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Introduction 

This report summarizes the scientific research carried out within the Nuclear Science Division between July 1, 
1981, and September 30, 1982. Heavy-ion investigations continue to dominate the experimental and theoretical 
research efforts. Complementary programs in light-ion nuclear science, in nuclear data evaluation, and in the 
development of advanced instrumentation are also carried out. 

We began this period looking back upon past achievements as LBL celebrated its 50th anniversary. The real 
value of these remembrances was to draw our attention to the exciting possibilities of the next 50 years. Of particu
lar significance, the dedication of the (new) third injector at the SuperHILAC was a prelude to the new generation of 
relativistic heavy-ion physics that began in early 1982 with the successful acceleration of 238U ions at the Bevalac. 

Results from Bevalac experiments employing a wide variety of heavy ion beams, along with new or upgraded 
detector facilities (HISS, the Plastic Ball, and the streamer chamber) are contained in this report. These relativistic 
experiments have shed important light on the degree of equilibration for central collisions, the time evolution of a 
nuclear collision, the nuclear density and compressional energy of these collisions, and strange particle production. 
This work receives continuing guidance from close interactions with the nuclear theory group. The phenomenon of 
short mean free paths of projectile fragments remains the greatest mystery in Bevalac research. Collaborative 
"anomalon" emulsion efforts and a new electronic detector being constructed to simulate directly the visual detectors 
are described in this report. 

Reaction mechanism work dominates the heavy-ion research at the 88-Inch Cyclotron and the SuperHILAC. 
Recent experiments have contributed to our understanding of the nature of light-particle emission in deep-inelastic 
collisions, of peripheral reactions, incomplete fusion, fission, and evaporation. Nuclear structure investigations at 
these accelerators continue to be directed toward the understanding of the behavior of nuclei at high angular momen
tum. Research in the area of exotic nuclei has led to the observation at the 88-Inch Cyclotron of the ~-delayed pro
ton decay of odd-odd Tz = -2 nuclides; ~-delayed proton emitters in the rare earth region are being investigated at 
the SuperHILAC. 

At all three accelerators the trend is toward more complex detectors measuring more and more parameters per 
event. To attack the reduction and analysis of such large quantities of data, the Division has pioneered a unique 
parallel-processing computing architecture. The successful operation of the Modular Interactive Data Analysis Sys
tem (MIDAS) prototype during this period demonstrates the principles of this design; subsequent development has 
provided computational power for data analysis equal to that of a CDC7600. 

All three accelerators support strong outside user programs, including both domestic and foreign cooperative 
efforts. In particular, major collaborations with our German and Japanese colleagues continue to flourish. 

Division members published 184 reports and journal articles including 11 Ph.D. theses. Affiliated with the 
NSD during this period were 5 faculty senior scientists, 18 staff senior scientists, 31 staff scientists, 1 divisional fel
low, 20 postdoctoral fellows, 24 graduate students, and 42 technical, administrative, and clerical support staff. Our 
research continues to thrive from a productive relationship with the UC campus, from the diversity of ideas and 
talents contributed by our many visiting scientists ( -115), and by the cross fertilization from other LBL divisions. 
Honors accorded to Division members include Luciano Moretto's Alexander von Humboldt Award and Michael 
Perry's Achievement Reward for College Scientists (ARCS) Foundation Award. 

The fall meeting of the APS Division of Nuclear Physics at Asilomar (October, 1981) was organized by NSD 
staff members. Five workshops, focusing on topics from nuclear structure data evaluation and nuclear dynamics to 
anomalons and cosmic-ray emulsion experiments and future planning for heavy-ion experimental needs, were also 
organized by Division scientists. 

The Division is actively engaged in looking to meet very high energy heavy-ion physics needs beyond the 1980s. 
Over 100 physicists from throughout the world met at LBL in September, 1982 (VENUS-82 Workshop) to review the 
physics objectives and capabilities of a dedicated heavy-ion accelerator complex providing at least 10 GeV /N beams 
over the entire range of the periodic table for fixed target experiments. This Workshop was a prelude to the Tevalac 
R & D proposal submitted to DOE in December 1982. Several new detector and accelerator improvements are under
way, directed toward investigation of the many exciting avenues yet to be explored. 

Joseph Cerny 
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Fig. 1. Roger Parry (seated) and Michael Cable adjusting the helium jet 
system at the 88-Inch Cyclotron. 
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Exotic Nuclei and Nuclear Reactions 

Studies of nuclei very far from the valley of stability may reveal new radioac
tivities; provide tests of theoretical models that predict the existence, masses, and 
shapes of exotic nuclei; and develop spectroscopic data on nuclides with abnormal 
neutron to proton ratios. Several techniques are in use for studying such nuclei pro
duced in low-yield reactions. Current experiments at the 88-Inch Cyclotron are con
centrated in two regions of the chart of the nuclides: one in the light-mass region 
exploring nuclei that are expected to define the proton drip line and the other in the 
highly neutron-deficient Cs isotopes. 

In the light-mass region, the odd-odd T, = -2 nuclides 22Al and 26P have been 
discovered using the eHe,p4n) reaction at 110 - 130 MeV on 24Mg and 28Si targets. 
The experimental technique employed used a minimal length helium jet to transport 
these short-lived nuclides (T1; 2 < 100 rns) from the target region to a collection point 
in front of a semiconductor counter telescope. Observation of the beta-delayed 
(isospin-forbidden) proton decay of these nuclei ( -7 - 8 MeV protons) established 
their existence. Both of these nuclides are strong candidates for beta-delayed emis
sion of two protons with available energies for decay via this mode from the daughter 
analogue state of 6.1 MeV e2 AI) and 5. 3 MeV e6P). Searches for this new radioac
tivity are in progress; whether such decays occur by the sequential emission of two 
protons or by 2He emission as predicted by Goldanskii is of considerable interest. 

The experimental tool used to study the Cs isotopes has been the on-line mass 
separator RAMA (an acronym for recoil atom mass analyzer) . This apparatus con
sists of a helium jet to transport recoil nuclei , which are produced in a target 
chamber by heavy-ion bombardment, to a hollow cathode ion source. Isotopes are 
then extracted from this ion source and magnetically analyzed. The mass of interest 
is collected on the RAMA focal plane by a tape transport system that shuttles the 
activity to a (3~- detection station. The decays of 119- 123Cs have been observed fol
lowing their production in 11~140-MeV 14N bombardment of CdS targets. 
Knowledge of the mass excesses of the parent Cs nuclei and the measurement of the 
Qp values for their decays have yielded mass excesses for the xenon daughters. These 
results are then compared with theoretical predictions of the mass surface. 

In recent years, this group's research interests and efforts have also included 
developing techniques to detect unbound resonant states as nuclear reaction products. 
With these detection capabilities, it has been ~ossible to extract valuable spectros
copic information from reactions such as (' 2C, Be) and (4He, 2He). Recent studies 
have used similar techniques to investigate light heavy-ion reaction mechanisms in the 
range 10 - 20 MeV /nucleon. In particular, results are reported on the inelastic 
scattering of 12C (at 132, 187, and 230 MeV) from 208Pb to the second o+ state of 
12c. 
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Isotopes Project 

The Isotopes Project compiles and evaluates nuclear structure and decay data 
and develops compilation methodology. From 1940-1978 the Project had as its main 
objective the production of the Table of Isotopes. Since publication of the seventh 
(and last) edition in 1978, the group now coordinates its nuclear data evaluation 
efforts with those of other data centers via national and international nuclear data net
works. The group is currently responsible for the evaluation of mass chains A = 
167-194. All evaluated data are entered into the international Evaluated Nuclear 
Structure Data File (ENSDF) and are published in Nuclear Data Sheets . 

During the past 15 months the evaluations of nuclear structure data for all 
nuclei with masses A = 185, 188, 189, and 193 were published in Nuclear Data 
Sheets. Evaluations of A = 169, A = 187, and A = 190 have been accepted for pub
lication, and the updated evaluations of three additional mass chains (A = 181, A = 
174 and A= 192) are in progress. 

In addition to the evaluation effort, the Isotopes Project will produce, on behalf 
of the U.S. Nuclear Data Network (NDN), a Radioactivity Handbook for applied 
users. The purpose of the handbook is to provide a compilation of recommended 
decay data that is detailed enough for use in sophisticated applications, but that is 
organized clearly so as to be usable in simple routine applications. The handbook will 
be produced at four-year intervals, beginning in 1984. Recommended decay data will 
be taken from the current version of ENSDF, with no further updating. Additional 
calculations and evaluation will be done to provide recommended data on atomic radi
ations and conversion electrons. Newly-developed computer codes aid in that task. 

Most of the additional programming required for production of the Radioac
tivity Handbook will be in place early in 1983. Final data processing will then com
mence using DATATRIEVE, a standard DEC database management system. Nonuni
formities and holes in the ENSDF data are being corrected as work proceeds. Final 
output will include data in both tabular and level scheme formats; the existing level
scheme graphics program (used for the Table of Isotopes) has already been modified 
to handle data in ENSDF formats. 

In addition, the group has been asked to present a proposal for production of a 
complementary volume - the Nuclear Structure Handbook - at the November 1982 
meeting of the NAS/NRC Panel on Basic Nuclear Data Compilations. 

The Table of Nuclear Moments, a compilation of nuclear magnetic and quadru
pole moments published by the Isotopes Project, has been the only such table main
tained on a continuing basis. The most recent version was published as an appendix 
to the Table of Isotopes. User response has led to plans for expanding the amount of 
data and its presentation in the next edition. 

The seventh edition of the Table of Isotopes continues to be the most up-to-date 
general reference source available for nuclear structure and decay data. Sales 
through April 1982 total 7317 copies (3535 clothbound and 3782 paperback). Nearly 
all 7000 copies of the Nuclear Wallet Cards, produced in 1979 by the Isotopes Pro
ject on behalf of the U.S. Nuclear Data Network, have been distributed to the user 
community. 

Promoting the science of data evaluation and providing assistance to the user 
community are both important aspects of the Project's role. Project members organ
ized the very successful First Annual Conference on Nuclear Structure Data Evalua
tion, held at Asilomar October 27-30, 1981. In addition to answering specific data 
requests, the Isotopes Project encourages general use of its extensive library, which 
contains comprehensive data files and major nuclear physics journals. 
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Heavy-Ion Reactions 

The behavior of heavy-ion reactions changes rapidly as the bombarding energy 
is increased significantly above 8 MeV jn. Between this energy and about 100 MeV /n 
a transition occurs from the characteristics of low energy phenomena (transfer reac
tions, complete fusion) to those of relativistic heavy-ion reactions (fragmentation, 
participant-spectator mechanisms) . This group is interested in studying the mechan
isms of heavy-ion reactions in this regime and has as its goal the identification and 
understanding of the competing processes and their dependence on the bombarding 
energy. 

Inclusive measurements are valuable in mapping a region of study, but they do 
not easily distinguish between the separate contributions of different reaction mechan
isms. For example, projectile-like masses may arise from reactions in which the pro
jectile is fragmented and from reactions in which the missing charge and mass are 
captured by the target (transfer reactions) . The small streamer chamber at the 88-
Inch Cyclotron has been used to separate the above mentioned types of reaction 
mechanism by observing (visually) the presence or absence of charged particles 
accompanying the projectile-like fragment. The reaction of 16.4 MeV /n 160 with Csi 
has now been analyzed in detail and has revealed a number of interesting features. 
At this energy, both transfer and breakup reactions compete. As expected, the closer 
the projectile-like fragment is to the mass and charge of the projectile, the greater the 
proportion of transfer events. The number of reactions in which two charged particles 
accompany the projectile-like fragment turns out to be very small, even for quite large 
mass transfers. This observation alone places some restrictions on the mechanism of 
projectile breakup and suggests that sequential decays of excited ejectiles play a 
major role. 

The streamer chamber, while providing accurate multiplicity information, is 
hampered by a slow data acquisition rate and a tedious scanning procedure. A 4?r 
plastic scintillator array, termed the "plastic box", was designed to remedy these 
problems and has recently become operational. The device consists of a cube, eight 
inches on a side, with double walls . The scintillator (NE102) for a single wall is 1 
mm thick and is viewed at one end by a light pipe and phototube. The beam enters 
and exits along a diagonal line and projectile-like fragments emerge through a slot cut 
in one side of the cube; the latter particles are detected by a three-element silicon 
telescope. The entire device is contained in the 60-inch scattering chamber recently 
acquired from the Jagellonian University in Cracow, Poland. 

The principle of operation is simple. Protons, alpha particles or any other 
charged particles accompanying the fragment observed in the telescope are registered 
in the plastic scintillators. A detection efficiency close to 100% enables the observa
tion of transfer reactions by the absence of a signal in all scintillators. The double 
walls offer a crude particle identification and aid in the discrimination against gamma 
rays and neutrons. Although the system is not highly segmented (only six elements), 
the small number of particles in the final states of the reactions being studied means 
that useful multiplicity information may be obtained. 

The prevailing understanding of heavy-ion reactions classifies reaction mechan
isms according to impact parameter. Peripheral collisions lead to few nucleon 
transfer; central collisions (i.e., complete overlap of projectile and target) to fusion 
and a compound nucleus. Between these extremes lies a region in which only a part 
of the projectile may be captured by the target. This process is detected with the 
plastic box via the presence of the particles not captured by the target. Measurement 
of the velocity of the heavy, target-like residue also provides information on the reac
tion mechanism. Complete capture of the projectile by the target implies full 
momentum transfer and a compound nucleus with a velocity equal to that of the 
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center of mass. Correspondingly, incomplete fusion implies incomplete momentum 
transfer. In this case (for a light projectile and a heavy target) the velocity of the 
compound system will be lower. The compound nucleus is highly excited and the 
ensuing evaporation of protons, neutrons and alpha particles produces a distribution of 
residue velocities, the average of which indicates the average momentum transfer. 

The time of flight system at the 88-Inch Cyclotron was used to measure the 
momentum transfer for the reactions of 160 wi th AI, Ca and 60Ni at energies up to 20 
MeV /n. At 8 MeV /n the heavy residues have the velocity of the center of mass, but 
at higher energies the fraction of the momentum transferred begins to decrease. At 
20 MeV it is 80% of full momentum transfer. This effect appears to be independent 
of target mass and the missing momentum is thus associated with a loss of mass from 
the projectile. The onset of incomplete momentum transfer begins at about 5 MeV / n 
in excess of the interaction barrier. The fraction of missing momentum increases 
linearly with the velocity above the threshold value. Measurements of fast light parti
cles in coincidence with the target-like residues are in progress. 

In conjunction with the above experimental program, an effort is being made to 
improve the kinematic models that form the basis for interpreting many of the experi
mental observables. In particular, Brink's rules have been extended to include recoil 
effects and combined with a requirement that the transferred nucleons be contained in 
an overlap region of the target and projectile. These modifications result in an 
improved agreement with experiment. 

This group is also engaged in a study of the decay of compound nuclei formed 
in the reactions of 6Li, 9Be and 12C with 40Ca, and of 3He with Ag. In the first case, 
the objective is to determine whether these light compound systems decay by fission 
or fission-like processes. The emission of complex fragments such as Li, Be, B, etc., 
is of interest in the study of the 3He + Ag reaction. Significant yields of these pro
ducts have been observed and analysis is in progress. Both the above studies are in 
collaboration with the Moretto group. Andrew Budzanowski, and Kasimir Grotowski 
of Cracow, Poland have collaborated in the experiment on incomplete fusion, and the 
fusion-fission of light systems. 

Early in the period covered by this report William Rae and John Cole returned 
to Oxford and Grenoble, respectively, Bernard Harvey left for a year of professional 
research and teaching at Gren0ble, and Carolyn Albiston began a year's leave of 
absence. Itshak Tserruya spent a sabbatical year with the group. Post doctoral fellows 
Yuen-dat Chan and Shlomo Wald arrived from Oak Ridge National Laboratory and 
the Weizmann Institute, respectively. 
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Fig. 1. The "plastic box" shown mounted in the 60-inch diameter scatter
ing chamber. The side walls of the box are visible; the top wall is 
removed. The beam enters the chamber from the lower right. From 
left to right are P. Countryman, K. Van Bibber, Y.D. Chan, I. 
Tserruya, R. Burton (mechanical engineer) R. Stokstad, S. Wald 
and M. J. Murphy. 

CBB 826 5426 

5 



Group Leaders 
R.M. Diamond 
F. Stephens 

M.A. Deleplanque 

J.E. Draper, 
E.L. Dines,* 
U.C. Davis 

A. Macchiavelli, * 
Buenos Aires, 
Argentina 

*graduate 
students 

Nuclear Structure 

This group is interested in studying and understanding a number of aspects of 
nuclear structure. For some years the principal effort has been in studying nuclei at 
high angular momentum. Nuclei around the middle of the periodic table can hold up 
to about 70h before the Coriolis and centrifugal forces disrupt them, causing fission. 
The chance to study nuclei under conditions where these familiar forces become 
major factors in determining the nuclear structure is attractive, particularly since 
40 Ar projectiles from the LBL 88-Inch Cyclotron can easily bring the full 70h into a 
compound system. We have learned that nuclei have both collective and single
particle features at those highest spins. They usually rotate in a rather classical 
manner, but because the system is finite ( -100 particles) there are strong irregulari
ties ("backbends") due to just one or two particles realigning their angular momen
tum. (In such nuclei a single i

1312 
or j

1512 
particle can carry angular momentum as 

high as 10% of the maximum the system can hold.) The interplay of these two modes 
of motion is one of the fascinating aspects of studies of high-spin states. However, 
such studies are complicated by the fact that the 'Y-ray spectrum from states above 
~30h is up until now unresolvable. The population in this region is spread over too 
many levels. Several techniques have been developed to study such unresolved spec
tra: arrays of detectors; large (sum-energy) crystals; and currently the. development 
of 47r detector systems. 

Information about the collective and single-particle features of high-spin states 
can be obtained from unresolved 'Y-ray spectra by studying average moments of iner
tia. The properties of rotational bands reflect mainly collective features, and such 
bands give rise to highly correlated 'Y-ray spectra. These correlations can be detected 
in 'Y-'Y coincidence spectra without a full resolution of the spectra, and we have been 
studying such correlations, together with the B. Herskind group in Copenhagen. 
From them we can obtain moments of inertia appropriate to the bands populated and 
therefore learn something about the average collective behavior. Recently the group 
has developed techniques to measure a new moment of inertia, which is sensitive to 
both collective and single-particle motion, and combination of these two results can 
indicate both the collective and single-particle contributions in a given rotational fre
quency interval. Thus, considerable information can be obtained without resolving 
the 'Y-ray spectrum. However, it is becoming increasingly clear that the full elucida
tion of the physics comes only with with the resolution of the spectrum. This group is 
now building a system consisting of an approximately 47r bismuth germanate inner 
spherical shell with apertures to about 20 Compton-suppressed intrinsic germanium 
detectors. This system combines the spin selection of the inner ball with the high 
resolving power of Ge-Ge coincidences, and promises to give detailed information to 
much higher spins. 

The newer study this group has undertaken is the observation of the giant dipole 
resonance (GDR) in the de-excitation 'Y-ray cascades of heavy-ion fusion products. 
Every state in a nucleus 15 MeV or more above the yrast line is thought to have in it 
admixtures of the GDR based on states -15 MeV lower in energy. (This is some
times called Brink's hypothesis.) When excited, all such states have the possibility of 
emitting a GDR El 'Y ray in competition with the more usual neutron (or particle) 
emission. In collaboration with the L.G. Moretto group we have observed and studied 
these GDR 'Y rays following deeJrinelastic collisions. By gating with different values 
measured for the total kinetic energy of the fragments, we can select different tem
perature ranges populated in the nuclei and thus measure the temperature dependence 
of the GDR. In the first such studies the GDR peak is observed to broaden and drop 
in energy at the higher temperatures . 
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The newest study undertaken by the group is of nucleon transfer between very 
heavy ions. Two aspects of heavy ions make such studies interesting. First, heavy 
nuclei are generally more collective, so coherent processes will be enhanced. For 
example, pairing correlations are stronger, and pair transfer should be enhanced. The 
second aspect is that angular momentum transfers are large and orientation depen
dent. Thus, the populated spin ranges can give information about the initial orienta
tion of the target and projectile nuclei. To see such effects we have bombarded 154Sm 
with 132Xe and 129Xe projectiles at the SuperHILAC. Two-neutron pickup by the Xe 
projectiles is large in these cases (comparable to the largest one-neutron transfers), 
and there appears to be anomalous spin population in the strongest one-neutron 
transfer channel. A quantitative analysis of these results is in progress and should 
tell us how interesting such studies will be. 

In addition to these three main efforts, the group studies other aspects of 
nuclear structure and shapes together with several outside groups: those of Cline, et 
al., from Rochester; Ward, et al. , from Chalk River; and Johnson, et al., from Oak 
Ridge. These studies are mostly of Coulomb Excitation with very heavy ions (136Xe 
and 208Pb) produced by the SuperHILAC. 

Fig. 1 Marie-Agnes Deleplanque, Gene Dines and Augusto Macchiavelli adjust
ing Nal detectors around the sum spectrometer. 
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Polarization Phenomena in Nuclear Physics 

This group's research uses the polarized beams from the 88-Inch Cyclotron and 
is concerned with spin-polarization effects in nuclear scattering and reactions. It par
ticularly addresses such fundamental questions as parity violation by the weak 
interaction component in pp scattering, time-reversal invariance in reactions, charge 
symmetry of the nucleon-nucleon interaction, and the three nucleon problem. A most 
important feature of polarization effects is that they often display uniquely the opera
tion of a basic symmetry property of the nuclear interaction. 

A major effort during the past year has been devoted to a testing of the princi
ple of time-reversal invariance in nuclear reactions. This principle results in the 
polarization-analyzing power equality, i.e., the polarization in a reaction A(a,b)B is 
equal to the analyzing power in the inverse reaction with polarized projectile B(b,a)A 
Previous checks of time-reversal invariance in nuclear reactions have been limited to 
tests in elastic proton scattering, and this group has shown that all such tests were 
inadequate, due to either lack of precision or lack of sensitivity to a violation of time
reversal invariance. Thus, further experiments are required in order to provide 
significant tests of this important principle. In collaboration with a group from Laval 
University, this group has made measurements of the polarizations in several eHe,p) 
reactions and of the analyzing powers in the corresponding (p, 3He) inverse reactions. 
Substantial differences between the polarization and the analyzing power have been 
measured. If such differences are confirmed in additional experiments currently 
underway, it would be firm evidence for the violation of the fundamental postulate of 
time-reversal invariance of the nuclear interaction. 

A collaborative experiment to determine the level of validity of charge sym
metry in the nucleon-nucleon interaction is under preparation. The experiment, 
approved for beam time at TRIUMF, measures the difference 6.A between the neutron 
and proton analyzing powers A and A in n-p scattering at 500 MeV. Designed as a 
null-measurement requiring non accurafely known polarization standards, the experi
ment determines the difference in angle at which An and Ap cross through zero. It 
will provide an unambiguous test of a charge-symmetry breaking effect to the level of· 
6.A = 0.001, corresponding to a laboratory angle difference at zero crossing of = 
0.05°. 

