalac energies. This has not 
been observed. As an example I show in Fig. 12 a very impressive event observed by 
Heckman and collaborators [33]. This event exhibits multifragmentation of an Fe 
nuclei.1s where all mUltipiy charged fragments but one (He) interact. 

Fe + 0* + C* + 2He* + He + 6p 

2 He* + 2 P 

YEAR 195L. 1956 1957 

INVESTIGATOR A. MILONE [ 3 J. S. TOKUNAGA et 01. [L. J. H. YAGODA [ 5 ] 

ENERGY [5] ~ 9A GeV ""'-" 500A G@V "-/18A GeV 
PARENT Nh=O Nh = 0 Nh=O INTERACTION 

z = 11 0.758 em Z = 14 f\ 0031 ,m Z = 14 0.36 em 

Z = 11 0.654 em Z = 5 0.103 em 
0.795 em 

Z = 13 3.64 em Z = 3, 1.204 em ~ 0.521 em, Z= 2 2.2 em t, Z = 3 
Z = 2 " HEAVY i " 'I 

~; " ~ \1, 

ION ' II, " ~;, 1h III 

,,~ II" IJI" In 

CASCADES 1"1 :1", ,1/:.', \'\ 
,'''1 1"\' 1/ I II' ,\\ Z = 8 2.3 em ,", I'" 11/ ,,' \ 

( HIC ) I:: J ,,\\ I 1/, ,,, ns=3 
/ I I ',' ns=120 n 5 = 9 /11 I,' 

I I / I, I 

Z = 5 1.0 ' ,I em 
ns=6 

Z =3 0.6 em 

ns = 10 !~\ ,"\\ 
Z = 1 ,:10\\\\ 1.8 em 

," \11 \ 
" 11M.' , " ns = 4 

~(WITHIN CASCADE) 1.89 em 0.791 em 0.698 em 

A (GEOMETRY) 13.1 em [ 5] 1L..3 em [ 5] 13.8 em [5 ) 

PROBABILITY 3.7 '10~5 [ 5] 1.9.10- 5 [5 ] 2 .10- 7 [ 5] 

Fig. 11. The three first bbservedcosmlc ray heavy ion cascades. 
Nh = number of charged target fragments; ns = number of 
singly charged relativistic particles. 

The probability for normal nuclei to give rise to large HIC's within 
short distances is small. The probabilities estimated by Yagoda [5] for the 
three cosmic ray events are shown in Fig. 11. 

Unfortunately heavy ion beams at energies ~ 10 AGeV are not yet availab
le. The highest energy at present is 'provided from 3.3 A GeV beams at the JINR 
Dubna synchrophasotron. At this workshop the Cairo'-group (El-Nadi et al. [19]) 
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presented results from an experiment where Z=2 fragments from 3.3 A GeV I2C In-

c (1.5L.em) 

O(O.12em) a OUT 

a ( 8.83 em ) 

111111 

.. 

"~"~:/:':""':" .... .... ... J.,:"": .. 

Fig. 12. A mUlti-interaction event produced by a 56 Fe nucleus at 
1 . 9 A Ge V [33]. 

duced reactions are followed. They claim that the He-fragments exhibit an ano
malon effect which is :::trongly dependent on the destruction of the interacting 
nuclei. However, this experiment still suffers from low statistics dAd the 
observations have to be confirmed with higher statistic experiments. 

At this workshop results from ~ 8000 scanned fragment reactions in emul
SIon were presented (Table III). All together data from ~ 11000 reactions excist. 
Hhen the emulsion data are plotted in a Al (:s. 1 cm) versus A2 (> 2.5 cm) diagram 

618 



Table III 
Emulsion data presented at the second anomalon workshop 1983. 

EXPERIMENT 
FRAGMENT # OF FRAGMENTS 

# OF REF 
CHARGE INTERVAL INTERACTIONS 

LBL 2 < Z < 26 5054 1915 17 - -

NRC Z = 1 2385 1087 22 

ROME 3 < z < 26 1426 936 29 - -

BUFFALO 2 < Z < 4 5539 1030 21 - -

BCJJL 2 < Z < 18 10119 2574 18 - -

TOTAL 1 < Z < 26 2L+523 7542 - -

CAIRO Z = 2 636 280 19 

MARBURG z = 2 246 24 

TOTAL NUMBER OF EMULSION INTERACTIONS 
10950 AVAILABLE FOR ANOMALON SEARCH 

the different experiments exhibit good agreement between each other and all data 
points except one fallon the anomalon side of the diagram (Fig. 13). 