Polarization observables are often unique probes to provide answers to specific 
questions concerning nuclear structure or reaction mechanisms. During the past year, 
several experiments of this nature have been undertaken in collaboration with outside 
groups as follows: 

1. University of Manitoba. Analyzing power measurements have been made in p 
+ 40Ar elastic scattering from 25 to 40 MeV for the determination of the I..r 
dependence of the optical model potential in that energy region. 

2. University of Manitoba/Birmingham. Measurements were made of analyzing 
powers in both the 117Sn(p,d) 116Sn reaction and its inverse, 116Sn(d,p) 117Sn. 
These data will permit the determination of the separate spin-orbit interactions 
of the proton and of the deuteron. 

3. Ohio State University. Analyzing power measurements in the reactions 4°Ca, 
48Ti(d, 6Li) 36Ar, 44Ca at 50 MeV will be used to determine the 6Li spin-orbit 
strength. Very little is presently known about this interaction. 

4. Lawrence Livermore National Laboratory. Analyzing powers were measured in 
the inelastic proton transition 6Li(p,p') 6Li* (2.18 MeV). Analysis via micros
copic distorted-wave calculations will permit the determination of specific com
ponents of the effective two-nucleon force in nuclei . 
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In future work, this group plans to continue to focus on experiments with polar
ized particles which examine the operation of the basic symmetries - time-reversal 
invariance, parity conservation, and charge symmetry - in nuclear scattering and 
reactions. Also, the study of selected polarization observables to answer specific ques
tions concerning nuclear structure and reactions will be pursued. 
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Heavy Element Radiochemistry 

This group uses all three of the LBL accelerators to identify and characterize 
new elements and isotopes, to study nuclear reaction mechanisms, and to train stu
dents in modern radiochemical techniques. Currently, research is focused on ( 1) the 
synthesis and identification of new isotopes and elements in the actinide and transac
tinide region, along with attempts to synthesize superheavy elements; (2) the study of 
low-energy heavy ion reaction mechanisms such as massive transfer, complete fusion 
and deep inelastic scattering, potentially useful in the synthesis of new elements and 
isotopes; and ( 3) the characterization of the mechanisms operating in intermediate 
energy (10-100 MeVjA) and relativistic (>250 MeV/A) heavy ion (RHI) reactions 
through studies of the target fragment yields, energies, angular distributions, etc. 

With light (A < 25) heavy ion reaction studies at the 88-Inch Cyclotron, the 
primary emphasis has been on the use of "transfer" reactions to produce heavy 
actinides and the study of the mechanism of these reactions. These studies have indi
cated surprisingly large probabilities for the synthesis of the nuclear species ranging 
in mass from the target mass to that of the compound nucleus. The group is sys
tematically exploring these reactions by studying the variation of product yields, ener
gies, angular distributions, etc., with projectile and target mass and energy. 

Members of the group have also used the 88-Inch Cyclotron and the SC syn
chrotron at CERN to study intermediate energy heavy ion reaction mechanisms. In 
particular, they are concerned with studies of the target fragment yields, energies, 
and angular distributions in light ion-heavy target reactions. 

Research at the SuperHILAC has been directed toward the use of deep inelastic 
transfer and "cold fusion" processes to produce new isotopes or elements and to 
obtain an understanding of the mechanisms involved. Efforts are being concentrated 
on the reactions of 48Ca and the heaviest projectiles (Kr, Xe) with very heavy targets e48Cm, 254Es) . Future work will involve the use of heavier projectiles such as 238U. 

Research on target fragmentation at the Bevalac has involved single particle 
inclusive survey measurements of the energy dependence of target fragmentation. No 
evidence was found for nuclear transparency effects in heavy ion-heavy nucleus colli
sions. Dramatic changes in fragment angular distributions are observed with increas
ing projectile energy, with sidewise or backward-peaked distributions observed at the 
highest projectile energies. Current models of RHI interactions (such as the fires
treak, cascade, etc.) do not correctly treat the momentum transfer to the target 
nucleus in the collision. 
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• Fig. 1 . 
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Diana Lee inserting sample into counting apparatus as Kenton Moo
dy and Glenn Seaborg look on. 

XBB 820-9638 

11 



Group Leaders 
A. Ghiorso 
J. M. Nitschke 

L. Frank* 
K. E. Gregorich* 
D. M. Lee* 
K. J. Moody 
M. J. Nurmia 
L. P. Somerville* 
G T. Seaborg 
P. A. Wilmarth* 
S. Yashita* 

M. Leino, 
University 
of Helsinki, 
Finland 

J. D. Molitoris, * 
Stanford 
University 

W-D. Zeitz, 
Hahn-Meitner 
Institut, Berlin, 
West Germany 

P. Armbruster, 
S. Hofmann, 
P. Lemmertz, 
G. Munzenberg, 
GSI, Darmstadt, 
West Germany 

J.-P. Dufour, 
CEN, Bordeaux, 
France 

D. Hoffman, 
M. Fowler, 
Los Alamos 
National 
Laboratory 

E. K. Hulet, 
R. Lougheed, 
Lawrence 
Livermore 
National 
Laboratory 

*Graduate 
students 

Heavy Element Research 

The research program of the Heavy Elements Research group is directed toward 
the synthesis of new nuclides and the determination of the radioactive properties of 
known nuclides. Graduate students play an important role in this work and thereby 
are trained in the advanced technology of nuclear physics. Experiments are con
ducted both at the 88-Inch Cyclotron and at the SuperHILAC, and often there are 
extensive collaborations with scientists at other laboratories of the USA and foreign 
countries. 

Research of the group at the 88-Inch Cyclotron deals principally with problems 
related to the production of neutron-heavy nuclides, and makes use of targets from 
uranium to einsteinium with particles from protons to argon ions. The workhorse of 
the group has been the long-tape system for detecting short-lived spontaneous fission 
(SF) nuclides, and this research has led to the discovery of a number of new SF 
emitters. The other major system is the MG apparatus which is used to measure coin
cident E1/E2 events from SF emitters; it is presently being modified to have an alpha 
particle detection capability and thus is now designated MGA The number of 471"
detecting stations is being doubled to eight to increase the running efficiency and 
make maximum use of cyclotron time. 

At the SuperHILAC a concentrated effort is underway with SASSY, our gas
filled magnetic spectrometer, to search for superheavy elements (SHE) with half-lives 
down into the microsecond range. To this end, a strong collaboration was established 
in 1982 with the Armbruster group at GSI in West Germany. It was agreed to estab
lish teams of scientists that would be exchanged to undertake experiments to search 
for SHE in bombardments of 248Cm with 48Ca, first at LBL using SASSY, and then a 
little later at GSI using SHIP. In the early part of 1982, studies and calibrations 
were made with SASSY to understand its capabilities. The joint efforts were quite 
successful, leading to the production of 254No by 48Ca bombardment of 208Pb, using 
our old Ortec focal plane detector system. It was then decided to push the develop
ment of a new and more efficient silicon detector array, which was quickly incor
porated into our system. Unfortunately, a major experimental disaster, which 
occurred just as the first run with a 248Cm target was to begin, reduced our 48Ca bom
bardment to only about three days, and as a result, few conclusions can presently be 
drawn from the experiment. 

The second major research tool of the heavy element group is OASIS (an acro
nym for On-line Apparatus for SuperHILAC Isotope Separation). Recoils from 
heavy-ion-induced nuclear reactions are stopped in a tantalum catcher, which is kept 
at a temperature just below its melting point inside an ion source. The recoils diffuse 
out of the catcher, are ionized and then accelerated to an energy of 50 keY. An 
analyzing magnet selects the desired isotopes and focuses them onto various detectors . 
The detectors most often used during the present report period were proton telescopes. 
The isotopically-pure beam can also be guided to a shielded room 4 meters above 
OASIS where low-background proton and (3±-, ')'- and x-ray experiments can be car
ried out. A fast tape system transports the selected isotope within 60 rns to a detec
tion system that consists of a high purity Ge detector for (3±- and x-ray spectroscopy, 
and an n-type Ge detector for ')'- and x-ray measurements. In addition, a single LlE 
detector or a LlE/E telescope can be placed in front of one of the Ge detectors to 
identify different charged particles. All detectors provide coincidence information. 

Presently most of the OASIS physics is being done in the focal plane of the 
separator magnet with emphasis on new isotopes near the proton drip line. Several 
new delayed proton emitters have been found and efforts are under way to synthesize 
new isotopes that decay by proton radioactivity. Candidates that are predicted to 
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have long enough half-lives and large enough proton branches to be detectable with 
OASIS are: 137Tb, 127Pm, 117La, and 113Cs. The production of these nuclei is 
difficult; even with the use of the most neutron-deficient targets and beams from the 
SuperHILAC, the cross sections are in the microbarn range. Phenomenologically, p
radioactivity is analogous to the very common and familiar a-radioactivity . The 
mathematical interpretation should, however, be simpler since only a single nucleon, 
rather than a four-nucleon cluster, is involved in the decay. 

Two years ago we had already started to use damped collisions to produce iso
topes on the neutron-rich side of beta stability. Thus far, the large background inside 
the "cave" has prevented the exploitation of this technique. With the near comple
tion of the tape station, we are now in the position to study isotopes which previously 
could not be reached by other production methods. These isotopes have importance 
for the understanding of cosmological and reactor processes. 

Fig. 1 OASIS Tape Transport Station with Wolf Zeitz, Phil Wilmarth, and 
Michael Nitschke. 

CBB 831 -661 
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Statistical Equilibrium in Deep-Inelastic Heavy Ion 
Reactions 

In deeply inelastic collisions, a certain fraction of the initial orbital angular 
momentum is converted into spin of the individual fragments . This process can be 
investigated by studying the decay of the highly excited nuclei emerging from the pri
mary reaction. Measurements of the sequential emission of a-particles, fission frag
ments, and ')'-rays have provided information on different parameters of the exit chan
nel fragments' spin distributions, generated as a consequence of the interaction 
between the two reaction partners. In principle, these distributions should reflect the 
underlying mechanism responsible for the angular-momentum transfer. For example, 
the spin fluctuations (both in magnitude and orientati;:m) not only reflect the diffusive 
nature of the angular-momentum-transfer process, but they also carry information on 
the rotational degrees of freedom involved. However, if the rotational modes of the 
dinuclear complex reach a state of statistical equilibrium with the intrinsic degrees of 
freedom, then the distinction among different possible mechanisms would be very 
difficult, since all of them would lead to essentially the same spin distributions. 
Thus, it is important to determine whether statistical equilibrium is reached in deep
inelastic collisions. 

During the last several years, our group has modeled the limit of statistical 
equilibrium for a very simple configuration of the dinuclear systems. For mass
symmetric systems, this model predicts a gaussian distribution for the cartesian com
ponents of the spins, with almost equal variances along the three coordinates. The 
magnitude of the predicted fluctuations compares well with results from the reaction 
165Ho + 165Ho at 8.5 MeV /A, studied via ')'-ray multiplicity and anisotropy tech
niques. 

In the last year, this statistical model was extended to mass asymmetric sys
tems. For small to moderate mass asymmetries, this model also predicts that the vari
ances of the spin distributions along the three cartesian coordinates are nearly equal. 
The magnitude of the predicted fluctuations compares well with the magnitude and 
alignment of the spins measured for the reactions of 8.5 MeV/A 165Ho on targets of 
176Yb, 148Sm, and natAg. For very large mass asymmetries, the statistical model 
predicts that the spin distribution of the heavy fragment will develop a strong in
plane asymmetry. A substantial in-plane anisotropy has recently been observed in the 
measured in-plane angular distributions of sequentially emitted fission fragments from 
both the reaction of 12.6 MeV/A 2'Ne and the reaction of 8.5 MeV/A 40Ar with tar
gets of 238U and 197 Au. 

A theoretical investigation of the effect of statistical fluctuations on the total 
energy and multiplicity of ')'-rays associated with deep-inelastic reactions has been 
carried out. The transition state theory of fission has been generalized to allow for 
trajectories that return from saddle to compound nucleus due to high viscosity at the 
saddle point. A statistical theory for the distribution of angular momentum between 
the fragments has been developed for the case of multifragmentation (three or more 
fragments) produced in heavy ion reactions. The production of three or more major 
fragments is expected to be a dominant mechanism at bombarding energies greater 
than 20 MeV/ A 

The emission of a-particles from the deep-inelastic reaction 1354 MeV 165Ho + 
181Ta has been studied. The in-plane a-particle data show that the bulk of the a
particles in coincidence with the deep-inelastic exit channel can be explained by eva
poration from the fully accelerated fragments. The out-of-plane a-particle angular 
distributions together with ')'-ray multiplicities from previous work give a consistent 
picture of the transfer and partitioning of angular momentum between the two frag
ments. 
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The evaJX>ration of intermediate mass fragments (Li, Be, B, and C nuclei) from 
comJX>und nuclei is not well understood. The study of these decay channels is 
interesting, not only because they are imJX>rtant to the understanding of the de
excitation of highly excited nuclei, but also because they provide a testing ground for 
attempts to unify evaJX>ration and transition state (fission) theories. We have recently 
undertaken a study of the emission of complex fragments from the reactions of 3He + 
natAg at 130 and 90 MeV bombarding energies . 
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High Energy Nuclear Collisions 

The work of this group is directed to the study of central collisions of relativis
tic heavy ions with the aim of learning about nuclear matter at high temperature and 
density. The group is a continuing collaboration between GSI and LBL. 

The experiment performed two years ago to study the correlations between slow 
and fast fragments has been completed and submitted for publication. For the slow 
fragments an array of 40 detectors, consisting of silicon counters, gas LlE counters, 
and avalanche counters, was used. For the fast fragments an SO-counter multiplicity 
array plus the Plastic Wall were used. The analysis focused for central collisions on 
the violent breakup of the target nucleus as seen by the light fragment multiplicity 
and, for peripheral collisions, on the momentum transfer to the target measured by 
the angular correlation of coincident fission fragments . 

With the completion of the Plastic Ball in June 1981 the group moved to 
exclusive charged particle measurements. The Plastic Ball covers 96% of 411" with 815 
modules, each consisting of a CaF2 LlE detector and a plastic scintillator E detector. 
The two scintillators are observed by the same photomultiplier tube and the signals 
are separated electronically by taking advantage of their different decay characteris
tics. In addition, positive pions are identified by their 1r + -+ J.l-+ -+ e + decay, as they 
were in our previous experiments. The small forward angle region is covered by the 
Plastic Wall placed 6m downstream. The Wall consists of 177 plastic scintillators and 
identifies garticles by their time of flight and energy loss. Data were taken in June 
1981 for Ca on a Ca target at two energies and in June 1982 for 93Nb on a Nb tar
get, also at two energies. Most of the past year has been spent in developing pro
grams to process the data and in obtaining simulated data from several different 
theoretical models. 

Many types of analysis are now in progress. The degree of thermalization in 
central collisions is being evaluated and temperatures will be extracted. An attempt 
is being made to deduce entropy from cluster formation. Two-particle correlations are 
being studied. Analysis in terms of kinetic energy flow is under way to determine the 
mechanism and possibly extract density. Jet structure in terms of a minimum span
ning tree algorithm is in progress with the possible hope of separating the spectators 
from the participants. In short, a rich harvest of results is expected from the millions 
of exclusive charged particle events that have been obtained. 
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The Plastic Ball looking downstream to the Plastic Wall. Hans
Georg Ritter and Hans Gutbrod are sitting above the Ball and Art 
Poskanzer is just in front of the Wall. 

CBB 817-6464 
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IDSS 

The HISS group is a research group which has support responsibility for both 
the Heavy Ion Superconducting Spectrometer Facility (HISS) and the Bevalac 
software. The relative ratio of these functions is in a constant state of redefinition 
with the exception that the Bevalac software support effort is mandated by the 
administration to be no less than l FTE per year. Our research interests are in the 
area of relativistic heavy ion research. Nter several years of inclusive measurements 
as a part of the Heckman group, the HISS group was formed in order to provide a 
cohesive focus to build and run the facility. As may be expected, our research 
interests involve using multi-particle measurements. The first experiments we are 
doing at HISS are directed at using semi-exclusive data to look for unusual states of 
nuclear matter and to understand the reaction mechanisms in heavy ion reactions. 

During FY82 there were many improvements in the HISS Facility. The refri
geration machinery was moved from the top of the magnet to an enclosure outside the 
east wall of the cave. The reassembled system, augmented with a "wet engine" from 
FNAL, has proven to be extremely reliable. Portions of the apparatus are now under 
computer control and more will be added as time permits. The cave now is finished, 
has a roof, and is somewhat warmer this winter. The large vacuum tank in the mag
net gap is another welcome addition as well as the record-breaking thin window 
(3'x12' area tested to over 75 tons of pressure). 

The first experiment to be completed using HISS was the proton spectra and 
correlation experiment by the INS-LBL collaboration ( exp 512H). The five weekends 
of running were also shared by the UCLA-LBL collaboration (exp 513H) and the 
HISS group (exp 512H). One further night of running was granted to test the 
MUSIC detector. Preliminary results from exp 513H were presented at the Interna
tional Conference on Nucleus-Nucleus Collisions ( MSU) and in LBL-15071. 

The HISS phase II detector construction effort continued this year. The two 
large phase II time-of-flight walls were completed, tested, and used in experiments ." 
The MUSIC detector was completed for testing with nonexotic gas; results were 
obtained with several beams. The final design for the drift chamber electronics was 
completed, and 1200 channels were assembled in one ten-day period. Finally the con
struction began on the 2m x 5m phase II drift chamber. 

This year the HISS group was given the responsibility for the Bevalac software 
effort. Headed by Chuck McParland, this work produced a new set of distribution 
software and also designed, built, and tested a new CAMAC module. This module, 
called CATS, is a module that tests all the CAMAC functions allowing very rapid 
system error tracing. 
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Relativistic Heavy Ion Physics 

The experimental program of the Relativistic Heavy Ion Physics Group being 
carried out at the Bevalac focuses on two rather diverse, but forefront , areas of 
research during FY 1981-82. These are, first, experiments on the properties of rela
tivistic projectile fragments of -2 AGeV 56Fe nuclei and the evidence for 
"anomalons" therefrom and, second, the initial uranium beam experiments using 
emulsion detectors at the Bevalac. These latter experiments were critically important 
for the verification of the acceleration of the 238U beams at energies 0.150 AGeV (11 
May 1982) and 0. 950 AGe V (25 September 1982) and gave the first quantitative data 
on the reaction mean-free-path length of uranium nuclei in emulsion and the energy 
dependences of the topologies of projectile and target fragments produced in 238U
nucleus collisions. An integral part of these programs is the continued development 
of an Interactive Computer Assisted Measuring System (ICAMS) to improve the rate, 
accuracy, and scope of data acquisition in nuclear emulsion experiments. 

Further investigations of mechanisms of particle production at the high energy 
densities obtainable from the collider phase of the Tevalac accelerator were carried 
out in collaboration with R.M. Weiner (University of Marburg, Germany) and G.N. 
Fowler (University of Exeter, England). The latest data from the CERN-pp-collider 
were shown to be compatible with the predictions of the hydrodynamical theory and 
to provide evidence for an increased transparency of hadronic matter, manifested in a 
decrease of the collision inelasticity. The puzzling features of Centauro-type colli
sions were shown to be interpretable by an "early" decay of a coherently excited 
quark-gluon plasma phase through the mechanism of superfiuorescence. 

Important aspects of the Group's research program in FY 81-82 were the organ
izing and hosting of two major workshops, i) the Workshop on the "Anomalon 
Phenomenon" , 8-10 February 1982 and ii) the Japanese-American Cooperative 
(cosmic-ray) Emulsion Experiments (JACEE) Seminar, 19-20 August 1982. Both 
workshops were attended by researchers from the U.S. , Europe, and Japan and were 
notable for, respectively, i) the establishment of a "world-wide" collaboration on 
"anomalon" experiments and ii) the in-depth discussion with LBL specialists on new 
results in ultra high-energy cosmic-ray heavy-ion physics and their implications for 
the Tevalac. The subject matter of the JACEE Seminar held a feature role in discus
sions on the possible production of a quark-gluon plasma during the Tevalac 
Workshop that took place a few weeks later. 

The Group's work on the evidence for projectile fragments having an 
anomalously short reaction mean free path, "anomalons" , was selected as one of the 
"interesting and newsworthy developments in physics during 1981" and was 
described in the Physics News in 1981, published by the American Institute of Phy
sics , November 1981. 

Projectile Fragmentation 

The scanning and measuring of emulsions exposed as part of Bevalac Exp. 559H 
is in progress. The experiment pertains to the fragmentation reactions of 56Fe and 
extends our studies on the evidence for anomalons. The experiment also includes 
irradiations of emulsions to -2 AGeV beams of 3He, 6Li, 12C, and 40Ar for the pur
poses of determining reaction mean free paths and charge calibration. 

This experiment involves the collaborative efforts of B. Judek, National 
Research Council of Canada, E. Ganssauge, University of Marburg, and G. Baroni, 
University of Rome. We are at present concentrating on the interactions of projectile 
fragments Z > 3 as part of a world-wide collaboration that includes, in addition to 
the above groups, the Lund-Jaipur-Jammu collaboration, SUNY (Buffalo), and 
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the University of Siegen. The immediate objective of this collaboration is to obtain 
statistically improved data on the short-mean-free-path effect, e.g., i) the interaction 
properties of Z > 3 fragments, ii) lifetime estimates, iii) effects in higher order gen
erations of the extranuclear cascade, iv) the semi-inclusive properties of the collision 
parameters, and v) the dependence on projectile nucleus. 

Uranium Collisions 

A new generation of relativistic heavy ion physics began with the successful 
acceleration of 238U at the Bevalac. The nuclear emulsions exposed to the first beams 
of 238U gave immediate results on the ranges, track structure, and reaction mean
free-path lengths of 238U in emulsion and characteristic topologies of uranium-nucleus 
collisions. Based on our preliminary observations, planned uranium experiments will 
give information on 

1. Projectile-related phenomena: 

a) charge and multiplicity distributions of projectile fragments 

b) angular distribution of projectile fragments; Py of nuclei and nuclear clus
ters 

c) pion (shower particle) production 

d) fission processes of U, nuclear and electromagnetic 

2) Target-related phenomena 

a) charged multiplicities and energy spectra of target fragments E/ A < 30 
MeV 

b) fragments in the mid-rapidity region; search for evidence of the fusion of 
(light) target nuclei with uranium projectiles. 

In support of our future program of research we have the following objectives: 
i) to extend ICAMS to include additional measuring stations and automatic charge 
measurements and ii) to develop a 0. 3-0.5 MG pulsed magnetic field to permit direct 
rigidity measurements in nuclear emulsion and other high-spatial-resolution visual 
detectors. 
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• Fig. 1 . Scientific data analysts examining nuclear track emulsions. 
CBB 819-8239 
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High Energy Nucleus-Nucleus Collisions 

This group has two complementary research components in relativistic heavy ion 
physics at the Bevalac. One uses electronic detection techniques and operates the 
TASS two-arm spectrometer system in collaboration with Louisiana State University. 
This is suitable for a wide range of charged particle inclusive measurements and for 
two-particle coincidence experiments where a large solid angle is not required. The 
other operates the STREAMER CHAMBER as a GSI-LBL collaboration to study 471" 
charged particle exclusive data with this low-data-rate visual-data-storage device. The 
groups of K. Wolf at Texas A&M University and A. Dacal at the University of Mex
ico have also made major commitments to the streamer chamber research program. 