In order to get some idea about the magnitude of the anomalon effect I 
show in Fig. 13 calculations using the SAH with Aa = 1 cm and a = 1%, 2% and 
3% respectively. Because of the assumption tBat Aa is independent of Z the 
deviations of the calculated curves from the diagonal decrease with decreasing 
A2 values i.e. with increasing Z. The experimental data exhibit a slightly dif
ferent trend with deviations from the diagonal which are more weakly dependent 
on Z than the calculated curves. This may indicate that eventually existing 
anomalons produced in accordance with the SAH have a mean free path Aa which 
depends on Z. Most (Al,A2) values are compatible with an assumption that the 
anomalon effect is smaller than 3%. 

Topological correia tions. 
A natural next step of anomalon studies is to investigate what correla

tions exist between the characteristics of the events in which anomalons are 
produced and to compare with corresponding correlations in events without ano
malon production. Also correlations between the properties of primary and se
condary events as well as correlations between production and interaction 
events from the heavy ion cascades are of interest. Both the Marburg group [20] 
and the LBL-group [25] are stUdying such correlations. Especially they study 
the forward (F) - backward (B) asymmetry, A, of charged target fragments. 

A = (F-B)/(F+B) ( 16 ) 
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A promising ,detector 
technique to study topologi
cal correlations isa combi
ned plastic-emulsion detector, 
Fig. J4 [34]. The incident 
beam nuclei hit the detector 
perpendicular to the plastic 
foils: The charge (Z > 7) of 
primary nuclei and fragments 
are determined using the 
plastic foils. The (Y,Z) co
ordinates of-the tracks of In
cident and outgoing nuclei 
when an interaction occurs 
in an emulsion pellicle are 
measured in the plastic foils 
(c.f. Fig. 14 b). With this 
information the reaction can 
easily be found in the emul
sion, the vertex determined 
and the characteristics of 

Fig. 13. )"1 (~ 1 cm) versus 1..2 (> 2.5 cm for 
emulsion experimehts. 

the event studied. This com
binedplastic-emulsion detec
tor therefore has comparati
vely fast data aquision (plas
'tic, Siegen), excellent char
ge resolution (plastic), ex-

A LBL old data [ 29] ( 3.::;.z.::;.8 ) , (9'::;'Z'::;'16) , ( n,::;,z'::;'26) 

/I, LBL new data [ n] ( Z=2 ) , ( 3.::;.z.::;.8 ) , (9'::;'Z'::;'16) , ( n,::;,z'::;'26) 

0 NRC old data [ 29] (3.::;.z.::;.8) 

• NRC new data [ 22] ( Z= 1 ) , 

0 BCJJL [ 18] ( Z=2 ) , (3'::;'Z'::;'5) , (6'::;'Z'::;'9), (1O'::;'Z'::;'18) 

• ROME [ 28] ( 3'::;'Z'::;'5) , (6.::;.z.::;.8) , (10'::;'Z'::;'26) 

+ BUFFALO [ 21] ( Z=2 ) , 

<> MINNESOTA [ 13] (2.::;.z.::;.8) , ( 9'::;'Z'::;'16) , ( n,::;,z'::;'28) 

* UC (Plastic) [ 16] (ll'::;'Z.::;.n) 

cellent vertex localization (emulsion) and provides visible events (emulsion) . 
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Fig. 14. A comb{ned plastic-emulsion detector has fast data aquisit-'tw\\ 
excellent charge resolution, excellent vertex localization and 

. provides visible events. 

Other metohds for anomalon search. 

Radioactive methods. 

A method using a radiochemical approach to the investigation -of the sta
bility of projectile fragments from relativistic heavy ion collisions were pre
sented by E.M.Friedlander [35]. - In this experiment two ~dentical Cu disks, 
1 cm thick and 8 cm in diameter are exposed 'in pairs to heavy ion beams. Two 
configurations are used: 

i) in close contact, and 
ii) separated by 10 cm of alr. 

After exposure, spectra of the induced gamma activities are measured. A 
" . 24 ... speclal attentlon to the productlon of Na are made because thls lsotope lS 

produced with a sizab\~ cross-section only by hadrons and projectile fragments 
above ~ 1 A GeV which are well collimated forward. 

The ratio: 

Q = R1/R2 • 

is studied. R1 and R2 are the ratios of initiated activities (after correction 
for 24Na decay) in the two geome~rical configurations of the Cu disk pairs. 
The experiment is sensitive in principle, to the presence of stable anomalons 
but its main aim is to test the ADH. 
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A new type of detector vrhich measures charge changing cross sections of 
fragments produced in relativistic heavy ion collisions has been developed at 
LBL [36,37]. An artist drawing of such a device is shown in Fig. 15 a-b. 

NOT TO SCALE! - -3mm 
~ -- --- ---- - - - -

-
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II ~i', - - - _ _ 111\ 
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°z~O.25 

FRONT VIEW 

Fig. 15. An artist drawing of a segmen
ted Cerenkov Detector. 
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MEANS THAT SIGNALS FROM 
PROTONS AND ALPHAPARTICLES 
ARE STRONGLY SUPPRESSED 

o 2 4 6 8 DEGREES 

Thin (3 mm) Lucite plates are used. 
Each of these provides an indepen
dent measurement of the fragment 
charge. The Cerenkov light emitted 
is by multiple internal total reflec
tion at the surface of the plate 
transported to the photomultiplier 
tube which then measures the inten
sity of the signal. At relativistic 
energies, the intensity of the radia-

• • . 2 tlon produced lS proportlonal to Z , 
allowing a direct measurement of the 
fragment charge. Not many of the 
nuclear products from the target nuc
leus contributes to the Cerenkov 
light intensity because most of 
these fragments have energies below 
the Cerenkov threshold of ~ 310 A MeV. 

In paper 14, J.P. Dufour et al. 
[36], present a Cerenkov detector for 
measurement of fragment interaction 
cross sections. This detector pro
vides excellent directional selection 
as shown in Fig. 16. Energetic light 
ions like p and a are emitted vrith 
typically a few degree angle relati
ve to the incident ion, why most of 
the Cerenkov light from them will be 

strongly suppressed. In this 
experiment fragments with z~18 
will be registrated and the 
charge resolution is expected 
to be aZ = 0.25. One intends 
to use 50 3 mm radiators why 
the mean free path for secon
dary fragments in the range in
terval 1-13 cm can be measu
red. In a shorter range inter
val also tertiary fragments 
are going to be registrated. 
If the detector is successful 
and the anomalons present the 
device will be used as a fil
ter for more specific studies 

Fig. 16. The intensity of the Cerenkov light 
as a function of the emission angle. 
The beam is perpendicular to the sur
face of the radiation paddle [36]. 

of anomalons with the HISS-spec
trometer. 

J.D. Stevenson et al. [37] 
present in Paper 15 a very Sl-
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Active multitarget detectors. 

milar experiment. The feeble 
Cerenkov light output has here 
been increased by using .lave 
lengths shifter paddles. There
fore they can extend intensity 
measurements to lower wavelength 
and thereby increase the signal 
(c.f. Fig. 17) and reach a charge 
resolution of Oz i 0.15. Thus 
this experiment differ from the 
previous one by better charge 
resolution but the directional 
selection of the Cerenkov ligh~ 
has been lost. 

Great technical developments have made solid state detectors to a maJor 
instrument in high energy physics. For example an assembly of thin silicon de
vices as multitarget has been successfully used in studying charrr, particle de
cay (e.g. D-mesons) [38]. In Paper 16 M. Enorini et al [39] suggest to use sub
sequent active targets in order to trigger on reinteraction of produced fragments. 
The experimental apparatus is composed by three identical silicon solid state 
targets, each 2 mm thick. Their relative distance can be continously varied from 
~ 1 cm to ~ 15 cm. The sign of an interaction in the first silicon solid state 
target is performed by comparing the released energy with the expected energy 
loss of the incident ion. Each target is followed by an assembly of microstrip 
chambers. They detect the emitted fragments and measure their charges. The 
presence of anomalons among the fragments give rise to an overproduction of se
condary interactions. To trigger on successive interactions of the fragments 
when an interaction in the first target occurs, would evidenciate the existence 
of anomalons. 