TASS 

The Two-Arm Spectrometer System (TASS) consists of two fully rotatable mag
nets with accompanying wire chambers and scintillation hodoscopes for particle 
identification. It was first operated in July 1980 and the first phase of instrumentation 
is expected to be complete by mid-1983. The main activities on TASS have been: 

444H This experiment involved measuring the angular and momentum correla
tions between high energy particles 1r +, p, d emitted in the forward and 
backward hemispheres. Particle production at backward angles is of consid
erable interest since it is either strictly forbidden (e.g. nucleon scattering) 
or severely constrained (e.g., pion production, where the maximum pion 
momentum is less than 300 MeV lc in "free" nucleon-nucleon collisions). 
Thus backward particles may provide a tool to measure exotic or cooperative 
production mechanisms and the short-range behavior of nucleons in nuclear 
matter. The observation of forward particles in coincidence should help 
establish the reaction mechanisms involved. Data taking for the initial 
phase of studies, primarily of 2.1 GeV proton-carbon interactions was com
pleted in 1982 and comprise the Ph.D. thesis of Robert N. Treuhaft. 1 

599H 

630H 
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This experiment is to look into the possible differences of 1r- and 1r + 
inclusive yields primarily in the central region of rapidity but extending 
also into the projectile fragmentation domain. The chosen system is 40Ca + 
40Ca at 1. 05 Ge VI A, which, apart from Coulomb effects, should yield a 
1r-;11"+ ratio of unity. A ratio different from unity has previously been 
reported for the 40Ar+KC1 system at the same energy. For the experiment, 
a multiplicity detector system was added to TASS at zero degrees to provide 
a "streamer-chamber-type" tagging of central and peripheral interactions. 
For pion identification at low momenta it was found essential to add helium 
bags around the target and to add a Cerenkov detector to veto electrons and 
positrons. One data acquisition run has been completed. Another will be 
necessary. 

This experiment was to search for anomalous nuclear fragments in the tar
get fragmentation region. The "anomalon" phenomenon has so far been 
seen only in the projectile fragmentation region but should also occur in the 
target fragmentation region if target and projectile are interchanged. The 
difficulty in the target fragmentation region is that the only signature so far 
observed - shortened mean free path - is more or less unusable because of 
the rapid variations of mean free path with energy in this regime. In exper
iment 630H, various targets were bombarded with 2.1 GeV I A carbon ions 
and a search was made for unusual structure in the energy spectra of pro
tons, deuterons, and photons. A thin-walled scatter chamber previously 
used by the Poskanzer-Gutbrod group was equipped with several t.E-E 
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charged particle telescopes provided by the University of Maryland. Two 
large photon detectors. a large Nal crystal, and a Pb-glass array were pro
vided and operated by the Johns Hopkins and UCLA groups ( 486H) . The 
photon spectra up to 400 MeV have been studied to look for sharp peaks 
that might occur from the decay of an excited anomalon at rest in the tar
get frame; none was observed. The charged particle spectra are smooth and 
roughly consistent with those previously measured by Sandoval, et al. A 
final study of the particle-photon correlation data is being made to see if 
some peak might occur in the effective mass reconstruction that was not 
visible in the inclusive data. Upper limits are being obtained for the pro
duction of anomalons, subject to the constraint that they would have to 
decay in the relatively simple fashion that we could have observed. 

628H, 631H 

These two experiments have not been run yet. The first is to search for 
pionic condensation effects in the inclusive pion spectra from La + La at 
200 MeV/ A The second, awaiting installation of a liquid hydrogen target 
for TASS, is to study Ll production in p-p and p-A collisions by detecting 
the decay proton and pion in coincidence. 

670H Following a series of workshops a collaboration has been formed, involving 
LBL, Johns Hopkins University, Louisiana State University, Northwestern 
University, UCLA, and the University of Clermont-Ferrand to make a 
major study of lepton and dilepton production in heavy ion collisions. These 
particles are believed to be the most reliable probes of the hot conditions 
produced in the high density phase of the reaction. The problem in their 
study is the low yield. TASS is suitable, with the addition of Cerenkov 
detectors, for measurement of single leptons, and 300 hours of beam time 
for such a study have been approved. For the more definitive dilepton 
measurement a very large acceptance device is required. Tentatively, use is 
planned of the Lampshade Magnet, which is a large acceptance toroidal 
field device constructed by CERN. Permission has been received from 
CERN to borrow this. A detailed plan is being developed for total instru
mentation of this new facility. The first experiments using it are planned 
for 1986. 

ISR Experiment 

Two of us (LSS and HGP) are involved, with T.J.M. Symons and C.R. 
Gruhn, in a large collaboration to study a-a collisions at the CERN ISR. 
This experiment, one of the last to be carried out on the ISR before its final 
shutdown, has now been scheduled for August 1983. This will provide an 
opportunity to sample on a small scale the higher energy heavy ion colli
sions, which we hope will be in the future of LBL. 
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Streamer Chamber 

This group is studying 47r charged-particle exclusive data and production of par
ticles such as A 0 S for which the visual technique is particular ly suitable. The LBL 
streamer chamber is being improved, with a view to eventual abi lity to measure the 
most complex events. At the moment, data are being recorded on film, with image 
intensifiers as appropriate, and measured using a semi -automatic PEPR facili ty at 
Heidelberg, as well as with conventional scanning and measuring tables at LBL. Stu
dies are being made of operation in the avalanche mode, of use of ceo cameras, and 
of other possible long-term improvements. A 400-element hodoscopic array is in pro
cess of assembly to add dEidx and end-point measurements for particles in the for
ward part of the chamber. This is expected to operate in 1983 and to make possible 
p, d, t, He and 1r+ identification even for high multiplicity events. 

Recent work has included the following experiments: 

400H This experiment used a proton beam to investigate the systematics of 
backward-going baryons. Complementing a corresponding TASS study, 
these streamer chamber data provide a look at other features of the events, 
relevant to the backward emission mechanism. The data are now being 
analyzed and discussed in terms of isobar excitation and absorption or 
decay. 

401H 

564H 

557H 

629H 
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This experiment measured Ar + KCl reactions as a function of energy 
between 0. 4 and 1. 8 Ge VI A. in central and minimum bias configurations. 
Several papers have been published on these data. In reference 2 the nega
tive pion excitation function was presented. In reference 3 the data were 
used to extract a nuclear equation of state at zero temperature for densities 
up to 3-4 times normal nuclear density. In reference 4 data from com
pletely reconstructed events are used to demonstrate the stopping power of 
nuclei. It was found that in Ar + Pb at 800 MeV I A complete stopping of 
the projectile occurs at zero impact parameter, whereas in Ar + KCl at 1.8 
GeV I A stopping is not complete even at zero impact parameter because the 
nucleons in the nuclear "corona" do not make enough collisions to produce 
equilibrium. Such an effect does not occur when a small nucleus strikes a 
large nucleus, as in Ar + Pb. In reference 5, A production and polariza
tion data were presented: the large transverse momenta observed for the As 
still have to be explained. 

This experiment was an improved version of 401H, with Ca + Ca and Ca 
+ Pb. The Ca beam provides slightly higher energy for production, while 
the use of a metallic Ca target and thus identical projectile and target 
nuclei will help simplify the analysis. 

This experiment is to study reaction mechanisms at the lowest Bevalac ener
gies in Ar + KCl and Ar + Bal

1 
reactions. Data have been taken from 

30Me VI A to 90 MeV I A and analyzed by K. Wolf at Argonne National 
Laboratory. The measurements have been most useful in indicating direc
tions for charge identification and optimum streamer chamber operation for 
experiments in this " intermediate energy" range. Analysis is continuing. 

To study the interactions of heavier projectiles now available at the Bevalac, 
this experiment will study 93Nb + 93Nb and 139La + 139La reactions. The 
first objective will be to extend the equation of state study of reference 3 to 
new conditions. A test run in 1982 used a Kr beam, the first run with the 
new Bevatron vacuum liner, and showed that the streamer chamber can 
function with the increased multiplicity. However, there were problems with 
loading of the streamer chamber by the higher multiplicity events, and pre
cautions will be taken for a data acquisition run to ensure uniformity of 
response from event to event. 



SPS experiment 

This group is collaborating with the Poskanzer-Gutbrod group and with 
groups from the University of Marburg and the University of Warsaw to 
propose an experiment using the CERN SPS. R. Stock is spokesman of the 
collaboration. This experiment, using 160 ions at higher energies than 
available at the Bevalac (up to 200 GeV /A would be possible at CERN) 
would extend Bevalac data into the new regime to be covered by the 
Tevalac and other possible new facilities . The experiment has been 
approved for measurements up to 13 GeV/A LBL and GSI will construct 
an 160 injector, an MPI Munich streamer chamber will be installed at 
CERN, and the LBL/GSI Plastic Ball will be moved to CERN for the 
experiment, which will be carried out in late 1985 or early 1986. 

Footnotes and References 

1. R.N. Treuhaft, A (p,2p) Study of High Momentum Components at 2.1 GeV, 
Ph.D. thesis, University of California, LBL-14677 (1982) 

2. A Sandoval, et al., Phys. Rev. Lett. 45 (1980) 874 

3. R. Stock, et al., Phys. Rev. Lett. 49 (1982) 1236 

4. H. Stroebele, et al., Phys. Rev. 27C (1983) 1349 

5. J. W. Harris, et al., Phys. Rev. Lett. 47 (1981) 229 
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Light Particle Emission in High Energy Nuclear Collisions 

The main emphasis of our research program is the study of the reaction mechan
isms involved in high-energy nuclear collisions. This experimental pn gram includes 
both inclusive cross-section measurements and particle correlation studies. Most of 
the measurements involve the detection and identification of light particles ( 1r±, 
K+,p,d,a ... ) over a wide kinematic domain . We are particularly interested in study
ing processes that are kinematicallly inaccessible in the collisions between two free 
nucleons. We are also searching for any cooperative phenomena that might result 
when two massive nuclei interact at high energy, especially in small-impact parameter 
collisions. Most of these experiments are performed under the INS (University of 
Tokyo)-LBL collaboration. 

Further data analysis of Experiment 299H has been carried out. A hint of a 
hydrodynamical bounce-off effect is observed in the two-proton correlation data, 
although it is not conclusive. A kinematical analysis of inclusive data suggests that 
there is a third source that can be classified as neither a participant nor a spectator. 

As an extension of Experiment 299H above, pion production with 183 
MeV /nucleon Ne beams has been measured. The mechanism of high-energy pion 
production at subthreshold beam energies has been studied, and a hint of cooperative 
accumulation of energy is suggested. Although the immediate goal of this experiment 
was to search for a possible bump due to pion condensation, no such evidence was 
observed. 

In Experiment 471H, kaon production has been measured with 2.1 GeV /nucleon 
nuclear beams on various nuclear targets. The inclusive cross section with the Ne 
beam shows a much stronger target-mass dependence than that with the d or b beams; 
this result suggests that collective effects might be important in kaon production. The 
charged-particle multiplicity associated with kaon production has been measured as 
well as the multiplicities associated with producing pions and protons. The data indi
cate that the associated multiplicity is slightly larger when a kaon is detected than in 
the case of either pions or protons. 

The above data combined with the data of 299H for protons and pions have 
been anlyzed in terms of mean free paths of product particles. This supports the idea 
that particles with longer mean free paths probe more sensitively the early, hot, 
compressed phase of nuclear matter. 

The data-taking and analysis of Experiment 472H have been completed. In this 
experiment the goal was to measure various two-particle correlation, e.g., p-p, p-d, ... 
Measurements have been made using protons of 400 and 800 MeV and Ne of 400 and 
800 MeV/ A New insight into the production mechanism responsible for backscat
tered protons in 800 MeV p + A collisions has been obtained by studying forward
backward correlations. The data suggest that the scattering of incident protons on a 
two-nucleon cluster is the dominant production mechanism for backward protons. 
Also, the p-n correlation inside the nucleus has been studied. 

In Experiment 512H large-transverse-momentum particles near kinematical limit 
and the correlations between two particles emitted at 8 = 90° (fl8 = 180°) have been 
measured. The HISS magnetic spectrometer was used in conjunction with time-of
flight and dE/dx measurements. The detection system involves large arrays of scintil
lation counters, two large drift chambers , and several multiwire proportional 
chambers. The major data-taking was completed, and the analysis of data is in pro
gress. 

In addition, the publication of the data from Experiment E205H has been com
pleted, in which light-particle spectra were measured at forward angles , and such data 
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were analyzed in terms of various theories . 

• 

• Fig. 1. Some of the group members in the HISS experimental area. 
CBB 826-5362 
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Heavy Ion Studies/Pion Studies 

The Berkeley research actlVlties of our group center mainly on the study of 
charged pions or correlated pairs of particles produced in high-energy heavy-ion colli
sions at the Bevalac. The technical approach involves a large ( -1.5 meter long) mag
netic spectrometer (JANUS) and combinations of fast scintillators and wire chambers 
interfaced with computer data systems. One major part of the work is the determina
tion of the cross sections (with an exploration of the angular dependence) for pion 
production in heavy-ion reactions. The existence of both positively and negatively 
charged pions facilitates determinations of simple Coulomb effects and therefore the 
charge density evolution in heavy-ion collisions by observation of the 1r + j1r- ratio as 
a function of pion energy, bombarding energy, and target-projectile charges. In fact, 
we found that pions produced with low energy in the projectile frame have large 
1r-j1r + ratios due to the Coulomb fields of the projectile fragments. Systematic 
observations of the sharp anomaly were made to compare with various models for pro
duction. The effects due to esoteric mechanisms, i.e. , condensates, etc., are expected 
to modify the conventional modes, and these phenomena are being explored. 

We are also studying the production cross section for low-energy 1r- and 1r + at 
90° in the center of mass, where an enhancement in the 1r + production has been 
observed. We want to ascertain that this 90° peak does disappear at low energy and 
to attempt to measure the threshold for its appearance. In addition, we are studying 
production of charged pions below the single nucleon-nucleon threshold to probe the 
importance of Fermi momentum in the nucleus. By measuring the center-of-mass 
angular distribution, we want to distinguish between thermal and single particle pro
duction modes. We have undertaken thick target studies in order to evaluate the 
practicality of heavy-ion production of useful 1r- beams. 

The second major part of our work is an experiment to look at the Hanbury
Brown-Twiss effect for like-charged pions made by heavy-ion collisions in events 
where many pions are produced. We look at the production of a pair of closely 
related pions +, + or -,- at the lab angle 45°. In the past ten years, such exotic 
phenomena as pion condensation, pionic lasing and quark matter have been predicted 
as possible for nuclear matter in a heavy-ion collision. Gyulassy, Koonin and others 
have pointed out that one possible way to see the effect of pion instabilities in heavy
ion collisions is to look for the correlation of like pions in the situation when the rela
tive momentum is extrapolated to zero. 

More quantitatively, one studies the correlation function C2(kl>k2) for two 
pions. For the case of two pions, C2(k"k2) = 0 for coherent sources. Highly 
coherent pions will have a different distribution in relative momenta than that 
expected for chaotically produced pions, and the range of coherence depends on the 
size of the interaction region . This technique of pion interferometry has been 
employed to measure the size and lifetime of the pion source formed in the collision 
of 1. 2 Ge V /A 40 Ar + KCI. The values obtained provide useful constraints on models 
detailing the pion production mechanism. The Bose-Einstein enhancement for low 
relative momentum was observed. 

In addition , we have conducted measurements of neutron-proton pairs produced 
in the Ne + U reaction. Such measurements give information on excited (virtual) 
state deuteron production and on spin correlations associated with pion condensation. 
Preliminary results show an enhancement near zero n-p relative momentum. Future 
work will improve on resolution and statistics for the virtual deuterons and for wide
angle n-p correlations measuring quasi-free scattering and collective-flow processes. 
Cluster production provides the main information on entropy production in relativistic 
heavy-ion collisions. 
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Future work that our group intends to pursue will utilize the experimental tech
niques and apparatus that we have built. The availability of Bevalac beams of the 
heavier elements (Au, Pb, or U) and our upgraded experimental apparatus (addition 
of a kicker magnet) will call for new pion spectroscopic measurements to search for 
evidence of highly compressed nuclear matter effects, such as pion condensation, 
quark matter, etc. The 1r + j1r- ratios will again be exploited for heavier beams to 
measure the dynamic charge evolution in relativistic heavy-ion collisions. 

Now that Xe, Pb, U, and other heavy beams at the Bevalac can be accelerated, 
there are new opportunities in atomic physics. Our earliest Bevalac work involved 
measuring K x-ray production cross sections. With Stanford collaborators we have 
measured extensively the x-ray spectra from 190 MeV jamu Xe ions. We observed not 
only target and projectile x rays, but also the radiative electron capture peak. 

Various members of the group are involved in collaborative work centered at 
other laboratories: pion or muon experiments at LAMPF; theoretical studies on muon 
fission with collaborators in China; theoretical nuclear studies by the Classical Limit 
S-Matrix Method with collaborators at the Universities of Tennessee, Brazil, and 
Kuwait; and hybrid plastic and emulsion studies of relativistic heavy ions with colla
borators in Nagoya and Cairo. 
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Nucleus-Nucleus Collisions 

All this group's offices and equipment are located in Birge Hall on the UCB 
campus, which makes it easy to attract new students but restricts to some extent 
interaction with Nuclear Science Division staff. Current research falls into the fol
lowing five principal areas. 

1. 

2. 

Relativistic heavy ion research (OOE support) 

a.) Production of heavy ion fragments, including exotic neutron-rich nuclides 
near the dripline 
b.) Production of high-energy gamma rays 
c.) Search for Lee-Wick matter 
d.) High-order effects in electrodynamics of slowing heavy ions 
e.) Response of various detectors to heavy ions 
f.) Hadron calorimetry for nucleus-nucleus collisions 
g.) Detailed properties of secondary nuclei with anomalously short interaction 
lengths ("anomalons") 
h .) Search for quark-nucleon complexes. 

Search for highly ionizing particles in e + e· annihilation (PEP-2 experiment, 
supported by NSF) and in pp annihilation (NSF support) 

3. Cosmic-ray astrophysics (NASA support) 

4. 

5. 

a.) Final engineering design and tests of prototype instruments for a 50 m2 

detector for a two-year space exposure beginning 1986 
b.) Study of highly ionizing particles with anomalously long interaction lengths 
at mountain altitudes 
c.) Design of an experiment to detect anti-iron nuclei in cosmic rays at a level 
3 X 10·7 of iron 

New detectors (NASA support) 

CR-39 with charge resolution a2 = 0.05e; other plastics with a2 < 0.2e in the 
vicinity of uranium 

Search for grand-unification magnetic monopoles (NSF and Calspace support) 

a.) Calibration of response of ionization detectors with very low-velocity protons 
b.) Sea-level study with huge, thick plastic scintillators 
c.) Searches with novel techniques 

Doctors Ahlen, Stevenson, and Tarle play a major role in conceiving new experi
ments and in training students. There is much overlap among the various projects. 
Detectors devised to solve one problem frequently make possible the solution of all or 
part of another problem. A result obtained with plastic detectors may stimulate the 
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construction of an electronic system to do a second-generation experiment. Expertise 
gained in resolving isotopes in a balloon-borne cosmic-ray experiment may be used at 
PEP or the next-generation neutron-rich nuclide experiment. In all these projects, 
both post-graduate and undergraduate students play an active part. 

Among the experiments planned for the next two years at the Bevalac are a 
high-energy gamma-ray experiment with 100 times higher collecting power; detection 
of many new nuclides delineating the neutron dripline; hadron calorimetry with large 
solid angle; search for Lee-Wick matter in U-U collisions; measurement of higher 
order electrodynamics in dEjdx and ~erenkov radiation by ions up to U; detailed stu
dies of anomalons with detectors capable of resolving nonintegral charge; and deter
mination of the response of plastic track detectors to relativistic ions up to U (the 
latter being of crucial importance for the proof that cosmic rays come from freshly 
synthesized supernova debris). 

Fig. 1. Shown here is the largest slab of plastic scintillator ever cast. It will be 
used to search for super-massive magnetic monopoles moving wih veloci
ties between 5 X w-4c and 5 X w-3c. Such monopoles have been 
predicted to exist by recently-developed Grand Unification Theories of 
particle physics. 

CBB 820-9777 
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Nuclear Theory 

The nuclear theory program encompasses subjects ranging from the general 
structure of static nuclei (including neutron stars), over nuclear dynamical properties 
as probed in nuclear collisions at various energies, to the manifestation of the basic 
quark degrees of freedom. 

General nuclear structure is being studied by macroscopic as well as micros
copic tools. In particular, a non-linear relativistic mean-field theory has been found 
to possess remarkable predictive power for a variety of nuclear properties. Because of 
its simplicity and consistency, this model is a versatile tool for exploring more exotic 
nuclear properties, e.g., the structure of hypernuclei. Separate studies have focused 
on generalizing relativistic mean field theory to the study of time-dependent prob
lems. While practically equivalent to time-dependent Hartree-Fock calculations at 
low energy, the relativistic mean field model provides a natural inclusion of the 
mesonic degrees of freedom which become significant at higher energies. A relativis
tic field theory has also been used to study dense neutron matter in the normal and 
pion condensed phases. 

Recently, a program to apply nuclear theory to astrophysics has been initiated. 
This program includes a study of the pion-condensed phase in stable charge neutral 
neutron star matter and of the hyperon composition of such matter, star masses, cool
ing rates, and temperature dependence of the equation of state. All these properties 
are calculated in the framework of a relativistic theory that is constrained by the bulk 
properties of nuclear matter, most important of which is the charge symmetry energy. 

The large-scale dynamics of nuclear shape changes, such as are encountered in 
nuclear fission and nucleus-nucleus collisions, continues to be an important area of 
research. The distinction between the dynamics appropriate for systems with and 
without symmetries is being clarified. The equations of motion in the latter case (the 
Chaotic Regime) are being applied to a variety of situations, including the interpreta
tion of cross sections for deep-inelastic, fusion, and fast-fission reactions. Close con
tact is maintained with experimental attempts to synthesize super-heavy elements, in 
which the dynamics of fusion may play a decisive role. 

In the area of damped nuclear reactions, the angular-momentum-carrying 
degrees of freedom have been given special attention. The effect of statistical nucleon 
exchange between the two reacting nuclides on the dynamical evolution of the frag
ment spins has been studied in detail, leading to a model with considerable predictive 
power. In particular, it has been shown that the way in which the two-fragment spins 
correlate is sensitive to the specific reaction mechanism assumed. This suggests that 
attempts be made to measure the spin-spin correlations between the reaction products, 
for example, in an experiment in which both products undergo fission later on; calcu
lations show that the angular correlations between such fission fragments are well 
suited to probe the basic nature of the reaction mechanism. 

As the energy is raised in a nucleus-nucleus collision, the binary idealization 
becomes increasingly inadequate and multi-fragment final states become predominant. 
The fragment production mechanisms have been studied by various approaches. Some 
have focused on the production of a specific fragment type, such as nucleon jets 
appearing as a result of the kinematical boost of transferred nucleons due to the 
nuclear motion, pions resulting from nuclear collisions at a few hundred MeV jn, and 
the production of deuterons within the framework of the intranuclear cascade descrip
tion. Other studies have attempted a comprehensive description of fragment produc
tion where all final states are treated on an equal footing. In relation to current 
attempts to probe the entropy production in a nuclear collision, it has been found that 
the eventual de-excitation of unstable ejectiles plays an important role in modifying 
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the observed distributions relative to those immediately after the collision process. 

The area of high-energy nuclear collisions is a major part of the theory program 
and several directions have been pursued simultaneously, e.g., the development of 
analytical models for elucidating the constraints of geometry and phase space on the 
observables. the employment of nuclear hydrodynamics for studying nuclear flow 
phenomena and their possible detection, and intranuclear cascade studies of the 
equilibration process. Special topics which have been addressed are 1r1r and pp corre
lations, 1r and K production, multiplicity distributions, composite fragment formation, 
Coulomb final state interactions, and global event analysis. 

A main thrust of this work has been to determine whether we can gain informa
tion on the nuclear matter equation of state at high densities. This program necessi
tates a detailed understanding of the reaction mechanisms at these energies. Very 
close contact with the Bevalac experimental program is maintained. 

Further work has been done on various aspects of the pionic degree of freedom 
in nuclear matter: the propagation of the pion through matter has been studied 
within an optical model, the pion condensation of finite temperatures has been given 
special attention, and a new experimental signature for pion condensation has been 
proposed and tested. While no positive signatures have been observed, the systems 
studied are small (Ne + Ne), and experiments with heavy nuclei are needed. 

We have also kept a close watch on the "anornalon" data and have suggested 
novel explanations of the effect. In particular, topological excitations of nuclei have 
been considered. This is another area in which application of nonlinear field theoretic 
models has had interesting consequences. 

An important modern frontier is associated with nuclear collisions at ultrarela
tivistic energies where the fields of nuclear, particle and astrophysics. have common 
ground. For example, the phase transition from hadron to quark matter, which is 
expected to occur at sufficiently high energy density, is being explored: The onset of 
the phase transition has been studied in different models and the use of the strange 
baryon fraction as a signature for a quark phase has been considered. The question of 
whether high-energy nuclear collisions can generate sufficiently high energy densities 
to create a quark-gluon plasma is being investigated. Problems with nuclear stopping 
power and the onset of nuclear transparency are being studied. Cosmic-ray data at 
TeV per nucleon energies are being analyzed in a search for signatures that might 
indicate the creation of a quark-gluon plasma. 
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Nuclear Electronics 

The Nuclear Electronics Group develops radiation detectors, signal processing 
electronics and data acquisition systems for experiments in nuclear science. Consid
erable emphasis is placed on providing a broad base of expertise in experimental tech
niques, detector technology and both analog and digital electronics. 

Traditionally, the bulk of the detector work centers on semiconductor detectors, 
both silicon and germanium, and the associated low-noise electronics. At the base of 
the germanium detector work is the high-purity germanium program. This research 
has led to unique contributions in development of high-purity germanium detectors. 
It has also deepened our understanding of purification processes and of the dominant 
role of defects in germanium. 

Another focus of the germanium detector program is on radiation damage and 
annealing of damage in high-purity detectors. This work is of particular importance 
in the application of telescopes of thick germanium detectors used for long-range par
ticle spectroscopy. The development of these telescopes and of the logistics for using 
them (including annealing damage) has been a major endeavor of the group in recent 
years. 

The silicon detector program covers the complete range of detectors used in x
ray, low-energy gamma-ray and charged-particle detection. Recent work has focused 
on position-sensitive detectors for use in large-area or 41!'-detector arrays. The main 
thrust of this development has been toward microstrip detectors for particle physics 
experiments. An array of position sensitive detectors using a combination of strip and· 
charge division readout is in use at the SASSY spectrometer at the SuperHILAC to 
identify new elements and exotic nuclei. 

Another aspect of detector development involves microchannel plates, used in 
time-of-flight detectors for the identification of reaction products. This work concen
trates mainly on simplifying designs without sacrificing performance. 

The full potential of a detector cannot be realized without carefully matching 
the signal processing electronics to the characteristics of the detector. This is espe
cially true in high-resolution spectroscopy with semiconductor detectors at high event 
rates, 'where either a time variant or a time invariant pulse shaper may be the 
optimum choice, depending on the specific circumstances. A set of 21 specially 
developed gated integrator pulse processors with integrated pile-up rejection circuitry 
is being built for the high-resolution Ge/BGO Ball under construction by the 
Diamond/Stephens group. A time invariant pseudo-triangular pulse shaper has been 
designed for x-ray diagnostics at the Princeton TFTR. This novel design combines 
simplicity with resolution and throughput characteristics superior to pseudo-gaussian 
shapers in widespread use. A new design of the pile-up rejector channel has 
increased the throughput of these systems by about 40 percent. Concurrent improve
ments in preamplifiers have been achieved by using transistor reset circuitry. 

An appreciable improvement in noise at nanosecond peaking times results from 
using low-noise bipolar transistors instead of field-effect transistors (FETs). This is 
applicable to preamplifiers in fast timing measurements where a four to five-fold 
reduction in noise over FETs is obtained for subnanosecond rise times. Use of active 
input terminations which present a 50 ohm input impedance without the associated 
thermal noise offer great flexibility in practical use, since the preamplifiers can be 
mounted remotely from the detector, e.g., outside the scattering chamber. 
Preamplifiers of this type have provided a time resolution of 30 ps FWHM in a silicon 
detector telescope with 28Si ions of 225 MeV. A practical design for silicon detectors 
has been implemented and preamplifiers are being produced for use at the SuperHI
LAC and other laboratories throughout the United States. 
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Considerable effort has also been directed at improving data acquisition systems 
and facilities for off-line data analysis. A first step towards improved data acquisition 
facilities for multi-parameter experiments at the 88-Inch Cyclotron and the SuperHI
LAC is the development of a CAMAC compatible ADC multiplexer for high
resolution data channels. Fast-readout systems for CAMAC will follow. 

A considerable increase in computing power for off-line data analysis will be 
provided by MIDAS (Modular Interactive Data Analysis System). MIDAS reduces 
computing time by using a large number of parallel processors, which individually 
can be rather slow and inexpensive. 

In the course of the past year the MIDAS prototype, using a complement of 
four arithmetic processors, a pipeline input processor and an output formatter, was 
subjected to an intensive series of evaluative tests. Results substantiate earlier claims 
of a four-fold increase in processing speed over that of a single processor. MIDAS is 
now in the final phase of being expanded to an eight-processor module from the 
presently operating four processors. Work is in progress on the interactive display 
parts, scheduled for completion in 1983. 

The group also provides much of the specialized rnaintanence and design efforts 
in the Nuclear Science Division. Considerable time is spent in consultation with 
experimental groups planning new experiments and instruments. Since members of 
the group participate in projects for other divisions of LBL and laboratories 
throughout the world, they bring a broad perspective to bear on the problems which 
arise in nuclear science experiments. 
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Relativistic Heavy Ion Collisions 

In addition to the staff listed here, based on a long-standing collaboration 
between V. Perez-Mendez and G. Igo, shorter lived collaborations have also been 
formed involving members of the HISS and TASS groups at LBL and the group led 
by L. Madansky at Johns Hopkins University. 

The group carries on a diverse program of research in relativistic heavy ion phy
sics using the Bevalac. The unifying theme of this program is the search for evidence 
for the possible formation of new states of matter in relativistic heavy ion collisions. 
This program is currently proceeding on three fronts. 

"Anomalous" production of particles below threshold (for nucleon-nucleon colli
sions at equal energy /nucleon) provides evidence for collective effects that may lead 
to the production of new states of matter. During the 1981-1982 period we published 
our discovery of a surprisingly high rate of K production in 2.1 Ge V j A 28Si + 28Si 
collisions. Preparations for further measurements, including the design of a new beam 
line/spectrometer were carried out. 

Preparations for the continuation of our measurement of proton-proton correla
tions at small relative momenta were made. These preparations included two pelim
inary runs using the HISS spectrometer. Use of this facility should allow us to 
improve greatly on the quality of our previous measurement. 

A short run was taken to continue studies of lepton and photon production in 
heavy ion collisions. These studies have evolved into a large effort (in collaboration 
with the TASS and JHU groups) first to measure the rate of direct electron produc
tion at the Bevalac and then, after construction of a new large acceptance instrument, 
the Dilepton Spectrometer, to study the production of e+e· pairs. Changes in the 
effective mass spectra of such pairs as a function of bombarding energy may provide 
the clearest signature of the postulated phase transition to the quark-gluon plasma. 

A large amount of effort was also devoted to the development of new types of 
instrumentation for use in the above work. 
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High Energy Heavy Ion Collisions 

This group is engaged in a wide variety of experiments using beams accelerated 
by the Bevalac. In recent years, interests have ranged from nuclear structure physics 
to reaction mechanism studies at very high energies. In particular, we have focused 
our attention on the following problems during the last year. 

( 1) At the low-energy beam line, we have an active collaboration with a group from 
Michigan State University. The goal of this program is to study the evolution 
of the reaction mechanism as a function of bombarding energy between 50 and 
150 MeV /nucleon. This is an energy range that remains largely unexplored 
experimentally and in which a variety of theoretical approaches, including 
hydrodynamic and thermodynamic models, have been applied. Of particular 
interest is the possibility that abrupt transitions in particle yields might be 
observed as a function of energy, indicating the presence of a phase transition. 
Successful experiments have now been completed using 2CNe and 40 Ar beams. 
So far most of the experimental data have consisted of inclusive particle yields; 
however, a much more sophisticated multi-element "hit" detector is now being 
developed at Michigan State University and will be used during the coming 
year. We also plan to extend the measurements to heavier systems such as Au 
+ Au where thermodynamic concepts should be more applicable. 

(2) At the zero degree spectrometer, we are continuing our studies of nuclei far 
from stability produced in heavy ion fragmentation reactions. We have demon
strated the feasibility of measuring !3-decay half-lives of very neutron-rich light 
nuclei by a delayed coincidence technique in which we implant the activities 
directly into a six-element Si(Li) detector stack. In our first run with an 40Ar 
beam we measured two new half-lives and have now begun production runs 
using an 56Fe beam. 

(3) In collaboration with members of the HISS Group, we are starting an experi
mental program at the HISS facility that will address several problems of 
current interest. These include the production of very neutron-rich light nuclei 
at high energies; excitation of giant resonances using the Coulomb field of 
heavy target nuclei; and, we hope, a search using an electronic technique for 
the anomalous mean free path effect observed by Friedlander, et a!., in nuclear 
emulsion. 

( 4) Away from LBL, we maintain a close interest in the experiments being carried 
out by the CERN-Heidelberg-Lund collaboration at the CERN Intersecting 
Storage Rings. This accelerator provides the highest energies available today for 
nucleus-nucleus collisions and offers an exciting preview of the physics that will 
be accessible using new relativistic heavy ion accelerators. 
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Detector Research and Development 

The function of this group is to explore new concepts in detectors and to 
develop systems that optimize the accuracy of measurement in the specific uses for 
which they are designed. Some of the work has been done in collaboration with 
Japanese scientists under the U.S. - Japan Cooperative Science Program. The four 
main systems under development this year have been i) liquid xenon ')'-ray detectors, 
ii) liquid argon heavy ion detectors, iii) a Bragg-Curve Spectrometer (BCS) and iv) 
high density time projection chambers (HDPCs). 

liquid Xenon 'Y-Ray Detectors 

Our goal for this detector design is to achieve 25 keY FWHM resolution for 1 
MeV 'Y rays. The best energy resolution achieved both here and in Japan is compar
able to that of Na(Tl), but with volumes of less than 0.1 liter. 88% of the total 
expected charge is collected in these measurements, although this value is strongly 
dependent upon our measurement of the energy loss per ion pair in liquid xenon. We 
now know that the procedure used to measure this loss must be used with extreme 
caution. 

liquid Argon Heavy Ion Detectors 

The Bevalac upgrade provides LBL with the ability to accelerate uranium beams 
to 2 GeV jn and a Japanese machine under construction will provide similarly ener
getic heavy ion beams. Beams from these machines, along with planned LBL experi
ments at CERN and with the proposed Tevalac will result in even higher energy 
heavy ion collisions, whose event structure involves extremely high multiplicities of 
particles spanning a broad range in both atomic number and energy. Such experi
ments require detector systems having the capability of subtending large solid angles 
along with high pattern recognition. To meet this need, we are developing in colla
boration with the Japanese a high-resolution liquid argon calorimeter, in which sig
nals of the free carrier yield and luminescence from the ionization tracks will be 
viewed simultaneouly. 

Bragg-Curve Spectrometer 

The BSC is a charged-particle identifier which has the following advantages: 

(1) A signal that measures Z unambiguously; 

(2) Combined range and Bragg peak signals which yield a charge resolution higher 
than that achieved with gas ~E-semiconductor E telescopes; 

(3) Large solid angle applications; 

( 4) Better heavy ion energy resolution than that of semiconductor detectors. 

The BCS has been demonstrated to yield energy and charge resolutions of 0. 7% 
and 1.2-1.4% FWHM, respectively, for heavy ions lighter than cobalt, and the Bragg 
peak signal appears to be linear in charge to within 7% for Z<26. Questions yet to 
be studied are particle identification for Z~40, particle identification below the Bragg 
peak, the geometric mean of the Bragg curve as a particle identification signal, and 
mass measurements. 

High Density Time Projection Chambers 

We have designed and constructed two HDPCs which are to be used for tagging 
spectator neutrons in colliding light-ion beam experiments at the CERN ISR. These 
are designed for a high pattern recognition which provides some compensation for a 
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non uniform response. Our goal in resolution in the center of the calorimeters is 30%, 
which permits discrimination between one, two and three spectator neutrons. The 
calorimeters are currently installed at the split field magnet facility of the CERN 
ISR, where experiments will begin shortly. 
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Tevalac Project 

VENUS 82 Workshop - Prelude to the Tevalac 

L.S. Schroeder 

A workshop was held at LBL on September 15-17, 1982, to review the physics 
objectives and capabilities of a heavy-ion accelerator complex providing nuclear 
beams over the entire range of the periodic table for fixed target experiments. The 
complex, injected by the SuperHILAC, would consist of two superconducting rings, 
one located vertically above the other. The first ring (R1) would be a synchrotron 
capable of extracting beams for physics research and/or transferring beams to a 
second ring (R2), which would act as a storerjstretcher ring with the capability of 
extraction of a nearly DC beam. An initial lower limit of operation of the complex 
was set at -50 MeV /nucleon, with an upper limit of 10 GeV /nucleon for uranium 
beams. The broad aim of this meeting was the development of material for a proposal 
to be submitted by the end of calendar 1982 to the Department of Energy for initial 
R&D funding. 

The format for this workshop was different from that of the previous high
energy heavy-ion summer studies in that, while the morning sessions (September 
15-17) were devoted to review talks, the afternoon sessions were broken up into paral
lel working groups on the following subjects: 

Working Group Conveners 

• Theoretical Physics M. Gyulassy and W. Myers (LBL) 

• Atomic Physics H. Gould (LBL) 

• Physics at Lower Energies B. Harvey (LBL) 

• Radiochemical Physics W. Loveland (Oregon State) 

• Exotica and Rare Particle Studies J. Carroll (UCLA) and P.B. Price (UC Berkeley) 

• Fragmentation Studies B. Berman (LLNL) and P. Lindstrom (LBL) 

• 411" and Central Collision Physics A Poskanzer (LBL) and A Sandoval (GSI) 

• Collider Physics E. Friedlander and T.J.M. Symons (LBL) 

The charge to the various working groups was to consider the outstanding phy
sics potentials in each of their areas and the optimal parameters in projectile mass 
and energy for a fixed target facility to carry out such a program. Where appropriate, 
the types of detectors that would be required were also considered. The working 
groups met for several hours each afternoon to consider these questions. 

On the morning of September 17, reviews from each of the working groups were 
heard. The major interest focused on questions associated with the formation and 
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detection (signatures) of the quark-gluon plasma. In addition, it was evident that 
uranium beams at energies up to 10 GeV /nucleon also provide an extremely strong 
program of atomic, nuclear, astro, and particle physics research, including: 

• equation of state of hadronic matter 

• new states (pion condensates, anomalons, highly excited nuclear matter -
N* ,Ll-nuclei) 

• new spectroscopy with strangeness quantum number introduced into nucleus 
(hyper and multi-hyper nuclei) 

• nuclear structure, nuclei far from stability, secondary beams of unusual nuclei 

• study of liquid to gas transition in nuclei, nuclear hydrodynamics 

• 1- and 2-electron heavy-ion atomic physics studies (testing QED) 

• cosmic-ray propagation (need to measure fragmentation cross sections) and 
source abundances 

• applications (satellite instrument calibrations and radiobiology) 

The physics aspects of the workshop were summarized by W. Swiatecki, who 
indicated that the ultimate focus of such a program would be the question of hadronic 
deconfinement and the rich new structure of matter that would be possible. H. 
Grunder reviewed the machine parameters, stating that the experimental community 
indicated that such an accelerator complex needed to go to at least 10 GeV /nucleon 
for the heaviest ions, as well as going down to somewhat lower energies (20 
MeV /nucleon) than originally discussed. To undertake such a broad program, a high 
multiplicity of simultaneous experiments would be required. 

For historical purposes, this workshop served as the prelude to the Tevalac R&D 
proposal, 1 which was submitted to the Department of Energy in December 1982. 

Reference 

1. The Tevalac - A National Facility for Relativistic Heavy-Ion Research to 10 
GeV per Nucleon with Uranium- LBL PUB-5081 (December 1982). 
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PART II: ACCELERATORS 



88-Inch Cyclotron Operations and Research 

Operations 

D.J. Clark, D. Elo, L. Glasgow, R. Lam, C.M Lyneis, R.G. Stokstad 

The 88-Inch Cyclotron, operated by the Nuclear Science Division, provides a large fraction of the beam time 
that is used by Division scientists. Variable energy high resolution beams from hydrogen through argon are produced 
and used for studies of nuclear structure and nuclear reaction mechanisms. The cyclotron is also the Laboratory's 
major source of medical isotopes and its only source of polarized proton and deuteron beams. 

The cyclotron is now operating at an increased value of the energy constant, K, of 160 for ions heavier than A 
= 4. Ions as heavy as 40 Ar can be accelerated to the Coulomb barrier of 5 MeV Ju, while lighter heavy ions can 
reach 20-30 MeV ju. The cyclotron thus operates in the important transition region between low and high energies: 
10-30 MeV Ju. 

As a national accelerator laboratory the 88-Inch Cyclotron is used extensively by outside groups from many 
institutions in the U.S. and abroad. Table I shows the number of users from LBL and elsewhere. Scheduling of 
experiments for the cyclotron is done in an open meeting on a weekly basis with a lead time of only eight days. Out
side users who must make travel arrangements in advance are accommodated with advance scheduling. A users' 
organization has been formed and a program advisory committee instituted. The members of the users' executive 
committee are Karl Van Bibber (Stanford University), Chairman; Frank S. Dietrich (Lawrence Livermore National 
Laboratory); and Marie-Agnes Deleplanque (LBL). C. Konrad Gelbke of Michigan State University serves as Chair
man of the Program Advisory Committee. Charles Goodman (Indiana University) and J~rgen Randrup (LBL) are 
the other two members. 

The 88-Inch Cyclotron plays a significant educational role. At present 13 graduate students from the University 
of California at Berkeley are employing this facility in their research toward the Ph.D. degree. Three students 
received their doctorates from UCB in 1982 for research done at the cyclotron. Four graduate students from other 
universities are also involved in research at the cyclotron. 

Table I. Number of users of the Cyclotron during the past year, FY82. 

LBL Staff, University of California, Berkeley Campus 17 

Graduate Students 
U.C. Berkeley 14 

Other Universities 5 
19 

Post-doctoral scientists 
LBL 5 

Other laboratories 3 
8 

Outside users and visitors 
Industry 30 

Universities, National Labs. 52 
82 

TOTAL 126 
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The cyclotron now operates 14 l/2 eight hour shifts per week with one shift for maintanence at the beginning of 
the week and one half shift for shutdown on the weekend. It was operated for 20 shifts per week until October 1981 
when increased power rates and budget limitations made the reduction in running time necessary. The distribution 
of cyclotron time is shown in Table II. The list of beams available is given in Table III. The particle distribution of 
light and heavy ion beams during the past 14 years is shownin Fig. l. 

Table II. Cyclotron operating and maintenance time distribution for the 15 month period 7/1/81 to 9/30/82 
covered by this Annual Report 

Hours ~ 
Operating Time 

Beam Development 435 5.7 
Tuning 656 8.6 
Optics 356 4.7 
On target 3942 51.6 
Waiting for experimenter 338 4.4 

Subtotal 5727 75.0 

Maintenance Time 
Weekly maintenance 390 5.1 
Shutdown maintenance 591 7.7 
Ion source preparation 487 6.4 
Unscheduled maintenance 314 4.1 
Other 126 1.7 

Subtotal 1908 25.0 
Total 7635 100.0 

Shutdown 3045 
Holiday ~ 

Total Time 10968 

Improvement Programs 

The staff is involved in programs to improve the ion sources, the machine, extraction, and beam lines. Improve
ments to ion sources include a new simpler internal PIG (Penning ion gauge) heavy ion source, an upgrade of the 
polarized ion source, and a proposal to construct an ECR (electron cyclotron resonance) source. Improvements of the 
cyclotron itself have centered on upgrading the rf system. Improved extraction efficiency is the goal of the magnetic 
channel project. The installation of a fast slammer valve in beam line 3 provides better protection of the cyclotron 
from accidents involving radioactive targets. 

A new PIG heavy ion source was designed to increase the source lifetime and to simplify parts and mainte
nance. Design improvements include simplification of the base insulator and elimination of discharges in the connect
ing line between cathodes. A prototype was designed and fabricated. It is still being debugged but initial use in 
experimental runs indicates that it will fulfill its design goals. Modifications are now being made to further improve 
it and more testing will be done but we expect to build another unit soon so that it can go into steady operation. 

A new ionizer was installed iil the polarized ion source last year. It was tested and put into service early this 
year. It has provided approximately a factor of 3 increase in the polarized beams. An additional increase in beam 
intensity is expected when the pumping speed on the ionizer is improved. 

Improvements in the cyclotron rf system include a new crowbar unit for the final amplifier plate supply series 
regulator. It has 4 additional channels and greater speed and reliability. Under construction is a new regulating sys
tem using fibre optic cables for signals between ground and 25 kV points. An rf filter on the final amplifier plate 
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supply is being designed to reduce the number of high voltage capacitors. This will simplify the system and make 
more spare capacitors available. An all solid-state rf driver amplifier has been installed to replace two tube-type dis
tributed amplifiers. The system will be operational after interlock modifications. 

A magnetic channel will replace the third section of the electrostatic deflector. It will provide the stronger 
deflection strength needed for the higher energy beams made available by the high K operation and by the future 
ECR source. It consists of a passive iron system about 20 inches long, with no coils. It reduces the magnetic field in 
the beam region and adds a radially focussing gradient. The channel has been constructed and its field has been 
measured. The measurements indicate that some modifications are needed to improve the field linearity and to adapt 
the mechanical support system to the deflector mounting plate. 

A fast slammer valve has been installed on the beam line to cave 3 to protect the cyclotron from contamination 
which could result from a radioactive target accident. The associated electronic controls were also completed. 