Conclusions. 
The experimental data are not yet conclusive enough to finally establish 

that anomalons exist. The anomalons are still provocative and the effect has 
not gone away. The anomalon effect appears for distances smaller than 2 cm and 
the effect is less than 3 %. 

Homework for the third anomalon workshop. 
Fig. 18 shows charge and x-ranges where different detectors may be the 

best for anomalon search at the present time. For the emulsion work the follow
lng suggestion can be given: 

i) Study fragments with Z ~ 7. 
ii) Study the range interval x < 2 cm in detail. In the first mm from 

the parent reactions corrections must be done for the background of 
interactions induced by hadrons emitted from the incident nuclei 
[ 18]. 
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Fig. 18. Z- and x-ranges, where different 
detectors for anomalon search 
may be the best at the present 
time. 

Acknowledgements. 

iii) 

iv) 

v) 

vi) 

vii) 

Study the topology of inter
actions in the range 0-2 cm 
and compare with interactions 
in range intervals where no 
anomalons are expected. 
Study the anomalon effect in 
single- and multi-fragment 
events separately i.e. in 
events where NF = 1, NF = 2 
and NF > 2. NF is the number 
of fragments with Z > 2. 
Study HIC's and correlations 
in HIC's. 
Beams of O(C) and Fe(Ar) still 
seems to be the best to use. 
It is important to compare 
observations of the anomalon 
effect at Bevalac energies 
with observations at Dubna 
(synchrophasotron) energies. 
Pool all data at LBL 
(H.H. Heckman's group) for a 
worldwide evaluation. 

Helpful discussions with E. Friedlander, H.H. Heckman, B. Jakobsson, W.Heinrich, 
S. Lokanathan, Y. Prakash, E. Stenlund and J. Symons are gratefully acknowled-
ged. Special thanks go to G. Baroni, P.B. Freier, P.L. Jain, B. Judec, 
J. Karant, B. Price, M. Tincknell and C.J. Waddington for providing me with 
their data. 
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IMPRESSIONS OF THE MEETING 

Alfred S. Goldhaber 
Institute for Theoretical Physics 

State University of New York 
Stony Brook, New York 11794 

I want to touch on some of the pleasant and rewarding 
aspects as well as some of the lessons and projects suggested 
by this meeting. Compared with the first workshop I attended 
ten years ag~, the feeling of progress is overwhelmingly 
satisfying. There is a large, enthusiastic, spontaneously 
generated and international attendance, while in 1973 the much 
smaller assembly was just as eager, but mainly local or 
specially invited. The quality of the lectures has been almost 
uniformly high, and reflects a striking maturity for a field so 
new. 

It has been delightful to meet and talk with so many 
interesting people about many different topics. The main thing 
that has been missing is enough time for these conversations, or 
for small-group working sessions. This has become a standard 
disease of meetings, and I would urge organizers of future 
conclaves to plan no more than 50% of regular meeting time for 
plenary sessions, e.g., mornings only. It is important to 
convey to sponsoring agencies the value of this kind of 
breathing space as a stimulus to new research, especially when 
the biggest single expense of the occasion is for travel of the 
participants. The formal lectures have a rightful place, mainly 
for education, but everyone knows that the real work goes on in 
the corridors outside the lecture hall. 

The experimental reports were notable for physics content, 
but also for the new level of technical sophistication, which 
has made possible far more refined analyses than with earlier 
generations of detectors. We are seeing at Bevalac something 
very close to the ideal of identifying and measuring the 
momentum of every particle coming out of a complex 
nucleus-nucleus interaction. The plastic ball-wall detector may 
be the newest to come on line, but work with the streamer 
chamber also shows increased maturity. 

Plastic ball results indicate that when a projectile strikes 
a target, if projectile remnants are knocked to the right, then 
target remnants are knocked to the left, even though one 
believes that the two sorts of remnant never touched each other 
directly. We may still hope to learn from the data already 
obtained whether this anticorrelation of recoil direction is a 
purely geometrical effect, or if the fragments are really 
communicating with each other by some kind of pulse through the 
nuclear medium which separates them. 
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The streamer chamber results on pion multiplicities have been 
applied most ingeniously to deduce how well nuclear matter is 
able to resist compression, since cascade models imply too many 
pions. and the observed deficit may be explained by energy 
stored in compression. This result deserves further 
examination, but the agreement with the incompressibility 
coefficient obtained in other ways is surely encouraging. 

Both plastic ball and streamer chamber results suggest that, 
for bombarding energies of 1 AGeV or less, nuclei bigger than 
calcium stop each other in central collisions. I hope and 
believe that's true, since stopping at much higher energies 
would be necessary to attain compressions and energy densities 
dramatically greater than those of normal nuclei. It would be 
interesting to know just how closely comparable definitions of 
stopping can be made with these two different observational 
techniques, as well as with others. Even at the moment we can 
congratulate ourselves on being able to take for granted the 
ability to make reliable triggers for central collisions, 
something which seemed very much in doubt only a few years ago. 

Another area in which there has been remarkable progress is 
the study of nuclear response to energy deposited in various 
ways. One needn't be surprised that a large projectile can 
cause breakup of a target'into small pieces, but the same thing 
can also be accomplished' by a single energetic proton. The main 
wish one could express for· future observations of this type 
would be elaboration from the present, typically inclusive, 
measurements to ones in which most or all fragments are seen 
simultaneously. That's the way to pin down otherwise unfettered 
theoretical speculations, as is already happening with data from 
the Beva1ac facilities. Low-density critical phenomena should 
manifest themselves unambiguously in such mu1tipartic1e 
observations--or else be ruled out altogether. 

The maturity of theoretical discussions is keeping pace with 
that of experiment; possibly too much so. While attractive and 
even compelling ideas were advanced about reactions not yet 
accessible to laboratory study, I missed hearing about 
comparisons of the new, ~efined data with equally refined 
theories. With that one quibble out of the way, let me say how 
pleasant it was to learn that theorists have a coherent and 
plausible view of phenomena which may occur in nuclear 
collisions beyond, even far beyond, the Beva1ac range. While 
these ideas may be utterly wrong, they provide a helpful 
framework for thinking about future experimental programs. Many 
of the discussions represent elaborations of thoughts expressed 
some years ago, and it is comforting to see that these concepts 
survive the more searching and precise investigations reported 
here. 

There are two parameters which might be changed dramatically 
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in "macroscopic" volumes of space-time, by high energy 
collisions between large nuclei. The first is energy density. 
This could be made very large when two highly Lorentz-contracted 
nuclei pass through each other in opposite directions, 
depositing several Gev/fm~over a wide range of rapidity. 
Because spatial dimensions are large in the directions 
perpendicular to the collision axi~, the dominant direction of 
the ensuing expansion is along the axis, leading to a dynamics 
(hydro~ or otherwise) in one space dimension. The constraints 
of energy and momentum conservatiQn, and of relativistic 
invariance, are enough to determine the result very simply. 
given the equation of state for the expanding e~cited matter. 
The big remaining issue has to do with what if any 
characteristics of the particles we eventually observe will be 
symptoms of the nature of the m~tte~ first produced. So far 
I haven't seen convincing proposals to resolve this issue. 

The second parameter which could be enhanced is baryon 
density. There seems to be agreement that, while such 
enhancement could be achieved in super fast collisions, by 
compression of the target alone, a comparable or even greater 
enhancement could come from collision at the largest velocity 
for which projectile and target still stop each other in the 
center of mass frame. An energy 6f 10 AGeV for a beam on a 
stationary target has been suggested for this. I believe that 
evidence from stopping of fast protons by large nuclei indicates 
an even higher value, above 50 AGeV. In any case, this region 
would be important to explore, a~d the properties of the 
resulting dense matter are a fascinating subject for further 
thought. 

The first and last word here is ANOMALON, and I want to say a 
bit about the subject. Assuming there are such objects, the 
honest theorist's duty is to find the most conservative 
explanation, going farther afield only if absolutely necessary. 
Therefore, unusual, long-lived configurations of nucleons are 
the first choice. I was glad to hear.that such configurations 
are conceivable, and hope to learn in the future of more 
complete studies which could rule this conservative explanation 
in or out. Of course, I have a vested interest in the failure of 
the nucleon picture, but the truth is what really matters, and 
if nucleons can do such remarkable things, we shall all be glad 
to know about it. .. 