The ECR Source 

The ECR source has been selected as the best type of advanced ion source for the 88-Inch Cyclotron. The 
choice was made in May 1982 after the two types of advanced ion source, ECR and EBIS (electron beam ion source), 
were evaluated. The ECR source was chosen because it will provide an energy increase of 2-4 for heavy ion beams 
up to krypton at adequate intensities for most experiments (1010 - 1011 particles/second external beam) at 100% duty 
factor. EBIS, the other source candidate, produces higher charge states, but lower intensity and duty factor. An 
ECR design workshop was held in August 1982 with participants from Louvain-la-Neuve, Karlsruhe, Oak Ridge and 
LBL. A proposal to build an ECR source was submitted to the Department of Energy in September 1982. Construc
tion will require about 2 years. 

The proposed ECR source is a compact 2-stage system using normal conducting coils, a permanent magnet hex
apole, and 8 GHz microwave power. The design includes a number of features that contribute to flexibility and a 
potential for future development. The second stage coils are subdivided so that the mirror ratio may· be varied. The 
hexapole structure is open and allows radial pumping and access to the plasma for diagnostic elements. Particular 

· attention has been given to the design of the extraction system to improve intensity. The beam transport and 
improvements in the axial injection system are included in this project. 
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Table III. 88-Inch Cyclotron Beam List. 

Ion Energy"> Ext. Beam Ion Energy") Ext. Beam 
(MeV) Intensity (MeV) Intensity 

(~uAb) 
19p3 1 

(euAb) 

p 0.2- 55 100-20 30-66 5 
p (polarized) 6-55 1.0 19p4+ 66- 118 10 
d 0.5-65 100-20 I9p5+ 118- 184 2 

65-70 -0.5 
2<N 3+ d (polarized) 10-70 1.0 2CNe4+ 

28-63 >10 

3He1+ c> 2fYr:/s+ 
63- 112 10 

2-47 >20 112- 175 
3He2+ c> 4-140 100-10 201-/6+ 175~- 252 
4He2+ 20Ne7+ 

3- 130 100- 10 
20Nes+ 

252- 343 0.01 
130-140 -0.5 e + 343-448 -50 epA 

6ut+ c) 
. 22Nes c> 102- 159 -s 

2-23 10 22Ne6+c) 159- 229 
6u2+ c) 23-93 5 

24M 4+ 6u3+ c) 93- 195 0.5 50-93 2 
1u2+ 20- 80 5 

24Mgs+ 
93- 146 0.2 

1u3+ 80- 180 0.5 25M~4+c) 50-90 2 

9 2+ 
26Mg4+c) 48-86 2 

9Be3+ 15-62 5 26Mgs+ 86- 145 .08 

9Be4+ 62- 140 2 
2ssis+ Be 140-249 .05 80- 125 

10B2+ c) 
2sSi6+ 125- 180 0.2 

14-56 10 2sSi7+ 180- 245 0.05 
IOS3+ c) 56- 126 50 

32s6+ 10B4+ c) 126- 224 . 0.3 100- !58 2 
lOBs+ c) 224- 320 0.001 32s7+ !58- 238 0.2-.03 
11B2+ 12-51 10 

35Cl7+ 11B3+ 51 - 115 50 144- 196 0.5 
11B4+ 115-204 0.3 35Cl8+ 196-256 0.05 

nc2+ 
37Cl6+ 95- 136 0.3 

12-47 >20 37Cl7+ 136- 185 0.08 
nc3+ 47- 105 30 

40Ar2+ 12c4+ 105- 212 5-.5 3.5- 14 0.4 
12c5+ 187- 306 .05-.001 40Ar6+ 87- 126 4 
nc6+ 292- 384 loS pfs 40Ar7+ 126-172 2 
13c3+ c) 43-97 >20 40Ar8+ 172- 224 0.5 

t4N2+ 
40Ar9+ 224- 280 105 pfs 

10-40 20 40Arl0+ 280- 350 103 pjs 
14N3+ 40-90 15 

40 6+ t4N4+ 90- 160 15 40Ca7+ 87- 126 I 
I4N5+ 160- 250 2 Ca 126- 172 0.2 
14~+ 250- 360 Jo6 pfs 

S6Fe10+ 14N7+ 360-448 100 p/s 180- 250 I pjs 
15N4+ c) 84- !50 15 

1601+ 9 63Cu9+ 142- ISO 5 enA 
16()2+ 9-35 >5 63Cul0+ 180- 222 0.1 enA 
16(>3+ 35- 79 20 63Cu11+ 222- 269 5xio3 p/s 
16<)4+ 79- !55 30-.2 

84Kr2+ 16<)5+ 140- 219 5 1.6- 6.6 d) .001 
1606+ 219- 315 0.3 84Krs+ 82- 107 .250 
1607+ 315- 429 107 p/s• 

84Kr9+ 107- 135 .120 
t6

0
s+ 

429- 512 0.2 pfs 84Krl0+ 135- 167 .030 
18(>3+ c) 31 -70 20 84Krll+ 167- 202 .003 
18<)4+ c) 70- 124 >10 

197 Au13+ 18Q5+ c) 124- 194 5 102- 120 2 pfs 
t97A 14+ 120- 140 0.1 

a) Heavy ion range shows nominal maxi mum energy for a particular charge state down to energy which can be reached by the next lowest charge state. The maximum 
energy for several heavy-ion beams has been increased toE= 160 ct/A MeV. Beams can also be run at energies below I MeVfnucleon. 
b) Electrical microamperes except as noted, t:.E/E -0.3%. Intensity on target will be less, depending on mode of beam transport. 
c) Isotopically-enriched source feed. 
d) 15th harmonic. 
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Research 

R. G. Stokstad 

The research programs at the 88-Inch Cyclotron comprise a broad and diversified enterprise that reflects in part 
the versatility of the accelerator. Basic research in nuclear physics is done with heavy ion and light ion beams. 
These probes are used to study nuclear structure and nuclear reaction mechanisms. Interspersed in this effort is a 
series of application of nuclear techniques to other disciplines. The following overview categorizes the research in 
terms of heavy-ion reaction mechanisms, nuclear structure, exotic nuclei, heavy element research, light ion research 
and applications. 

Heavy Ion Reaction Mechanisms 

The study of nuclear reaction mechanisms continues to form one of the main thrusts of the overall research pro
gram. Previous developments of beams of beryllium through neon at energies up to -20 MeV /nucleon have made 
possible a broad program of investigations into the nature of peripheral reactions, incomplete fusion, fission and eva
poration. 

The behavior of heavy-ion reactions changes rapidly as the bombarding energy is increased significantly above 8 
MeV jn. Between this energy and about 100 MeV jn a transition occurs from the characteristics of low energy 
phenomena (transfer reactions, complete fusion) to those of relativistic heavy-ion reactons (fragmentation, 
participant-spectator mechanisms). The mechanisms of heavy-ion reactions in this regime are being studied in order 
to identify and understand the competing processes and their dependence on the bombarding energy. Two main 
thrusts of this work are in the areas of transfer and fragmentation reactions and of incomplete fusion. Transfer reac
tions are being studied by a new device, the "plastic box", a 41!' array of scintilla tors arranged in the form of a cube 
which provides the means to distinguish between transfer and fragmentation. The plastic box is being used in a 
number of experiments where the separation of two-body and three-body reactions is crucial. Incomplete fusion is 
being investigated with the time-of-flight facility. Systematic measurements for a series of targets and 160 energies 
reveal an onset of incomplete linear momentum transfer at about 5 MeV jn above the Coulomb barrier. 

The transition between evaporation and fission is also being explored. As the evaporated particle increases in 
mass beyond helium, the distinction between the two mechanisms blurs and the question of how to describe the pro
duction of complex intermediate-mass fragments arises. This is being approached experimentally by observing the 
yields of helium through neon produced in the reaction of 3He and Ag and characteristic changes which occur in the 
shapes of the energy spectra as the mass of the fragment increases (from a Maxwellian shape to a Gaussian shape). 
These experimental characteristics will be compared with the predictions of theoretical models. 

Nuclear Structure 

A major effort is directed toward the understanding of the behavior of nuclei at high angular momentum - up 
to the limit where they fission. For rare earth nuclei in the upper half of this spin region (30--60h), the gamma-ray 
spectrum cannot be resolved and methods have been developed for extracting information from the continuum. In 
the past few years a new method has been found to measure average effective moments of inertia that include both 
single-particle and collective contributions. These can be combined with previously measured average "band" 
moments of inertia (which are mainly collective) in order to separate these two contributions in unresolved spectra 
for spins in the range of 50--60h. In some light Er and Yb nuclei at these spins, evidence has been found for a large 
single-particle contribution due to high-j proton orbitals. These particular orbitals are from the next higher major 
shell (N=5) above the valence shell (N=4). In some of the nuclei of this region, the contributions from the two 
shells are almost completely separated as two broad peaks in the gamma-ray spectrum. Other regions of nuclei are 
being examined to see if such large shell effects are common. 

Exotic Nuclei 

Research in the area of exotic nuclei consists primarily of decay studies of light to medium mass very neutron
deficient isotopes. Techniques used for these studies involve charged particle and {3-')' spectroscopy of nuclides pro
duced in 3He or heavy-ion bomardments of neutron-deficient targets. These nuclides are transported from the target 
area via a helium jet system which can be used either to prepare a source directly or to feed the on-line mass separa
tor, RAMA Recent use of the helium jet system operating alone has permitted discovery of the previously unknown, 
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odd-odd. Tz =-2 isotopes. 22Al (t 112 -70 ms) and 26P (t 112 -20 ms). Observation of their beta-delayed proton 
decays has not only provided beta decay and isobaric analog state information but also confirmed a theoretical predic
tion that both isotopes could decay by a new decay mode, beta-delayed two-proton radioactivity. Subsequent proton
proton coincidence experiments have enabled discovery of this new radioactivity (for both nuclides) and provided ini
tial information on the mechanism of two-proton emission. 

Heavy Element Research 

Heavy element research is conducted by two NSD groups and a group from lawrence Livermore National 
laboratory. The Long Tape System at the cyclotron was designed to detect a spontaneous fission (SF) activity with 
t 1;2 -0.1 sec against a very high background of longer-lived SF activities. The 0.1-sec activity was never found, 
down to the sub-nanobarn cross section level, in many experiments utilizing targets of 249Bk and 248Cm with 15N and 
160 projectiles. This is in sharp disagreement with claims put forth by Dubna experimenters; however, in these same 
experiments a 20-ms SF activity with substantial cross sections was detected which has been tentatively assigned to 
2ooru. A 100-ms SF activity has been found in bombardments of 254Es with 99-Mev 180 and 73-Mev 13C projectiles. 
In the first case, the cross secton is very large, about 1 microbarn, and in the second, about 0.2 microbarn. Such 
large cross sections rule out nuclides with Z equal to 104 or more; the best candidate on the basis of comparative 
yields is 261Lr, but 260•261 Md are also considered possible. 

Reaction mechanisms in the heavy element region, where radiochemical techniques provide unique assignments 
of nuclear mass and charge to the produced radioactive species, has been concentrated in three areas: (a) the produc
tion of actinide nuclei by means of a massve transfer of nucleons from the projectile to the target as a potential 
means of producing new neutron-rich nuclides; (b) determination of the production of nuclei with a greater nuclear 
charge than the target and the measurement of the charge dispersion of fission-like products from the reaction of 20 
MeVjn 12C and 160 beams with targets of gold and rare earths; and (c) measurements of the gamma-ray intensities 
and population of isomeric states in poorly-known nuclear ~ecies produced in heavy-ion reactions. The production 
and fission of element 104 by the reaction 15N + 249Bk ..... 2 Rf + 4n is being studied and from about 300 observed 
events it is seen that element 104 fissions symmetrically. This is in contrast to a preliminary finding based on -70 
events and indicates that shell effects at the second minimum disappear rapidly with excitation energy. The produc
tion of actinide nuclei by heavy-ion induced massive transfer reactions has been studied using an 254Es target and 
beams from both the 88-Inch Cyclotron and the SuperHILAC. Chemical studies of the electrochemical potential for 
reduction of divalent nobelium have also been carried out. 

Light Ion Research 

Light-ion research using the polarized proton and deuteron beams is generally concerned with spin-polarization 
phenomena in nuclear reactions and scattering. A most important feature of polarization effects is that they often 
display uniquely the operation of, hence the possible violation of, a basic symmetry property of the nuclear interac
tion. Thus, several fundamental experiments have been designed to make significant tests of parity conservation, 
charge symmetry, and time-reversal invariance in this interaction. 

Spin-polarization measurements also provide information concerning nuclear structure and reaction mechanisms 
that is not otherwise available. Thus, studies are made of analyzing powers and polarization transfer in inelastic 
nucleon scattering and nucleon-transfer reactions in order to deduce the specific spin-dependent nature of the nuclear 
interactions. For example, the inelastic nucleon scattering results provide detailed information about the spin
dependent components of the effective nucleon-nucleon force in nuclei, which is a subject of considerable current 
interest. Measurements also are made of polarization-transfer in elastic proton-nucleus scattering, since these results 
will provide a unique means of establishing the existence of a spin-spin component of this nuclear interaction. This 
research with polarized beams involves collaborations with several groups from different universities and laboratories. 

Applications 

Grouped as applied research are the actlVltles of (i) the Division of Biology and Medicine, which include 
radioisotope production and cellular studies of radiobiological effects with low energy heavy ions; (ii) the investiga
tion of cosmic-ray induced errors in digital semiconductor devices; (iii) detector calibration for relativistic heavy-ion 
physics and space research; and (iv) a new program, the enhanced adhesion of thin films through heavy-ion bombard
ment. 
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Bevalac Research Program 

HG. Pugh 

The Bevalac is operated by LBL's Accelerator and Fusion Research Division and has the unique capability 
world-wide to collide heavy and very heavy nuclei against each other at sufficiently high energies that the internal 
structure of the composing nucleons is changed. The new ideas of nuclear physics which emerge from relativistic 
field theories devised to describe such collisions are in many instances strikingly different from our preconceptions of 
nuclear behavior. New configurations of nuclear particles are found to be possibly stable and in the extreme limit it 
is found that the entire system of colliding nuclei may be converted into a new state of matter called the quark-gluon 
plasma. Such ideas cannot be investigated with conventional probes such as electrons or protons since they involve 
raising large volumes of nuclear matter to conditions of high density and pressure such as can only be brought about 
when very large projectiles, i.e., nuclei themselves, are used. The Bevalac program consists of a systematic study of 
the behavior of nuclei under these conditions, with hot pursuit of any unusual phenomena that seem to be encoun
tered. 

The Bevalac provides beams of ions up to uranium at energies from 50 MeV/ nucleon to 2.1 GeVfnucleon (1.0 
GeV /nucleon for uranium). To use these beams a large number of user groups converge on LBL from all parts of the 
United States. An international contingent is led by major groups from GSI, Darmstadt, W. Germany, and INS, 
Tokyo, Japan, which make a leading contribution to the research program, as well as the many smaller groups 
engaged, for example, in emulsion experiments. 

Experiments are selected by the Bevalac Nuclear Science Program Advisory Committee, which meets twice a 
year. The present members are Professor Herman Feshbach, MIT, Chairman; Professor Robert Klapisch, CERN, 
Geneva, Switzerland; Professor David K Scott, Michigan State University; Professor Erich Vogt, University of Brit
ish Columbia, Canada; Dr. William A Wenzel, Lawrence Berkeley Laboratory; and Professor Toshi Yamazaki, 
University of Tokyo, Japan. Within the extremely limited beam time available, collaborations typically receive 100 
hours per year. Under these circumstances there is strong emphasis on complex, flexible, and efficient detectors and 
data acquisition methods, or else on experiments of a decisive quality. 

The Bevalac Users' Association meets annually, and its Executive Committee holds telephone conference calls 
with Laboratory management to discuss current problems. During FY83 the charter of the Association is being 
revised to give the outside users an enhanced role in the Laboratory's activities. Users' workshops in specialized 
areas of research serve to coordinate activity. In the past year a JACEE workshop was held in August 1982 to study 
the state of the art in the study of nucleus-nucleus collisions with cosmic rays, and a Tevalac workshop was held in 
September 1982 to develop plans for a new accelerator. The Dilepton Workshops have continued on a more informal 
and more frequent basis and a Dilepton Spectrometer (DLS) project has been developed. In June 1983, the 6th High 
Energy Heavy Ion Study will be held, in conjunction with the second Anomalon Workshop. This event is expected to 
attract a large number of visitors from many parts of the world. 

The phenomenon of short mean free paths of projectile fragments has continued to be the greatest mystery in 
Bevalac research. Since the first Anomalon Workshop in February 1982, many additional workers have entered the 
field and much improved statistics using visual detectors are anticipated. There have been several attempts in the 
past year to study the short mean free path particles (or "anomalons") by electronic techniques. Searches have been 
made for photons emitted downstream from a production target and for sharp photon lines in the spectra emitted from 
the target fragmentation region, both in the inclusive spectra and in the effective mass spectra of photons in coin
cidence with deuterons and tritons. Neither of these experiments found an anomalon signal, ruling out certain 
hypotheses concerning their nature. Several theoretical groups have reanalyzed the emulsion data to seek explana
tions. It has been suggested that the effect could be explained by molecular nuclei with unusually long lifetimes or 
that the cross sections observed for anomalons as a function of Z correspond almost exactly to the limit which a 
nuclear cross section could have, i.e., the sum of the nucleon-nucleon cross sections. A third paper suggests that a 
relativistic mean field theory consistent with all known facts about nuclear physics would permit nuclei in certain 
excited states to have extra-long range forces. An important experiment has been conducted using the Plastic Wall to 
distinguish between the two hypotheses concerning anomalons, i.e., that they correspond to 6% of nuclear fragments 
having a 10 times increased cross section or, alternatively, 100% of nuclear fragments having a 20% increased cross 
section coupled with a 10·11 second lifetime. These can be distinguished by comparison of dense and dilute targets. 
Preliminary results favor the former hypothesis. A new electronic detector is being constructed to directly simulate 
the visual detectors. Using the ring-imaging Cerenkov technique, it is hoped that the detector will give direct results 
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on the anomalons, and be usable as a trigger for other more sophisticated detectors such as HISS. 

Recent work has shed important light on the progress of relativistic heavy ion reactions. These experiments 
have investigated the degree of equilibration for central collisions, the time evolution of a nuclear collision, the 
nuclear density and compressional energy of these collisions and strange particle production. 

In 1982 ions up to uranium became available and preliminary experiments were carried out with each of the 
new beams as they were developed. 

- The first of the new beams, krypton, was used in early 1982 to test the streamer chamber for high multiplicity 
events and to indicate several improvements necessary, which are now being implemented. 

- Measurements of the range-energy relationship for uranium ions in emulsion showed that the higher-order correc
tions in the infra-red region of QED cancel each other. The range of 1 GeV /nucleon uranium ions in emulsion is 
only 4 em! · · 

- Characteristic event types for uranium interactions in emulsion have been identified, including binary and ternary 
fission, grazing and head-on collisions. 

- Fission cross sections have been studied as a function of beam energy using solid state detector techniques. 

- The equilibrium charge state distribution for uranium ions passing through various materials has been studied. It 
is found that 90% of uranium ions at 1 GeV /nucleon can be reduced to the fully stripped state. This is the first 
time that bare uranium nuclei have ever been produced in the laboratory. 

• - Atomic physics measurements have been carried out on xenon ions, in particular of X-ray yields when they pass 
through various materials. 

- Inclusive charged particle spectra have been measured for La +La collisions at 800 MeV /nucleon. 

- Exclusive 47r geometry measurements have been made for 800 MeV /nucleon Nb+Nb collisions with the Plastic 
Ball-Wall. Evidence for equilibration was obtained. 

- Gold beams were used in experiments to calibrate cosmic-ray detectors. 

In experiments to be carried out in the near future, pion multiplicities will be studied for Nb+Nb in the strea
mer chamber. A search will be made for effects due to the pion condensate in La+ La, the Plastic Ball experiments 
will be extended to Au+ Au, and measurements will begin towards studying the Lamb shift in hydrogen-like uranium 
(lfl+). 

Finally, in order to acquire the most coherent and useful set of data, we have chosen to study whenever possible 
a set of monoisotopic nuclei. Thus Nb, La and Au feature strongly among the early experiments. 

New Detectors 

The Plastic Ball-Wall is complete, has taken data, arid the first results, on coalescence phenomena, have been 
submitted for publication. Gas detectors are being added inside the scatter chamber to provide data on very heavy 
fragments. 

The streamer chamber has undergone a fairly extensive upgrade, especially with the addition of a 400-element 
hodoscope to provide end-point and particle identification measurements in the forward direction. A further improve
ment is the installation of an ultra-violet laser to produce artificial tracks which are recorded by a CCD camera and 
used to monitor chamber efficiency and stability. Use of the complete system will begin in summer 1983 and a series 
of approved experiments will continue through 1984. 

HISS has operated successfully with the prototype detectors, but data taking was severely handicapped by the 
restriction of the Bevalac to half field during FY82 (with the exception of one weekend, not allocated to HISS). 
Analysis of data on carbon fragmentation has proved very interesting, with an unexpectedly large proportion of very 
high nuclear excitation. Confirmation of these results with better statistics is a high priority in FY83. The Phase II 
detectors will be completed in FY84. Tests on the MUSIC box indicated that it will reach its design goals of distin
guishing one unit of charge at charge 92, but improvements still remain to be carried out on the gas handling system 
and electronics. of value. 

The past year has seen major development in our plans for the Dilepton Spectrometer (DLS). A pilot experi
ment to look for single lepton production has been approved by the Program Advisory Committee, and a large colla
boration of outside users is preparing the final plan for the dilepton spectrometer. The CERN Lampshade Magnet 
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and detectors have been inspected as a basis for the Bevalac experiment and a final choice of procedure will be made 
by June 1983. This experiment promises to give extremely important information of the internal state of interacting 
relativistic nuclei. Whether dileptons are observed or not, the measurement will be a crucial test of high tempera
tures reached. If enough dileptons are observed to make studies possible as a function of effective photon mass and 
of projectile and target masses and beam energy, the spectrometer will surpass other methods of studying hot nuclei. 