My other comment here .is experimental, and perhaps 
complementary to Otterlund's beautiful analysis of the current 
situation and best plan for pinning things down. It could be 
valuable to re-examine a possibility which appeared to be 
excluded by the original Berkeley-Ottawa data, namely, that 
anomalons are longlived but delicate systems, which can break up 
either by spontaneous decay or from the stimulus of a gentle 
collision with a target nucleus. This means that secondary 
interactions of such fragments would include a higher proportion 
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of unexcited or minimally excited target nuclei than for normal 
projectiles, but would not involve much larger interaction radii 
than normal. We need to know if such a descripti9n of the 
anomalon is definitely inconsistent with data which demonstrate 
the existence of the anomalon. If it were consistent, then the 
object would still be remarkable, but a bit less so; 

In short, my strongest impression is that we have reason to 
be most impressed by what has been accomplished and what is in 
prospect for studies of nuclear collisions. I thank the 
organizers of this meeting for their hospitality, and their 
extraordinary efficiency in taking care of every practical 
aspect. This work was supported in part by the National Science 
Foundation. 

630 



LIST OF PARTICIPANTS 

Shahri ar Abachi 
Lawrence Berkeley Laboratory 

Kjell Aleklatt 
Studsvik Science Research Lab. 

Regis P. Babinet 
LNS/SACLAY 

O. E. Badawi 
Cairo University 

E. Barasch 
UC Davi s 

G;ustina A. Baroni 
Un;versita di Roma 

Gordon A. Baym 
University of Illinois 

Dana Beavis 
UC Riverside 

James R. Beene 
Oak Ridge National Laboratory 

Curtis E. Bemis, Jr. 
Oak Ridge National Laboratory 

Robert W. Birge 
Lawrence Berkeley Laboratory 

Rudolf M. Bock 
GSI, Darmstadt 

A. Bodek 
University of Rochester 

Arnold Bodmer 
Argonne/U. of Illinois at Chicago 

Harold Britt 
Los Alamos National Laboratory 

Robert Brockmann 
LBL/GSI 

Alfons Cape 11 a 
L.P.T.H.E. ORSAY (France) 

Jim B. Carroll 
Lawrence Berkeley Laboratory 

631 

Arthur S. Cary 
California Polytechnic State Univ. 

Ronald Cassou 
University of San Francisco 

Carlos M. Castaneda 
UC Davis 

Leonardo Castillejo 
University College, London 

Joseph Cerny 
Lawrence Berkeley Laboratory 

Aaron Chacon 
Lawrence Berkeley Laboratory 

George Chapline 
Lawrence Livermore Laboratory 

Chellis Chasman 
Brookhaven National Laboratory 

Shu-Yuan Chu 
UC Riverside 

Hank Crawford 
Lawrence Berkeley Laboratory 

Laszlo P. Csernai 
Central Research Institute 

for Physics, Budapest 

A. Dacal 
Universidad de Mexico 

Janis M. Dairiki 
Lawrence Berkeley Laboratory 

Arnon Dar 
Technion-Israel 

Institute of Technology 

Subal Das Gupta 
McGill University 

Ferenc Dea'k 
Eotvos Loraud University, Budapest 

Ivo Derado 
Max-Planck-Institut 

fur Physik, Munchen 



Carleton E. Detar 
University of Utah 

Philip A. Deutchman 
University of Idaho 

Hartmut Deyda . 
Bundesministerium fur Forschung 

und Technologie, W. Germany 

Jean-Pierre Dufour 
Lawrence Berkeley Laboratory 

Mohamed El Sayed El-Nagdy 
State Univ. of New York at Buffalo 

F. L. Fabbri 
INFN, Frascati 

Kenneth A. Frankel 

' .. " 

Lawrence Berkeley Laboratory 

Svarker Fredricksson 
Royal Tech., Stockholm 

Phillis S. Freier 
University of Minnesota. 