In accordance with our interest in pursuing studies to their logical conclusion, LBL is continuing involvement 
in the a-a experiments at the CERN ISR. Since that facility will be closed in FY84, continued development 
requires the CERN PS and SPS. An approved LBL/GSI/HeidelbergjMarburgjWarsaw collaboration will initiate 
these studies, by providing an 160 ion source using an RFQ pre-injector. The initial experiment, to be carried out in 
FY85-86, will use 6-13 GeV / nucleon 160 beams from the PS, and will consist of target fragmentation studies with 
the Plastic Ball, studies of the participant region and particle production with a new streamer chamber to be provided 
by GSI, and studies of anomalous projectile fragments using emulsions. It is expected that the program will continue 
in FY86-87 with 160 beams from the SPS at energies up to 200 GeV /nucleon. These experiments will be the first test 
of nuclear stopping power in this energy region and the overall program will map out the possibilities for creating 
regions of high density in heavy ion collisions. In accord with our present knowledge, the Tevalac project addresses 
the beam energy region where high baryon densities can be produced. Our work developing that project and the 
CERN experimentation will continue hand-in-hand. 
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SuperlllLAC Research Program 

R.M. Diamond 

The SuperHILAC is the only accelerator in the United States capable of accelerating very heavy ions far 
enough beyond the Coulomb barrier to permit studies of compound-nuclear and deep-inelastic reactions. In recent 
experiments the new injector, ABEL, has reached its design characteristics, producing beams of -1 (charge) 
microampere of 8.5 MeV /nucleon 197 Au and 238U. Thus the SuperHILAC now furnishes ions with energies from 1.2-
8.5 MeVfnucleon of 40Ar to 238U with intensities of several (charge) microamperes to one (charge) microampere, 
respectively. It is a National Facility open to all qualified research groups in the United States and Canada and to 
collaborating groups in Europe and Asia. The use of two injectors in time-shared mode means that in normal opera
tion the SuperHILAC provides up to three different beams to users: a very heavy-ion beam at 32 pulsesfs for the 
principal user; a different beam at 2 pulsesfs for injection into the Bevatron; and either one of these beams, at a 
different energy if necessary, for a parasite user at the SuperHILAC to test equipment or even do a low duty-cycle 
experiment. Due to increased power costs during the past year, the total number of hours available to experimenters, 
2151, is slight!~ reduced over the previous year, and again is about 3/4 of the total scheduled time. Beams used 
included 48Ca, 6Fe, Kr, Xe, 165Ho, 139La, 197 Au, 208Pb, and 238U. 

A program advisory committee currently composed of Dr. Peter Bond (Brookhaven National Laboratory), Chair
man, Dr. C. Lewis Cocke (Kansas State University), Prof. David B. Fossan (State University of New York at Stony 
Brook), Prof. C. Konrad Gelbke (Michigan State University), and Dr. J~rgen Randrup (LBL) meets twice a year to 
select the best experiments to be carried out. In 1983, Drs. Cocke and Bond will be replaced by Dr. John Hardy 
(Chalk River Nuclear Laboratory) and Dr. Shelton Datz (Oak Ridge National Laboratory), and Prof. Fossan will 
serve as chairman. They work from written proposals submitted by about two dozen research groups. Last year 
approximately 52% of the time went to outside groups and 48% to groups within LBL. The experimental work per
formed last year can be divided into four main categories: heavy-ion reaction studies ( -1/2); nuclear structure stu
dies (-1/6); exotic nuclei (-1/6); and atomic physics (-1/6). 

Thus, reaction mechanism work, particularly studies of deep-inelastic reactions, dominates the research pro
gram. Major problems involve the transfer and alignment of angular momentum in the product fragments, the energy 
and angular distributions of light particles emitted and what they tell about the emitting system (whether it is the 
combined di-nucleus or the resulting fragments after separation, whether evaporative particles or pre-equilibrium ones 
are involved, and what is the role of composite particles such as Li and Be nuclei ). For example, from the (low) 
temperatures deduced from the spectral shapes of the a-particles emitted and the kinematics of the fragments, it has 
been inferred that energy thermalization and particle evaporation are even faster than "fast" fission. Studies of 
heavy-ion fusion reactions are also being done, for example, the variation of the cross section with bombarding energy 
for heavy projectiles and targets. The experimental results cannot be represented by simple one-dimensional models 
even allowing for frictional effects. But the inclusion of a neck degree of freedom for the di-nuclear complex gives 
better agreement; such a model (by Swiatecki) leads to two types of saddle points and requires an extra (energy) 
push to get the two nuclei to fuse. Tests of this idea are in progress. It should be mentioned that in a number of the 
reaction mechanism studies performed it was found useful to carry out the inverse reaction, that is, to use the smaller 
nucleus as the target and bombard it with the larger one, e.g., 165Ho on 56Fe, rather than 56Fe on 165Ho. The advan
tages are that the resulting products have larger velocities and so are easier to get through window foils on gas 
counters and ionization chambers, and the products are focused in a smaller solid angle. 

The nuclear structure studies mainly make use of the high-Z projectiles available at the SuperHILAC (Xe and 
Pb) to multiply Coulomb-excite target nuclei, or use inverse reactions to obtain large recoil velocities in order to 
measure lifetimes by Doppler-shift techniques or to measure g-factors of short-lived states of high spin by means of 
the enormous transient magnetic fields acting on fast-moving ions in ferromagnetic materials. An example of the last 
type of problem is furnished by an LBL-Chalk River collaborative work which yielded the surprising result that the 
transient field in cooled ferromagnetic gadolinium did not continue to increase with increasing ion velocity as most 
people had expected, but reached a maximum at a velocity of about 5% c. Now, having calibrated this field as a 
function of ion velocity, the technique will be used to measure the g-factors of high-spin states, and hopefully, even 
the average of regions of continuum states. 

The third type of research category is the study of exotic nuclei. A major attempt to produce nuclei of a 
superheavy element by means of an extended 48Ca bombardment of 248Cm was carried out at the end of 1982 by a 
collaboration of LBL and GSI scientists. No superheavy element events were observed, and the upper limits on the 
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cross sections are currently being refined. The use of a gas-filled magnetic separator SASSY allowed observation into 
the millisecond region, and the cross section limit for production of superheavy nuclei in this time range is on the 100 
picobarn level. The heavy element chemistry groups looked for half-lives in the range of hours to a year and have set 
cross-section limits of the order of some tens of picobarns. The next major effort on superheavy elements is a repeat 
of the 48Ca+248Cm bombardment, but done at GSI in March, 1983, again as a collaboration of LBL and GSI nuclear 
physics and chemistry groups. In the future, the L8L groups may try to make an isotope of element 108 by a 48Ca 
bombardment of 226Ra in the hope that it might be as long-lived as microseconds. In addition to these studies, the 
on-line isotope separator OASIS is in operation and the transport system from the separator to the spectroscopy 
laboratory above it is now finished. OASIS has been used to characterize five new beta-delayed proton emitters and 
to hunt (so far unsuccessully) for new ground-state proton emitters. This instrument can now separate about 70% of 
all the elements, and will be used for isotope studies going out towards both the neutron and proton drip lines. 

The final category of research programs is heavy-ion atomic physics. One major class of studies here has to do 
with the fine structure in the spectra of one-and two-electron ions in order to make rigorous tests of quantum electro
dynamics and of relativistic corrections. A number of tests with hydrogen-like ions have been performed, and now 
new calculations for the two-electron ions will permit even more precise comparisons with experimental studies being 
done, or planned, with He-like ions of Ar, and possibly up to Kr. To produce these ions at very low velocities so that 
Doppler shifts are negligibly small, the appropriate gas is bombarded with U ions of 4-5 MeV /nucleon which ionize 
the gas atoms, but impart recoil velocities corresponding to only a few electron volts. Other studies are measuring 
the electron-capture cross section at very low velocities. Still another program is attempting to measure correlated 
electron capture and K-shell excitation by highly stripped, heavy ions (e.g., Li-like 40Ar) incident on gas targets (this 
is like an inverse Auger transition). It has been suggested that a similar process is an important energy-loss mechan
ism in high-temperature fusion plasmas, but such experiments have only recently been performed in the laboratory, in 
preliminary runs at TUNL, Brookhaven, and LBL. Another program involves the measurement of K-shell ionization 
probabilities in the collision of high-Z ions as a function of nuclear excitation energy (where the latter reflects the 
length of the reaction or sticking time). Unfortunately, the initial results with Xe on Pb and Th targets are very 
much complicated by the large number of internal conversion K x-rays. But since the internal conversion yield 
appears to remain approximately constant with an increase in the combined Z of the di-nuclear complex, while the 
K-vacancy production goes up strongly, the answer is to go to Pb-Pb and U-U collisions. Successful experiments 
would provide an atomic clock for these deep-inelastic reaction times. Other programs deal with beam- foil studies of 
the energies and lifetimes of transitions in _highly stripped Ne-like ions of Xe and Ho. Relativistic corrections to the 
calculated energies are greater than 100%, ·and there are much larger effects on the lifetimes of certain types of tran
sitions. The measurements are of direct interest to studies of high-temperature and high-density plasmas, and to 
schemes for producing x-ray lasers in high-Z Ne-like systems. 
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PART III: EXPERIMENT 



1. Nuclear Structure 

General 

Decay Properties of Isoscalar Giant Resonances in 
24Mg, 2Ssi, ssNi, 64Zn, and 92Mo 

P. Bogucki,* J.D. Bronson,* U Garg, *·t P. Grabmayr, * 
K. T. Knopjle, t§ Y.- W liu, * H Riedesel, G.J. Wagner,* 

and D.H. Youngblood* 

(a,a',c) coincidence experiments of the charged
particle decay c from the isoscalar giant multipole reso
nances in 24Mg, 28Si, 58Ni, 64Zn, and 92Mo excited by 
128 MeV inelastic a scattering have been performed at 
the 88-inch cyclotron of the Texas A&M University. 
The inelastically scattered a particles were detected at 
0° in an Enge split-pole spectrograph. This assures 
axial symmetry of the decay particles c about the beam 
axis and, in particular, allows the search for the decays 
of isoscalar (giant) monopole resonances. Analysis of 
the data has started recently and is in progress. 

Footnotes 

*Permanent address: Cyclotron Institute, Texas A&M 
University, College Station, Texas 77843 
tPresent address: University of Notre Dame, Notre 
Dame, Indiana 46556 
:j:Present address: Max-Planck-Institut fiir Kernphysik, 
6900 Heidelberg, West Germany 
§High Energy Physics Lab, Stanford University, Stan
ford, CA 94305 

Inelastic Scattering of 12C from 208Pb to the Second 0 + State of 12C* 

R. Shyam/ MA. Nagarajan/ A.C. Shotter,* A.N. Bice,§ and J. Cerny 

A theoretical and experimental investigation of 
the inelastic scattering of 12C from a 208Pb target excit
ing the second o+ state of 12C has been performed with 
the 88-Inch Cyclotron at incident energies of 132, 187, 
and 230 MeV. For those inelastic scattering reactions 
in which the 12C nucleus is excited to states above 7.37 
MeV, but below 15.96 MeV, the only particle emission 
channel open is 12C* -+ 

8Be + a. These channel frag
ments are confined to a cone and are detected in coin
cidence by two .:lEx E counter telescopes in close verti
cal geometry, with one telescope above and one tele
scope below the reaction plane. 

A summed energy spectrum for coincident events 
in the two telescopes, where at least one telescope 
records an a-particle, is shown in Fig. 1a1 for an 
incident 12C energy of 187 MeV and for the counters 
placed at 19° to the beam direction. From kinematic 

arguments the peak at 178 MeV is determined to arise 
from the quasielastic breakup of 12C into the a and 8Be 
channel. Most of the yield of this quasielastic peak is 
due to the breakup from the o+, 7.65 MeV state. This 
may be seen from Fig. 1 b1 which shows the 8Be pro
jected energy spectrum, arising from the quasielastic 
peak. The different peaks of this spectrum arise from 
the contribution of different excited states of 12C. 
Thus, the o+, 7.65 MeV state of 12C, which has a c.m. 
breakup energy of 0.288 MeV, results in a broad peak 
at 120 MeV, while the 9.64 MeV state results in two 
narrow peaks. 

The angular distributions of the quasielastic peak 
for the three beam energies are shown in Fig. 2. These 
have been analyzed in a framework of a microscopic 
folding model and the DWBA The real parts of the 
optical potentials in the initial and final channels as 
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well as the real part of the transition form factor have 
been calculated by double folding2 the M3Y effective 
interaction3 with the respective densities. The renor
malization constants are given in the caption to Fig. 2. 
It can be seen that a renormalization constant for the 
final channel other than 0.6 provides bad fits to the 
experimental data. 

These investigations confirm that for loosely 
bound projectiles the double folding model overesti
mates the calculated real part of the potential and a 
renormalization of nearly 50% is necessary to fit the 
data for inelastic scattering. It is the first time that 
this effect has been demonstrated by an investigation of 
inelastic scattering. The M3Y interaction2•3 with one 
nucleon exchange taken into account in the zero order 
appears to provide a good description of the central PJtrt 
of the nucleon-nucleon effective interaction over a range 
of projectile energies. 

Footnotes and References 

*Condensed from Phys. Lett. 116B (1982) 99 

tScience and Engineering Research Council, Daresbury 
Laboratory, Daresbury, Warrington, WA4 4AD, UK 
:j:Permanent address: Physics Department, Edinburgh 
University, Scotland, UK 
§Present address: US NRC/ ACRS, Washington DC 
20535 

1. AC. Shotter, AN. Bice, D.P. Stahel and J. 
Cerny, J. Phys. G: Nucl. Phys. 8 (1982) 355 

2 G.R. Satchler and W.G. Love, Phys. Rep. 55 
( 1979) 183 

3. G.R. Satchler, Phys. Rev. C22 (1980) 919 

Fig. I. 
(a) The yield of coincident events between the two tele
scopes. See text. 

XBL 807-10713A 
(b) The energy of 8Be nuclei in coincidence with an a
particle for the transition 208Pb( 12C,a8Be) 208Pb(g.s.) at 
187 Mev bombarding energy. This projected energy 
spectrum was taken at 0LAB = 19° with a detector 
configuration which has an average vertical angular 
separation of ~cp = 5.9°. 

XBL 798-2600 
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Fig. 2. Inelastic cross section for the excitation of 
the ol state in 12C in 12C + 208Pb collisions. The 
solid line represents the results of calculations 
where the renormalization constant of the calculat
ed initial channel real potential was 1.25 and that 
of the final channel real potential was 0.6. The 
dashed line represents the results when both the in
itial and final channel real potentials are renormal
ized by a factor of 1.25. 
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Exotic Nuclei 

Beta-Delayed Proton Decay of an Odd-Odd Tz = -2 Isotope, 22AI* 

MD. Cable, J. Honkanen/ R.F. Parry, H.M Thierens, * 
J.M Wouters,§ Z. Y. Zhou, ** and Joseph Cerny 

While the decays of several even-even Tz = -2 
nuclei have been studied, 1•

2 to date no odd-odd Tz = -2 
nucleus has been characterized. We report the observa
tion of the ~+-delayed proton decay of the first such 
nucleus, 22AI. The particle stability of 22AI has been a 
question of interest for many years; most mass models 
predict 22Al to be at the very limit of particle stability, 
with some models indicating stability and others not. 

22AI was produced via the 24MgeHe,p4n) 22AI 
reaction by bombarding natural magnesium targets with 
a 110 MeV 3He beam from the 88-Inch Cyclotron. The 
recoil atoms were transported with ethylene glycol or 
NaCl-loaded helium through a 1.1-m long, 1.6-mm 
diameter capillary onto a catcher foil. ~+-delayed pro
tons were detected by a three-element semiconductor 
telescope consisting of 110 ~m Llli1, 60 ~m LlE2, and 
1000 ~mE. 

Proton spectra observed at 110 and 60 MeV 3He 
bombarding energies are shown in Fig. 1. These spectra 
are dominated by ~+-delayed protons from the decays of 
25Si and 21Mg, which are produced at relatively high 
yield via the eHe,2n) and eHe,a2n) reactions. At 110 
MeV, two new proton groups are observed at 7.839 ± 
0.15 and 8.149 ± 0.021 MeV, very near the predicted 
absolute proton energies expected. 3 These groups are 
not seen in the 60 MeV bombardment, which is below 
the threshold for producing 22AI. The half-life of these 
groups was measured to be about 70 ms. 

As shown in Fig. 2, these two proton groups were 
assigned to the isospin forbidden proton decay of the 
lowest T = 2 state in 22Mg. Using the experimental 
mass for this state and the calculated3 Coulomb energy 
difference between 22Al and 22Mg*, we get a OEc= 
18.493 MeV for 22AI, which indicates that 22AI is bound 
against direct ~roton emission by only 102 keY. Com
parison of the 2AI yield to that of 25Si and 21 Mg indi
cates an effective cross section for the observed proton 
groups of about 1.2 nb, which corresponds to a total 
cross section of 40 nb. 

As is also shown in Fig. 2, the beta-delayed two
proton decay of 22AI is energetically possible. A search 
for the new decay mode is in progress. 

58 

"' I 
Q 
X 

~ 
c 
::> 
0 
u 

"' I 
Q 

"' c 
::> 
0 
u 

15 
21Mg 

B 
12 25Si 

9 

6 

20 

15 

10 

x250 

x250 

(a) 

3He +"01Mg 
60MeV 
280mC 

3He +"01Mg 

110 MeV 

630 me 

(b) 

13 

Fig. l. Beta-delayed proton spectra. The positions 
of the arrows labeled 22A1 are the predicted ener
gies obtained by the method of Hardy, et al. (ref. 
3) 

XBL 823-3710 

Footnotes and References 

*Condensed from LBL-14419, Phys. Rev. C26 (1982) 
1778, with additions 



tOn leave from: Department of Physics. University of 
Jyvaskyla. Finland . . . 
:j:Present address: Department of Physics, Umvers1ty of 
Ghent, Belgium 
§Present address: CNC Division, Los Alamos National 
Laboratory 
**On leave from: Department of Physics, Nanking 
University, China 

1. Hagberg, P.G. Hansen, J.C. Hardy, A Huck, B. 
Jonson, S. Mattson, H.L. Ravn, P. Tide:rnand
Petersson, and G. Walter, Phys. Rev. Lett. 39 
(1977) 792 

2. J. i\ysti:i, M.D. Cable, R.F. Parry, J.M. Wouters, 
D.M. Moltz, and J. Cerny, Phys. Rev. C23 
( 1981) 879 

3. J.C. Hardy, H. Brunnader, J. Cerny, and J. 
Janecke, Phys. Rev. 183 (1969) 854 

(18 493) 4+(T:2) 18.595 
• 122 21 

I 13AI9 12Mg9+p 
/ 

-2.9% / t 
/ 1/2-

4+(T=2l / 70 ms 

£:._ 
.Q.!__o 
22M 
12 giO 

Fig. 2. Partial decay scheme for 22Al. 

.£.__12.173 

9.560 

XBL 829-4626 

Beta-delayed Proton Decay of the Odd-Odd T z = -2 Isotope 26P 

MD. Cable, J. Honkanen, * R.F. Parry, 
S.H. Zhou, t Z. Y. Zhou, * and Joseph Cerny 

Recent observation of the {3+ -delayed proton decay 
of 22AI established the existence of the first known 
member of the odd-odd A =An + 2, Tz = -2 series.' 
We wish to report the observation of the second such 
nucleus, 26P. These nuclei are of interest not only for 
isobaric analog state masses and beta-decay information 
but are also thought to be at the very limit of particle 
stability. 26P is actually predicted to be unbound to 
direct proton emission by most mass formulae. 2 As dis
cussed below, this is quite possibly true and not incon
sistent with our observation of this isotope. Also of con
siderable interest is the energetically possible decay 
mode of {3+-delayed 2-proton emission for both of these 
nuclei. 

26P was produced via the 28SieHe,p4n)26P reaction 
with 11~130 MeV 3He beams from the 88-Inch Cyclo
tron. The recoils were transported by a helium jet to a 
counting chamber and collected on a slowly rotating AI 
wheel. A 3-element semiconductor particle telescope 
(110 ~m dEl, 60 ~m dE2, and 1000 ~mE) was used to 
observe {3+ -delayed protons coming from nuclei at 

the collection site. 

Proton spectra observed at 60, 110, and 130 MeV 
3He energies are shown in Fig. 1. The spectra are dom
inated by {3+-delayed protons from the decay of 21 Mg, 
25si, and 29S produced in high yield eHe,xa2n) reac
tions.· At .110 MeV and 130 MeV, however, two new 
groups are observed at 7.269 ± 0.015 MeV and 6.827 ± 
0.050 MeV and were observed to decay with a half life 
of -20 ms. 

As shown in Fig. 2, these two new groups can be 
assigned to the isospin-forbidden proton decay of the 
lowest T = 2 state in 26Si. From the known mass of 
25 AI, 2 the 26Si • mass excess can be calculated to be 
5.936 ± 0.015 MeV and a Coulomb displacement esti
mate of the 26P-26Si • mass difference gives a calculated 
26p mass excess of 18.295 MeV. This result indicates 
that 26P is unbound to direct proton emission by -34 
keY. Since the proton decay half life even for an f = 

0 transition is > 1 second for a decay energy below -50 
keY (as calculated by the barrier penetrability code, 
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60 

12 

COCAG), beta decay can be the dominant decay mode, 
in agreement with our data. The observed half life for 
26P beta decay gives a superallowed (3+ branch of 
-1.9%. As shown in Fig. 2, (3+-delayed 2p emission 
(an unobserved radioactive decay mode) is energetically 
possible for this nucleus. Work is progressing to 
observe this mode of decay. 
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Weak Beta-Delayed Proton Groups in the Decay of 21Mg, 25Si, and 29s 

S.H. Zhou, *M.D. Cable, J. Honkanen/ R.F. Parry, 
. Z. Y. Zhou, t and Joseph Cerny 

During the study1·2 of 22AI and 26P, several new 
low-intensity !3+-delayed proton grouf,s have been 
observed and assigned to 21Mg, 25Si, or 2 S. The results 
are listed in Table I with intensities given relative to the 
strongest proton group arising from the decay of each 
isotope. 3•

4 The logft values were calculated assuming 
that the final states of these !3+-delayed ·proton decays 
are only the ground states of the corresponding final 

nuclides, so that the logft values listed in Table I should 
be considered as the upper limits. The logft values indi
cate that all these transitions; are allowed. Figure 1 
shows the 29S !3+-delayed 7114 ± 15 keY and 7581 ±· 
15 keY proton peaks and 25Si !3+-delayed 6518 ± 10 
keY proton peak. Those proton peaks are firmly 
assigned and the others in Table I are tentatively 
assigned. 

Table I: Proton Energies, Excitation Energies and logft Values 

ISOTOPE (~~ E Relative Intensity E logft 
(k~~ (%) (keV) 

25Si 6518±10 6792±10 0.5±0.1 9186 4.88±0.01 
29Si 7114±15 7370±16 1.3±0.4 10348 5.35±0.07 
298 7581 ±15 7852± 16 0.5±0.1 10830 5.32±0.04 

21Mg 6492±2()11) 6819±21 0.4±0.1 9008 . 5.02±0.03 
25Si 6719 ±soa> 7001 ±52 0.05±0.02 9395 5.72±0.08 
2ssi 6808+soa> 7094+52 0.3+0.1 9488 5.86+0.04 

a) Tentative assignment 
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New Delayed Proton Emitters Measured with OASIS 

J.M Nitschke, W.-D. Zeitz,* and M.D. Cable 

This is a preliminary report on recent results 
obtained With the SuperHILAC On-line Isotope Separa
tor (OASIS). 1 During ·the last year, particular 
emphasis was put on improvements of the OASIS detec
tor systems. A surface barrier detector array was built 
which allows the study of charged particle spectra of 
eight masses simultaneously. As an example of the per
formance of this detector system, five a-spectra of rare 
earth isotopes are shown in Fig. 1. These were 
obtained in a bombardment of 144Sm with 2'Ne ions. 
Another detector system that was used extensively con
sists of two proton telescopes located in the focal plane 
of the spectrometer magnet, 15 mm above and below 
the median plane. These telescopes have solid angles of 
32 percent of 211" and are composed of two AE/E detec
tors with thicknesses of 11/425 ~m and 28/1035 ~m, 
respectively. The noise Widths of the uncooled detec
tors are between 15 and 20 keY. An electrostatic verti
cal deflection system at the exit of the magnet switches 
the direction of the emerging beam within 100 ~s so 
that a chosen isotope is first collected on a thin (20 
~gjcm2) carbon foil in front of the upper and then the 
lower telescope. The deflection method is used to deter
mine the half-lives of unknown isotopes by observing 
the growth and decay rates in the two telescopes. The 
energy calibration was done with 241Am and 212Pb a
sources as well as low-energy, monochromatic a
r,articles produced from a strong (2.14 x 109 dpm) 
41Am source with suitable absorbers and a spectrome

ter magnet. We also used the strong 241 Am source to 
produce protons via a,p elastic scattering. The max
imum proton energy observed with this method was 2. 7 
MeV. A third calibration method was based on a 
239Pu/Be neutron source (6.5 x 106 njs) which pro
duces protons of up to about 10.5 MeV. All measure-
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ments reported below were carried out with the dual 
proton telescope. 

Targets of 90Zr and natzr were bombarded with 
40Ca beams of 168 to 196 MeV from the SuperHILAC. 
The 40Ca energy was optimized for the evaporation of 
three to six nucleons from the compound nucleus 13~d. 
The evaporation residue products were stopped in a Ta 
catcher which was kept at a temperature of about 
2700°C. This catcher is part of the OASIS surface ion 
source. After ionization, acceleration, and mass separa
tion, isotopes of mass 124 through 127 were collected 
on 20 JLg/cm2 carbon foils directly in front of the tele
scopes. At the different mass numbers, the following 
observations were made. 

A= 127: 

About 70 protons with energies between 2.2 and 
6.15 MeV were observed at this mass number (Fig. 2a). 
The wide distribution of proton energies is characteris
tic for delayed proton emission. Due to the poor statis
tics, only a range of 4 to 40 s can be given for the 
half-life of this activity. In Fig. 3, the difference 
between the ~value for electron capture OE:c and the 
proton separation energy sp is plotted as a function of z 
for constant A The mass values were taken from a 
table by Liran and Zeldes2

• (0Ec - Sp) represents the 
highest expected proton energy. Also indicated in Fig. 
3 are the energy thresholds for proton emission (0p) 
and the range of observed proton energies (schematic 
spectra, shaded). For A = 127 it appears that (OE:c -
Sp) is too small for all Z < 60 to account for the 
observed maximum proton energy of 6.15 MeV. This 
would mean that the new delayed proton precursor is 
127Nd

60 
formed in the reaction 40Ca(90Zr;3i1). Calcula

tion, however, shows that 127Pr and 127Ce are formed 
with cross sections which are a factor of -103 and 
-104 higher than the one for 127Nd, and one or both 
isotopes could therefore be the precursors for the 
observed proton activity. 127Ce could be the next 
member in the Tz = 9/2 series of the already known 
delayed proton precursors 131Nd and 135Sm. Half-life 
considerations also favor the 127Cej127Pr interpretation; 
for 127Ce a half-life of 32±4 s was determined from x
ray decay, 3, and the prediction for the half-life of 127Pr 
from the gross theory of beta decay is 4 to 20 s. Both 
fall within the experimentally-observed half-life range, 
while the predicted half-life for 127Nd (0.8 to 4 s) 
would be too short. If 127Ce or 127Pr are the observed 
proton precursors, we have a contradiction to the pred
iction of the Liran-Zeldes mass formula, and the final Z 
assignment will have to await further experiments. 

A= 126: 

The proton spectrum observed at mass 126 is 
shown in Fig. 2b. From the growth and decay data of 
the two telescopes, a half-life of 3.2 ±0.6 s was calcu
lated using the maximum likelihood method. The mass 
predictions plotted in Fig. 3 and charge conservation 
indicate that Z can only have the values 59 or 60. The 
calculated cross section for 126Nd formed in the reac
tion 40C~0(90Zr40,4n) is only 20 JLb, while it is 4mb for 
126Pr. This makes the observation of a small proton 
branch of 126Nd

60 
unlikely and favors the 126Pr interpre-

. tation. The observed half-life of 3.2 s is well within the 
range of predicted values for 126Pr (1 to 7 s) from the 
gross theory of beta decay. 4 

Mass 127 

a 

Mass 126 

"' 'E 
::J 
0 
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b 

Mass 125 

c 
9 

Proton energy (MeV) 

Fig. 2. Delayed proton spectra of mass~separated rare
earth isotopes produced in · the reaction 
90Zr(4°Ca,xn,yp)RE. The spectra were recorded with 
the dual proton telescope described in the text. 
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A= 125: 

At mass 125 the proton spectrum of Fig. 2c was 
observed. From the growth and decay data shown in 
Fig. 4, a half-life of 8.9 ±0. 7 s was calculated for the 
proton activity. Arguments similar to those given for A 
= 126 and 127 lead to a Z assignment of 58 (Ce). 
125Ce was first observed via x-ray decay by Bogdanov, et 
al., 3 and a half-life of 11 ±4 s was found, which agrees 
well with the observed delayed proton half-life. The 
gross theory of beta decay predicts 4 to 25 s. 
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A= 124: 

Subsequent to the experiment at mass 125, the 
spectrometer was tuned to mass 124 without changing 
the 40Ca energy. No protons were observed. According 
to Fig. 1, one would expect proton emission from 124Pr 
or even 124Ce or 124La; however, in this brief experi
ment, the bombarding energy was 25 to 35 MeV too 
low, which suppressed the cross sections by a factor of 
3 to 10. 



40 

20 
"-;;)• 

Q 
...... 

"' 10 c 
0 
0 8 a. 

6 
z 
-< 

4 

2 

0 20 40 60 80 
Growth time (s) Decoy time (s) 
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In all experiments (A = 124 to 127), the mass 
calibration of the spectrometer was checked by observ
ing long-lived isotopes of Ba and Cs which were created 
through {3+ decay chains. 
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Search for New Ground-State Proton Emitters 

J.M Nitschke, W.-D. Zeitzt, and MD. Cable 

The discovery that 151Lu and 147Tm decay by pro
ton radioactivity from the ground state1 has been a 
major advance in the exploration of nuclei far from sta
bility. Using the SuperHILAC on-line isotope separator 
facility, OASIS, one of . the GSI discoveries was 
confirmed, and an attempt was made to find other pro-
ton emitters in the same region. · 

147Tm was produced by bombarding a 2 mgjcm2
-

thick 92Mo target with 292-MeV 58Ni ions. The 1.03 
MeV protons from 147Tm were observed with two silicon 
(L\EjE) proton telescopes of 11/427 .urn (L\EtfE1) and 

28/1035 ,urn (.1E2/E2) thickness, respectively. Using 
standard particle identification algorithms, we were able 
to reduce the {3+ background sufficiently and prove 
unambiguously that the charged particles emitted in the 
ground state decay of 147Tm are protons. This provides 
an alternate method of proton identification to the 
absorber technique used at GSI. An attempt to analyze 
the second proton emitter e51 Lu) in a similar fashion 
failed: at mass 151 no protons were found. This is 
probably due to the short half-life (85 ms) of the iso
tope, which decayed for the most part before leaving 
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the ion source of the isotope separator. 

Both 151Lu and 147Tm have an isospin of T = 

9/2, and it is therefore compelling to investi~ate 
whether 143Ho, the next lighter member of the T = 

9/2 series, is a good candidate for proton radioacti~ity. 
Mass tables by different authors2 predict proton binding 
energies for this nucleus between 0.08 and -0.64 MeV. 
In the reaction 92Moe8Ni,ap2n) 143Ho, the proton spec
trum shown in Fig. 1 was observed. No sharp low
energy proton lines which would be typical for ground
state proton emission of 143Ho can be distinguished. 
The spectrum is, however, characteristic of a delayed 
proton emitter. Figure 2 shows the growth and decay 
curve for the proton activity from which a half-life of 
4. 3 ± 0. 3 s was calculated: 
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Fig. 1. Proton spectrum at mass 143 after bombarding 
92Mo with 292-MeV 58Ni ions. 
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The atomic number of the delayed proton precur
sor can be inferred from Fig. 3 where the difference 
between the electron-capture Q-value and the proton 
separat~on energ_x (QEC - SP) is plotted fo~ mass 143 as 
a function of Z. Proton decay IS energetically possible 
for positive values of this quantity, but the proton width 
(~) becomes comparable to the gamma decay width 
(r'Y) only _fo~ values of (Q c.- S~(Z) ?> E>P., where the 
proton emissiOn threshold ~ IS a functiOn of the orbital 

p 
angular momentum of the proton and the Coulomb bar-
rier. Comparing the observed proton energy distribution 
with calculations shown in Fig. 3, the above inequality 
is fulfilled for Z > 66. To narrow down the range of 
possible Z-values for the new isotope, we made a cross
bombardment with 56Fe + 92Mo where an activity with · 
a similar half-life and a proton spectrum similar to Fig. 
1 was produced. This justifies the assumption that we 
synthesized the same isotope for which now only Z
values of 66 and 67 are possible. This final uncertainty 
can be resolved by considering the calculated ratio for 
the cross sections of the two reactions 
92Moe6Fe,2p3n) 143Dy 

66 
versus 92Mo( 56Fe,p4n) 143Ho

67
. 
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Fig. 2. Growth and decay rates of the proton ac
tivity at mass 143 as measured with a dual-proton 
telescope. The growth and decay periods are 40 s 
each. The solid line is a fit to the data obtained 
with the maximum likelihood method. The calcu
lated half-life is 4.3 ±0.3 s. 
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This ratio is about 100, which clearly points to 143Dy 
as the correct assignment for the new delayed proto~ 
activity. The observed half-life of 4.3 ± 0.3 s is in 
good agreement with the prediction of the gross theory 
of beta decay, 2 which gives a half-life between 2 and 6 
s. 

Proton, {3-, ")'-, or x-ray coincidence spectra for 
143Dy have not been measured so far, which makes it 
difficult to interpret the proton spectrum in terms of {3+ 
strength functions. 

Figure 4 shows schematically the decay of 143Dy 
based on mass values from Liran and Zeldes. 3 If it is 
assumed that the proton decay from 143Tb proceeds to 
the ground state of 142Gd and that the threshold energy 
for {3+ decay is not higher than a few hundred keV, 
the expected maximum proton energy is about 7.5 
MeV. The expected minimum proton energy for Tb

65 
is 

E>p = 3.30 MeV. E>p has been calculated to be the 
energy at which a proton with an orbital angular 
momentum e = 0 has a barrier penetrability of 10"4, 

which corresponds roughly to rP - r'Y. We observe 
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Mass values are taken from Liran and Zeldes. 3 

The quantities (QEc - SJ and 0P are relevant for 
predicting the energy range of beta-delayed protons 
(see text). 
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protons with energies about 1 MeV below 0, which 
indicates that the proton branching ratio is ~robably 
small. This is to be expected if 143Dy is the first proton 
precursor in the A = 143 isobaric chain, and would be 
consistent with proton branching ratios (bj of other 
isotopes near iS-stability: 121Ba (b = 2 x 'io·4), 12°Cs 
(bp = 7 X 10"8), and 111Xe (bp = 2~9 X 10"5). 

A recent paper by W. F. Feix and E. R. Hilf4 
sheds some light on the question of why the ground
state proton decay of 143Ho was not observed in our 
experiment. The authors have calculated Q = 0. 74 
MeV for 143Ho and obtain a partial proton h~lf-life of 

9.9 x 104 s under the assumption that the proton has an 
orbital angular momentum of 11/2·. The iS+ half-life 
calculated from the gross theory of iS-decay is 2.1 s. 
Tltis WOUld result in a proton branch Of 2 X 10·5. Given 
that the evaporation residue cross section for 143Ho is 
on the order of 10"28 cm2, the effective cross section for 
producing protons would be about 10"33 cm2, which is 
below the detection limit of the on-line isotope separa
tor. Furthermore, the detection threshold of our tele
scope was 0.88 MeV so that protons with an energy of 
0.74 MeV as predicted by Feix and Hilf would not have 
been observed. 
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Beta Endpoint Measurements of Neutron-Deficient Cesium Isotopes 

R. Parry, M Cable, J. Honkanen, * J. Wouters/ 
S. Zhou, + Z. Y. Zhou, § and Joseph Cerny 

The beta decay energies of neutron-deficient 
119- 123Cs isotofs have been measured. The total decay 
energies of 12 mcs (QEC = 6.95 ± 0.23 MeV) and 119Cs 
(QEC = 6.26 ± 0.29 MeV) are new measurements 
based on the 8- isomeric state in 122Cs decaying to the 
2217.3 keY 8+ level in 122Xe and the 9/2+ ground state 
in 119Cs decaying to the 257.9 keY 9/2+ level in 119Xe, 
respectively. Our measured total decay energies for the 
cesium isotopes have significantly refined the uncer
tainty of previous measurements. Comparison of the 
deduced binding energies of the xenon nuclei from the 
direct-mass-measured cesium parent isotopes with those 
of theoretical predictions provides insight into the mass 
surface in this region of isomer-rich nuclei. 

The beta endpoint measurements were accom
plished using the 88-Inch Cyclotron on-line mass 
separator RAMA. Standard beta-gamma coincidence 
techniques were applied using a ~-E beta detector 
teleseope arrangement of NE102 plastic scintillator ( 15 
MeV positron energy range) and a gamma-ray detector 
(23% coaxial Ge crystal) mounted opposite the plastic 
telescope. Calibration of the beta detector was accom
plished using known beta endpoint energies from the 
strongest decay branches of 124Cs ( 4.38 ± 0.14 MeV), 
66Ga (4.153 ± 0.004 MeV), and two branches in the 
decay of 64Ga (6.05 ± 0.03 and 2.79 ± 0.08 MeV). 
The cesium isotopes were produced via 140 MeV 14N 
bombardment of 031CdS and the gallium isotopes by 110 
MeV 14N on °31Ni. 

The data were collected using hardwire coin
cidences between the beta telescope and the gamma 
detector. Analysis of one component of the beta decay 
into the daughter xenon nucleus was accomplished by 
suitable software gating conditions on the desired xenon 
gamma ray. Endpoint information was established by a 
"shape fitting" method. Instead of attempting to eluci
date a response function correction and using the 
Fermi-Kurie method, a technique of numerically inter
polating between the shapes of calibrated spectra was 
used, otherwise known as "stretch fitting". 1 A smooth 
curve is fitted through a standard positron spectrum 
numerically generating a standard experimental shape. 
Other intended calibration beta spectra are then nor
malized in intensity and fit to the standard shape 
through a nonlinear least squares algorithm, which gen
erates linear stretch factors that are proportional to 
their endpoint. The result is a linear calibration curve 
that relates stretch factor to endpoint energy. The un-
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known nuclei are fit to the standard shape in the same 
manner. Their stretch factors are then applied to the 
calibration curve generating endpoint values. This 
method provides a unique way to avoid both the need 
for a detector response correction to remove distortion 
effects and the complicated process of iteration and 
unfolding common to the Fermi-Kurie technique. 

A summary of our measurements, the mass 
excesses of the xenon nuclei, and comparison with two 
mass predictions, Liran-Zeldes (L-Z) and Garvey
Kelson (G-K), is presented in Table 1.2-6 The literature 
values for QEC of 121Cs and 123Cs have unrealistic 
uncertainties for the decay measurements involved. 
Our experimental values of the uncertainties present a 
more reasonable estimation of the error. It should be 
noted that the experimental QEc for 122mcs implies the 
isomeric level is quite close to the ground state, which 
is also noted by Epherre, et al. 7 

An interesting disagreement of about 750 keY 
between our deduced mass excess of 120Xe and that of 
the literature values and mass predictions is evident in 
Table I. There are several possibilities for this 
discrepancy. The literature mass excess for this 
nucleus is in error (the value was determined by 
measuring the ratio of ro!sitron emission to electron cap
ture for the decay of 1 0Xe to 1201); the majority of the 
beta strength is to. a higher-lying 2+ state in the Xe 
daughter; or, finally, the mass excess for the parent, 
12°Cs, has larger uncertainty than reported. The· lower
mass cesium isotopes (beginning at 12°Cs) denote an 
interesting region for experimental study because of the 
onset of observed beta-delayed alpha and proton emis
sion. 
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Table I: Measured decay energies of the Cs isotopes and deduced mass excesses of the Xe daughters. 

!Nuclide Decay Energy, QEC Xe Mass Excess Ll = ME (this work) 
- ME ( theory2) 

(MeV) (MeV) (MeV) 

This Work Literature This Work Literature l.rZ G-K 

123Cs 4.05±0.18 4.0±0.14 -85.19±0.19 -85.257 ±0.016 -0.13 -0.08 
122Cs 7.05±0.18 7.05 ±0.405 -85.01 ±0.20 -85.344±0.414 0.05 0.16 

122mcs 6.95±0.23 - - - - -
121Cs 5.21 ±0.22 5.40±0.024 -82.27 ±0.23 -82.459 ±0.076 0.08 0.01 
12ocs 7.38±0.23 7.3±0.56 -81.19±0.26 -82.028 ±0.284 0.73 0.86 
119Cs 6.26±0.29 - -78.45 ±0.32 -78.818 ±0.156 0.27 0.47 

Heavy Actinide Products from Reactions of 180, 22Ne, and 136Xe 

with 254Es 

M Schadel,* R. W. Lougheed/ J.H. Landrum/ J.F. Wild/ R.J. Dougan/ 
A.D. Hoover, t E.K. Hulet, t G.R. Bethune, t A. Ghiorso, MJ. Nurmi a, 

L.P. Somerville, K.J. Moody, and G. T. Seaborg 

To find the best target-and-projectile combination 
that gives the highest yield of product for heavy 
neutron-rich transplutonium isotopes and to gain 
knowledge about the production mechanism, we carried 
out a series of bombardments using 254Es as the target 
nuclide and 180, 22Ne, and 136Xe as the projectile. In 
our experiments we used chemical techniques to 
separate element fractions from a catcher foil after the 
end of the bombardment, and measured these fractions 
to obtain a-energy spectra and to count SF events. 

Although the data evalution is still in progress, 
some interesting observations can be made. Cross sec
tions for the Fm and Md isotopes and 259No from the 
reactions of 121 MeV 22Ne, 125 MeV 22Ne, and 98 
MeV 180 with 254Es are shown in Fig. 1. Fermium for
mation cross sections from 97 MeV 180 + 248Cm were 

taken from ref. 1 and are shown for comparison. 

For the 22Ne + 254Es reaction, we observed only a 
very slight increase in cross sections as the incident 
energy increased from 121 MeV to 125 MeV. The 
shape of the isotopic distributions shown do not shift or 
change significantly. To determine the most probable 
mass (Ap), we fitted a Gaussian curve to the data and 
held u = 0.977u (FWHM = 2.3 ) fixed. For the Fm 
isotopes, we found Ap = 254.5 and Ap(Md) = 256.0. 

More neutron-rich products were observed in the 
180 + 254Es reaction at 98 MeV incident energy than 
were found at 121 MeV 22Ne. Ap values of 255.5 for 
Fm and 257.1 for Md were determined. This makes the 
180 the most favorable projectile for the production of 
neutron-rich heavy actinides when compared to 22Ne. 
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Fig. 1. Cross sections for 259No and Fm and Md isotopes in the reaction 121 MeV 22Ne + 254Es (symbol = A), 
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The Fm cross section is enhanced by a factor of 1& and 
the Md cross section by more than 104 when the yields 
from an 254Es target are compared with a 248Cm target. 1 

Assuming an equal transfer probability for a 
given number of protons (az) and neutrons (AN) in 
the reactions with 180 as a projectile on 248Cm and 
254Es targets, we were able to extrapolate e54Es,x) cross 
sections from the cross sections measured with a 248Cm 
target. This is possible only in these light ion reactions 
where the excitation energies are less than the neutron 
separation energies, whereas there are large differences 
in cross sections for products with the same number of 
transferred nucleons (AZ, AN) in reactions with 238U 
projectiles on 238U and 248Cm targets. 2 This is because 
of higher excitation energies and differences in r.;r,01 
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for the different primary fragments formed. In Fig. 2a, 
we compare cross sections for a two-proton and x
neutron (AN) transfer in the reaction of 180 with 248Cm 
and 254Es resulting in Cf and Md isotopic distributions, 
respectively. Positive AN values characterize neutron 
transfer from the projectile to the target, while negative 
AN values refer to transfer in the opposite direction. 
Gaussian curves with u = 0.977u (FWHM = 2.3 ) 
were fitted to the data. Similar results are shown in 
Fig. 2b for 22Ne as a projectile. Cross sections for the 
two-proton transfer are in good agreement with 180, 
while the small differences in cross section for 22Ne 
may be due to a slightly higher projectile energy with 
the 254Es target. We used these extrapolated isotope 
distributions and a similar method for three- and four-
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proton transfer to estimate cross sections for unknown 
neutron-rich heavy actinides. The results are given in 
Table I. It is important to note that these estimates 
still contain large uncertainties because we are not yet 
able to predict the exact Ap position of the isotope dis
tribution. However, it is fascinating to see that exotic 
nuclei like 262Md or 262Lr should be accessible in reac
tions of 180 with 254Es. 
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Table 1: Estimated transfer cross sections in ~b for unknown neutron-rich actinides. 

Reaction Transfer cross section ( ub) 

260Md 261Md 26~0 261No 261Lr 262Lr Z = 1 04 isotope 

180+254Es 9. . 3 5 . .2 .7 .3 <.05 

22Ne+254Es .3 <.05 2. .1 1. .2 <.05 

A New 100-ms Spontaneous Fission Activity Abundantly Produced 

in the Reaction 99 MeV 180 + 254Es 

L.P. Somerville,* MJ. Nurmia, M Schadel/ A. Ghiorso, 
J.M Nitschke, R. W. Lougheed,* J.H Landrum,* and E.K. Hulet* 

Numerous authors have shown that the use of 
transfer reactions between neutron-rich actinide targets 
and neutron-rich projectiles with A < 22 provides a 
way to investigate the frontier of very heavy neutron
rich nuclei. 1·2 The Spontaneous Fission (SF) properties 
of these heavy nuclei, such as half-life and fission mass 
distribution, are quite interesting to investigate, partic
ularly since the second barrier to fission is predicted to 
drop below the ground state for some of them; 3 Previ
ous transfer reaction studies have made use of targets 
up to 248Cm (ref. I). Using an 254Es target one would 
hope that even heavier, new short-lived isotopes could 
be observed. 

The neutron-rich projectile 180 was chosen· to 
bombard a small 3-mm-diameter 25-~J-gfcm2 254Es target 
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for this pur~se. The target material was produced by 
irradiating 52Cf with neutrons at the High Flux Reac
tor (HIFR) at Oak Ridge, Tennessee. Another article 
by M. Schadel, et a!., in this report presents the cross 
section measurements for production of longer-lived 

1 Fm, io Md, and 1 No nuclei in the same reaction 180 
~ 254Es ~y chemica~Iy separating actinide element frac
tions from recoil catcher foils. To search for short-lived 
SF emitters with half lives between 10 ms and 5 
seconds, we used the recoil tape-transport system with 
fixed mica track detectors described in the I977-I978 
issue of the annual report. 