Erwin Friedlander 
Lawrence Berkeley Laboratory 

Eberhard R. Ganssauge 
Philipps-Universitat Marburg 

Jean-Francios Gilot 
Louisiana State University 

Norman Glendenning 
Lawrence Berkeley Laboratory 

A. S. Goldhaber 
SUNY, Stony Brook 

Jean Gosset 
DPhN/ME - CEN de SAC LAY 

Harvey A. Gould 
Lawrence Berkeley Laboratory 

Douglas Greiner 
Lawrence Berkeley Laboratory 

Eckart Grosse 
GSI, Darmstadt 

632 

Jean-Yves Grossiord 
Inst. de Physique Nuclealre 

de Lyon 

Charles R. Gruhn 
Lawrence Berkeley Laboratory 

Hermann A. Grunder 
Lawrence Berkeley Laboratory 

Shi-Lun Guo 
Lawrence Berkeley Laboratory 

Hans Gustafsson 
Lawrence Berkeley Laboratory 

Hans Gutbrod 
GSI/LBL 

Mik16sGyulassy 
Lawrence Berkeley Laboratory 

Hideki Hamagaki 
INS/LBL University of Tokyo 

Ole Hansen 
Brookhaven National Laboratory 

John W. Harris 
GSI/LBL 

Richard Harris 
Tri-Valley Herald, Livermore 

Osamu Hashimoto 
INS/LBL 

Harry Heckman 
Lawrence Berkeley Laboratory 

Wolfgang Heinrich 
University of Siegen 

David Hendrie 
DOE/LBL 

Richard P. Henke 
University of San Francisco 

Andrew S. Hirsch 
Purdue University 

Tom Humanic 
Lawrence Berkeley Laboratory 



• 

John E. Huth 
Lawrence Berkeley Laboratory 

Rudolph C. Hwa 
University of Oregon 

George Igo 
UC Los Angeles 

Junsuke Iwai 
University of Washington 

P. L. Jain 
SUNY, Buffalo 

Bo I. Jakobsson 
University of Lund 

Barbara Judek 
National Res. Council of Canada 

Joseph I. Kapusta 
University of Minnesota 

Yasha Karant 
Lawrence Berkeley Laboratory 

Declan Keane 
UC Riverside 

Bi 11 Keirstead 
LBL/Stanford 

Adam Kiss 
Eotvos University, Budapest 

W. J. Knox 
UC Davis 

James J. Kolata 
University of Notre Dame 

Hans-Joachim Korner 
Technischen, Universitat Munchen 

Robert H. Kraus, Jr. 
Oregon State University 

Gary Krebs 
LSU/LBL 

Jutta Kunz 
Los Alamos National Laboratory 

633 

Robert G. Legrain 
C.E.N. SAC LAY 

Michael J. LeVine 
Brookhaven National Laboratory 

Alan Ling 
UC Los Angeles 

Harry J. Lipkin 
Weizmann Institute 

S. Lokanathan 
University of Rajasthan 

Roselyne Lombard 
C.E.N. SACLAY 

Bernhard Ludewigt 
GSI/LBL 

Thomas W. Ludlam 
Brookhaven National Laboratory 

Uli Lynen 
GSI-Darmstadt 

Malcolm Mac Gregor 
Lawrence Livermore Laboratory 

Prof. Richard Madey 
Kent State University 

Michael Maier 
Lawrence Berkeley Laboratory 

Howard Matis 
Los Alamos National Laboratory 

Tetsuo Matsui 
Lawrence Berkeley Laboratory 

J. B. McGrory 
ORNL/DOE 

William C. Mc Harris 
Michigan State University 

Aram Mekjian 
Rutgers University 

Curtis A. Meyer 
UC Berkeley 



Donald H. Miller 
Northwestern University 

Jack Mi 11 er 
Lawrence Berkeley Laboratory 

Don L. Murphy 
Lawrence Berkeley Laboratory 

Martin J. Murphy 
University of Washington 

Wi 11 i am O. Myers 
Lawrence Berkeley Laboratory 

Kozi Nakai 
University of Tokyo 

Cornelius C. Noack 
University of Bremen 

Grazyna Odyniec 
Lawrence Berkeley Laboratory 

Shigemi Ohta 
University of Tokyo 

Douglas Olson 
Lawrence Berkeley Laboratory 

M. K. Orlowski 
Purdue University 

Maria-Esther Ortiz 
University of Mexico 

Ingvar K. N. Otterlund 
University of Lund 

Marie Jose Parizet 
Clermont-Ferrand 

Thomas A. Parnell 
Marshall Space Flight Center 

Victor Perez-Mendez 
Lawrence Berkeley Laboratory 

Franz Plasil 
Oak Ridge National Laboratory 

Norbert T. Porile 
Purdue University 

634 

Arthur M. Poskanzer 
Lawrence Berkeley Laboratory 

Yog Prakash 
Jammu University 

P. Buford Price 
UC Berkeley 

Howel G. Pugh 
Lawrence Berkeley Laboratory 

Johann Rafelski 
Frankfurt and CERN . 

Wolfgang Rauch 
GSI/LBL 

John Rasmussen 
Lawrence Berkeley Laboratory 

Martin Redlich 
Lawrence Berkeley Laboratory 

E. A. Remler 
College of William and Mary 

Tim Renner 
Lawrence Berkeley Laboratory 

Robert Richard 
UC Los Angeles 

Hans George Ritter 
GSI Oarmstadt/LBL 

Guy R. Roche 
Universite de Clermont 

Wi 11 i am T. Romo 
Carleton University 

John G. Rushbrooke 
Cambridge University 

Y. Ruuskanen 
University of Jyvaskyla 

Michael Salamon 
UC Berkeley 

Rudolf Saly 
Carleton University 



Andres Sandoval 
GSI/LBL 

Ro If Scharenberg 
Purdue University 

Lee S. Schroeder 
Lawrence Berkeley Laboratory,-

Bernd Schuermann 
Technischen, Universitit M~nchen 

David K. Scott 
Michigan State University 

R. Sek i 
California State University 

Zo 1 tan Seres 
Central Research Inst. 

for Phys., Budapest 

Dan Shapira 
Oak Ridge National Laboratory 

Gordon Shaw 
UC Irvine 

Yoshijiro Shida 
INS University of Tokyo 

Asher Shor 
LBL/UCLA 

Radhey Shyam 
GSI, Darmstadt 

Philip J. Siemens 
Texas A & M University 

Rein Silberberg 
Naval Research Laboratory 

Helmuth Spieler 
Lawrence Berkeley Laboratory 

C. Frederick Stanland 
Lawrence Berkeley Laboratory 

Evert A. Stenlund 
CERN 

John D. Stevenson 
UC Berkeley 

635 

Robert Stokstad 
Lawrence Berkeley Laboratory 

Daniel Strottman 
Los Alamos National Laboratory 

Uday P. Sukhatme 
University bf I11inois at Chicago 

John Sullivan 
Texas A & M University 

Hiroyuki Sumiyoshi 
University of Tokyo 

T. J. M. Symons 
Lawrence Berkeley Laboratory 

Yoshiyuki Takahashi 
Louisiana State University 

Y. C. Tang 
University of Minnesota 

Craig E. Thorn 
Brookhaven National Laboratory 

Mark L. Tincknell 
UC Berkeley 

Lawrence W. Townsend 
NASA Langley Research Center 

C. C. Trail 
Brook lyn Co 11 ege 

Wolfgang Trautmann 
Brookhaven National Laboratory 

Jean Girard 
Lawrence Berkeley Laboratory 

James P. Vary 
Iowa State University 

C. Jake Waddington 
University of Minnesota 

Peter J. S. Watson 
S.I.N., Switzerland 

Harvey E. Wegner 
Brookhaven National Laboratory 



Gary Westfall 
Michigan State University 

Gary White 
Texas A & M University 

Howard Wieman 
GSI/LBL 

Kevin Wolf 
Texas A & M University 

Mervyn Wong 
Lawrence Berkeley Laboratory 

636 

Gordon J. Wozniak 
Lawrence Berkeley Laboratory 

Craig Wuest 
UC Irvine 

Glenn R. Young 
Oak Ridge National Laboratory 

John C. Young 
California State University, Chico 

Michael S. Zisman 
Lawrence Berkeley Laboratory 

GPO 787-116;;04 



This report was done with support from the 
Department of Energy. Any conclusions or opinions 
expressed in this report represent solely those of the 
author(s) and not necessarily those of The Regents of 
the University of California, the Lawrence Berkeley 
Laboratory or the Department of Energy. 

Reference to a company or product name does 
not imply approval or recommendation of the 
product by the University of California or the U.S. 
Department of Energy to the exclusion of others that 
may be suitable. 



t"1 

TECHNICAL INFORMATION DEPARTMENT 

LAWRENCE BERKELEY LABORATORY 

UNIVERSITY OF CALIFORNIA 

BERKELEY, CALIFORNIA 94720 

,,~, .... --