The decay curve in Fig. I shows that a 100-ms SF 
activity is clearly observed in the reaction 99 MeV 180 
+ 254Es with a very large production cross section of I 



J.Lb. This cross section is very large compared to the 
usual nanobarn values measured for other millisecond
lived SF activities. 4 The weighted-average half life 
from two experiments is 105 ± 7 ms. From the con
sistency in half-life and production cross-section meas
urements in separate experiments with tape speeds of 
0.2 and 0.9 mjs, tape speed-independent background 
effects such as neutron-induced fission background can 
be excluded. The long-lived background that is 
observed in Fig. 1 is due to production of 256Fm (ref. 2) 
and 256Md, which decays by electron capture to the 
2.6-hour SF emitter 256Fm. 

There are indications that a SF activity with a 
similar half life may be produced in the reaction 73 
MeV 13C + 254Es (68-75%)j25°Cf (25-32%) with a 
much lower cross section of -170 nb, assuming produc
tion from the 254Es portion of the target. In the reac
tion 125 MeV 22Ne + 254Es (63%)j25°Cf (37%), cross
section upper limits of 80 nb and 130 nb were esta
blished for production of a 100-ms SF activity from 
254Es and 25°Cf, respectively. 

We do not yet know the identity of this 100-ms 
SF emitter. But 261Lr and 261Md are two candidates 
consistent with most of our cross-section data and the 
present understandin~ of the reactions required to pro
duce these isotopes. 1• A 100-ms SF half life for 261 Lr, 
however, creates two interesting problems: ( 1) SF 
decay appears to be highly hindered for all other known 
isotopes of element 103; and (2) this assignment and a 
possible assignment of 262Rf to a 50-ms SF activity4 

would imply an odd-proton hindrance factor of only 2, 
compared to at least 105 for the similar pairs 257Lr-
258Rf, 255Lr-256Rf, 253Lr-254Rf, and a tentative -103 

odd-neutron hindrance factor for isotopes of element 
104. It seems very likely that one of the tentative 
assignments 262

Rf (50 ms) or 261 Lr ( 100 ms) is 
incorrect. 

A further intriguing possibility is that the 100-ms 
SF activity reported here might be the same 100±50 
ms SF activity produced with a low cross section of 0.5 
nb in the reaction 113 MeV 22Ne + 242Pu by Oganes
sian, et al. 5 The Dubna group has maintained that this 
100-ms SF activi~y is due to 260104 and claimed this SF 
activity for the discovery of element 104.6 However, we 
have not observed an -100-ms SF activity in other 
reactions 249Bk e5N,4n) 260

Rf, 
248Cm e60,4n) 260

Rf, and 
249Cf eso,a3n) 260Rf (ref. 4) in which the production 
cross sections for 260Rf are predicted to be much higher 
than in the reaction 242Pu e2Ne,4n) 260

Rf. 
261 Lr or 

261 Md, on the other hand, should have very low produc
tion cross sections in the reaction 113 MeV 22Ne + 
242Pu, which is not in contradiction with the available 
cross-section data. 

A very promising way to test the possible assign
ment of 261 Lr to a 100-ms SF activity would be to 
search for 100-ms SF events in the reaction 48.5 MeV 
1~e + 254Es. Although a 1~e beam would be radioac
tive and difficult to obtain, the calculated production 
cross section for 261Lr is nearly a millibarn! 

c 
0 

"iii 
<n 

;.;:: 
<n 
6 10 
Q) 
c 
0 -c 
0 
0.. 

(f) 

~ 12= 106 ± 8ms 
()= 1.1 f-Lb 

4 5 

Fig. 1. Decay curve for the bombardment 99 MeV 180 
+ 254Es (94.6%) j 25°Cf (5.4%) obtained using the recoil 
tape-transport system described in the 1977-1978 
annual report. The tape speed was 0.2 mjs. See the 
text for possible assignments for this 100-ms SF 
activity. 
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An Upper Limit for Spontaneous Fission Branching in 254No 

L.P. Somerville,* A. Ghiorso, MJ. Nurmia, and J.M. Nitschke 

The Spontaneous Fission (SF) branching in 254No 
is an important quantity because it is a measure of the 
strength of the 152-neutron subshell and its effect on 
the fission probability of nobelium isotopes. A !52-
neutron subshell effect in alpha decay from the ground 
states of nobelium' and lighter elements2 is well known. 
In many published SF half-life systematics a partial SF 
half life is plotted for 254No. However, no actual meas
urements have been reported in the literature. An 
upper limit for SF branching of 0.06 percent can be 
established from the ratio of the upper-limit cross sec
tion for SF and the cross section for production of 
254No alpha rarticles in separate experiments by 
Donets, et al., and Flerov, et al.; 4 this is plotted in 
Fig. 1. Knowing only this upper limit, Fig. 1 shows 
that compared to the SF half lives of other nobelium 
isotopes a 152-neutron subshell effect is clearly present. 

In a recent experiment we thought we had found 
a SF branch from 254No. In the bombardment 75 MeV 
12C + 249Cf a 47 ± 13-s SF activity with a production 
cross section of -9 nb was observed. The observation 
time in this experiment was 65 s; it was therefore 
difficult to determine whether the half life was 47 s or 
perhaps longer. A possible SF branch of 0.4 percent 
determined from these experiments would be consistent 
with the 14 SF events that decayed with a half life of 
-70 s observed by Ghiorso, et al., 5 in the reactions 
197- and 227-MeV 48Ca + 208Pb. However, in another 
reaction, 72 MeV 13C + 245Cm, an upper limit of 0.05 
percent for the fission branch of 254No was established, 
assuming a calculated production cross section of 1 ~b 
for 254No. This result is in agreement with the upper 
limit of 0.06 percent established from experiments by 
Donets, et al., and Flerov, et al. 

The origin of the 47-s SF activity is uncertain and 
will have to be determined in future cross bombard
ments. The SF branch may still be observable or 
perhaps an even lower limit may be established from 
current 48Ca + 208Pb bombardments. A maximum pro
duction cross section of 3.4 ~b has been measured by 
Nitschke, et al., 7 for this reaction. 
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Results of Investigations on the New 15- to 24-ms Spontaneous Fission Activities 

L.P. Somerville,* M.J. Nurmia, A. Ghiorso, and J.M. Nitschke 

In the last annual report1 Spontaneous Fission 
(SF) activities with half lives between 15 and 24 ms 
were reported in the following bombardments: 80 MeV 
15N + 249Bk, 92 MeV 160 + 248Cm, 109 MeV 180 + 
248Cm, and 96 MeV 180 + 249Cf. The production cross 
sections for the reactions 15N + 249Bk, 160 + 248Cm, 
and 180 + 249Cf are consistent with the assignment of 
an -20-rns SF activity to 260Rf. Furthermore, an exci
tation function for the 20-rns SF activity produced in 
the reactions 78 to 86 MeV 15N + 249Bk was consistent 
with the shapes of other measured ( 15N,4n) excitation 
functions. 2 The measured cross sections for the 15- to 
24-rns SF activities produced in the reactions 109 to 
119 MeV 180 + 248Cm and 88 to 100 MeV 15N + 
249Bk, however, now seem much too high for 260Rf or 
258Rf (13 rns) assignments. One hypothesis is that at 
least two 15- to 24-rns SF activities exist - 260Rf pro
duced in the reactions 78 to 86 MeV 15N + 249Bk and 
160 + 248Cm, and at least one other nuclide with 
Z<104 to explain the products of the reactions 180 + 
248Cm and 88 to 100 MeV 15N + 249Bk. Within the 
last year we have performed eleven cross bombardments 
to try to determine the isotopic assignments that would 
be consistent with all our data. Table I gives the results 
of these experiments. 

What have we learned? In the reaction 109 MeV 
180 + 248Cm the -20-rns SF activity was again 
observed. Since the measured cross section is -50 
times larger than that calculated for 260Rf and the 
measured excitation function is quite broad, this 
activity is likely to be a transfer product with Z < 104. 
Based on the absence of a 20-rns component when a 
248Cm target is bombarded with 15N or 13C ions, it 
seems unlikely that this product has mass and atomic 
numbers near the 248Cm target. In the reaction 86 
MeV 15N + 249Cf the cross-section upper limit for a 
possible 20-rns SF activity is only 0.3 nb, or 4% of the 
calculated maximum 249Cf( 15N,4n) 260Rf cross section. 
This cross section is much lower than the cross section 
of 7 nb reported by Demin, et al., 3 with 93 MeV 15N 
ions. 260Rf would be produced in a 249Cf( 15N,p3n) 260Rf 
reaction, but the cross section for this reaction is 
difficult to estimate. We think that a good estimate 
could be obtained from the cross section for the quite 
similar reaction 25°Cf( 15N,p3n)261 Rf. 

The -9-rns SF activity produced in the reaction 
85 MeV 12C + 249Cf is quite likely due to a mixture c;f 
258Rf (13 ms) and an unidentified 5-ms SF activity, pos
sibly 256Rf (ref. 4). The rest of the cross-section upper 
limits are in most cases too high to draw any conclu
sions about the 20-rns SF activities, excegt that they 
probably are not due to nuclei near the 2 4Es or 25°Cf 
targets. 

Thus, the hypothesis of at least two 20-rns com
ponents is still viable. Up to now, in every case that we 
expected to produce 260Rf, a 20-ms component was 
observed. The 20-rns component that was observed in 
the reaction 109 MeV 180 + 248Cm is probably due to a 
transfer product with Z<104. If, however, in the 
future it could be shown that a single nuclide could 
explain all the 15- to 24-ms components in our data, 
this activity could not be 260Rf. 
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Table I 

Reaction Half-Life Cross Section 

109 MeV 180 + 248Cm 22.4±1.3 ms 10±2 nb 

81 MeV 13C + 248Cm 20 ms :S6 nb 

97 MeV 15N + 248Cm 20 ms <1 nb 
15 ms <2 nb 

86 MeV 15N + 249Cf -12 ms <0.3 ±0~ 1 nb 
20 ms <0.3 nb 

99 MeV 180 + 254Es 20 ms <0.5±0.1 ~b 

99 MeV 180 + 25°Cf 20 ms <1.5±0.3 ~b 

85 MeV 12C + 249Cf -9 ms 5±1 nb 

73 MeV 13C + 25°Cf 20 ms <370 nb 

73 MeV 13C + 254Es 20 ms <150 nb 

125 MeV 22Ne + 254Es 20 ms <50nb 

125 Mev 22Ne + 2socf 20 ms <80 nb 
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High Angular Momentum and Gamma De-excitation 

Continuum Gamma-Ray Spectroscopy* 

RM Diamond 

When angular momentum is added to a nucleus, 
it is, of course, carried by the individual nucleons, but 
two limiting types of behavior may be distinguished: 1) 
a small number of high-j particles align with the rota
tion axis and 2) the nucleus is deformed and rotates as 
a whole. At high spin all nuclei seem to show a 
compromise utilizing both motions. The excited nuclei 
left as products of (HI,xn) reactions have so many path
ways down that none of the -y-ray transitions have 
enough intensity to be seen individually until the popu
lation gathers near the yrast line. This occurs usually 
between spin 20-40 fl. All our information on higher 
states comes from their continuum spectra. Several 
general types of techniques are being used to study the 
continuum. 

One recent development is the use of -y-ray multi
plicity filters, which involve a number of Nal detectors 
to determine the number of coincident 'Y rays per event 
and thus statistically the ')'-ray multiplicity distribution. 
A high -y-ray multiplicity corresponds in general to a 
large angular momentum. Because of this relationship, 
a measurement of average 'Y~ray multiplicity as a func
tion of -y-ray transition energy gives direct information 
on transition energy - spin correlations in the contin
uum. Examples' for two target-projectile systems at 
several bombarding energies are shown in Fig. 1. For 
40Ar + 124Sn --+ 164Er*, there is a pronounced peak in 
the multiplicity spectrum at all bombarding energies, 
and it comes at the edge of the bump in the intensity 
spectrum, corresponding to the highest energy and 
highest spin transition. This peak moves to higher 
energy with increasing bombarding energy and, hence, 
higher angular momentum input. This is a nice 
confirmation of the collective rotation picture for this 
nucleus, qualitatively agreeing with the rotational 
expression, 

fz2 
p = -(41-2) 
'-'y 2$ 

(1) 

that the ')'-ray energy, E'Y' is proportional to the spin, I. 

From the -y-ray energy of the multiplicity peaks, 
combined with the maximum spin (obtained from the 
maximum multiplicity) for a particular reaction, a value 
for the moment of inertia can be determined by use of 

eq. ( 1). The problem is to get this value for the smal
lest ·range in spin possible. Other than with crystal 
balls, the best way is probably to use a total-energy 
spectrometer, which yields a FWHM of 60-70fz in spin. 
The idea is as follows: if one can capture in a large Nal 
counter most of the -y-ray energy emitted in the cas
cades, one can then make cuts at various excitation 
energies, hence at various spin ranges, and observe the 
decay spectrum in a coincident external counter viewing 
the target through a small hole in the sum spectrome
ter. Examples of such spectra, taken in a 7.6 x 7.6 em 
Nal crystal outside a 20 x 33 em sum spectrometer and 
in coincidence with consecutive -4 MeV wide slices of 
the total energy, are shown in the next figure2 for 185 
MeV 40 Ar + 124Sn --+ 

164Er*. The main products are 
160Er and 159Er, well-deformed prolate nuclei in the 
ground and i 1312 bands, respectively, all the way to the 
highest spins observed. By subtracting one spectrum 
from the next, we obtain the difference peaks shown at 
the bottom, which illustrate nicely the increase in E., 
with increase in slice number (excitation energy), and 
hence spin, as represented by the average multiplicity, 
M, of the two contributing spectra. Converting M to I 
(essentially by multiplying by two), we can obtain a 
value for the effective moment of inertia at that average 
spin from eq. (1). 

This moment of inertia is an "effective" one; it is 
measured along the average of the ')'-cascade pathways 
and so is an average value for many intersecting (cross
ing) bands. Another important value is the collective 
moment of inertia of an individual band. It is smaller 
and is related to differences between ')'-ray energies in 
the same band and not to the difference between aver
age -y-ray energies in a pathway (several interesting 
bands). The angular momentum in these excited bands 
is carried partly by the rotation of the deformed 
nucleus as a whole and partly by a few high-j nucleons 
aligned to the rotation axis, ja· The -y-ray transition 
energy within the band is then 

fz2 . 
E'Y = -

2 4 4(1-Ja) (2) 
"coli 

to be compared with the corresponding form of eq. (1). 
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Fig. 1. Plots of multiplicity vs -y-ray energy for the systems (a) 124Sn + 40Ar and (b) 100Mo + 48Ca for the in
dicated bombarding energies. One Nal -y-ray spectrum is also shown for each system (ref. 1). 
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Can .fcou be determined experimentally'? There 
is some evidence that this can be done by studies of -y--y 
energy correlations. Consider a nucleus de-exciting 
through a rotational cascade with a fixed moment of 
inertia, a true rigid rotor. Then by eq. (I) the -y-ray 
spectrum is a set of transitions, evenly spaced at 
8h2 /2 J. If this cascade is looked at by two 'Y counters, 
and the first one is gated on a particular transition, the 
coincident spectrum in the second counter is the whole 
spectrum but for the gated line. Thus in a two
dimensional -y--y correlation plot there will be a valley 
along the diagonal, with ridges on each side whose dis
tance apart is equal to 16 h2/2.fcou· 

To perform such -y--y correlation experiments 
requires good statistics and a method to reduce the 
number of uncorrelated events. The first successful 
experiment was made by Andersen, et a!. 3 A back
ground of uncorrelated events was sub
tracted by a statistical method. However, this pro
cedure actually subtracts too many events, including 
some correlated ones, so that better, iterative methods 
have been devised. An additional correction to the 
two-dimensional array is to divide each point by the 
corresponding relative detector efficiencies. 

Such a two-dimensional array (but without the 
iterated background subtraction or efficiency correc
tion) for the system 124Sn + 40Ar--+ 164Er* at 185-MeV 
40Ar energy is shown4 in Fig. 3. Four features, believed 
to be general, can be pointed out. First, there is a dis
tinct valley along the diagonal up to about 1 MeV (spin 
40h ) having a measurable width, and there is some 
possibility this valley also exists in the region above 1.1 
MeV. Second, there are a few bridges across this val
ley beginning as low as 0.55-{).60 MeV and continuing 
as far up as the valley persists. Also, there are irregu
larities in the ridges alongside this valley. Third, there 
is a general filling of the valley above -1 MeV, which 
is rather complete around 1.1 MeV. Finally, on many 
arrays there are stripes or lines of increased intensity 
running parallel to the coordinate axes. 

The mere existence of the valley strongly indi
cates the rotational nature of the bands for this range 
of -y-ray transition energies. In addition, the half-width 
of the valley is just the difference between successive 
transition energies, and so determines .fcou· The first 
results on this point suggest that Jcon is indeed smaller 
than ~If, with values as low as -0.6 ~If· 

The lowest energy bridges in Fig. 3 are due to 
known backbends in the nuclei produced. The large 
one at 0.55 MeV (w - 0.27 MeV) corresponds to the 
first backbends in 158Er and 1~r (the major even-even 
products) .. There are at least two more higher energy 
bridges in Fig. 3. It is not clear which orbitals are 
involved in these higher bridges. However, the general 

behavior up to about 1 MeV ')'-ray energy seems reason
ably clear - a deep valley reflecting good rotational 
behavior, and a few large irregularities in both the val
ley and ridge structure resulting from alignment of 
specific high-j orbitals. Plausible explanations can also 
be given for the filling in of the valley above 1 MeV 
and for the existence of the stripes. 
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Fig. 2. 
Top: Spectra from a 7.6 x 7.6 em Nal detector 
corrected for the detector response function 
(number of transitions per 200 keY per event) for 
consecutive 4 MeV wide slices of the coincident to
tal -y-ray energy spectrum taken with a 33 x 20 em 
sum crystal for the reaction products (mainly 
159

•
160Er) of 185 MeV 40Ar + 124Sn--+ 164Er* (ref. 

2). 
Bottom: the difference in spectra from consecutive 
slices as indicated in the figure. 

XBL 792-645A 

4 

79 



The field of continuum -y-ray spectroscopy is a 
rapidly developing and changing one, and the introduc
tion of new experimental techniques such as the use of 
crystal-ball, 41r detector systems can only accelerate the 
pace. Theoretical developments are also proceeding 
along similarly expanding lines, so that we may look 
forward to a wealth of new information on high spin 
and highly excited states in the next few years and 
much more detailed knowledge about their structure. 
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Fig. 3 Energy correlation spectrum from the reac
tion 124Sn(40Ar,xn) 164-xEr at 185 MeV. The data 
were taken with Ge(Li) detectors and had uncorre
lated events subtracted. The plot shows contours 
of equal numbers of correlated events, where the 
darker regions have more counts according to the 
scale at the right edge (ref. 4). 
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High Spin States* 

F.S. Stephens 

Nuclei can generate high angular momentum 
either by alignment along a common axis of the angular 
momentum of several individual nucleons or by a col
lective rotation of the nucleus as a whole. Recent 
developments in this field have been centered on under
standing the competition of these two modes. This can 
be illustrated in Fig. 1, where level schemes of 158Er 
and 147Gd are shown 1

•2. The 158Er scheme is quite regu
lar and the dominant behavior is collective rotation of a 
prolate-deformed nucleus as is illustrated at the left of 
Fig. 1. The 147Gd scheme is quite irregular, with com
plicated decay pathways and isomeric states (dark 
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levels). Its dominant behavior is certainly single
particle alignment, as is illustrated at the right of Fig. 
1. Yet both of these schemes contain elements of the 
other type of behavior. There are irregularities in the 
158Er rotational pattern at spins around 16 and 26, 
which correspond to single particle alignments, and the 
49/2+ isomer at 8.6 MeV in 147Gd has a quadrupole 
moment that suggests that the aligned particles are 
polarizing the core so a collective oblate shape is 
developing. I will discuss our present understanding of 
the interplay of these two types of behavior. 



E (MeV) 

12 

Fig. 1. Level scheme for 158Er and 147Gd, together with illustrations of the dominant source of angular momen
tum for each case. 

One of the most important factors in determining 
the physics of high-spin sta~es is simply the rotational 
behavior of rigid classical' objects. In Fig. 2 the 
moment of inertia of such an object is compared with 
that of a rigid sphere (solid lines) for a variety of 
shapes and rotational axes. The shape and axis is 
defined by 'Y· which varies from -120° to 60° as the 
object varies from a prolate shape rotating about its 
symmetry axis, through oblate and prolate shapes rotat
ing about axes perpendicular to the symmetry axis, to 
an oblate shape rotating about its symmetry axis. The 
deformation is given in terms of a quantity E', which is 
to lowest order just ~R/R. Values of E' around 0.3 are 

XBL 828-1011 

typical for the familiar deformed rare-earth and 
actinide nuclei. The largest moments of inertia, and 
therefore the lowest rotational energies, occur for the 
range of shapes between 'Y = 0° and 60°. The very 
largest moment of inertia is for 'Y = 60°, an oblate 
shape rotating around its symmetry axis, and it is for 
this reason the earth has such a shape. The full liquid
drop model (LDM) treatment of a rotating nucleus3 

includes volume, surface, and Coulomb energies, in 
addition to these classical rotor considerations, and is 
shown by the dots in Fig. 2. It is apparent that there is 
no strong shape preference in these additional LDM 
terms, so that simple classical mechanics determine the 
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liquid-drop shapes. This is important, since the liquid
drop model is our best guide to such macroscopic 
nuclear properties and is even the limit to which some 
of the microscopic models are normalized. 

In order to see how significant these classical 
shape effects are, one must choose a mass and spin, and 
for A = 160 and I = 60fz, an energy scale is given on 
the right side of Fig. 2. The variation for f = 0. 3 of 
about 10 MeV is larger than typical shell effects ( -3 
MeV) so that for this spin the effects considered here 
should be dominant. The rotational energy varies as I2 

so that, for 30fz, shell effects and these classical shape 
effects should be about equivalent, and below -20fz the 
shell effects will dominate. The arguments made here 
would seem to apply only for collective nuclear rota
tions, and even then only if the nuclear moment of iner
tia has the rigid body value, neither of which is obvi
ously the case. In fact, however, most people do 
believe that rotating nuclei at high spins will, on aver
age, have the rigid-body moment of inertia, and this 
has been shown to be the case for an anisotropic har
monic oscillator potential and independent particle 
motion4

. The smaller moments of inertia observed at 
low spins are due largely to the pairing correlations, 
which should be quenched above -30fz. Furthermore, 
even in noncollective cases, it has been shown (for a 
Fermi gas) that the trajectory of lowest levels follows 
that given by rotating the appropriately shaped rigid 
body5. Thus, these very simple arguments should be 
valid, and shapes in the 'Y = 0--60° range should dom
inate at high spin, i.e., above -30fz in the A = 160 
region. Several types of microscopic calculations have 
now been carried out for nuclei in this region and all of 
them agree that the 'Y = 0-60° range should dominate 
at high spins, though the models show some differences 
within the 'Y = 0-60° range. 

A general question arises as to how one can recog
nize these shapes experimentally. That is, what kind of 
nuclear structure is expected for shapes in this 'Y = 

0-60° region. It has been recognized since 1952 that a 
deformed nucleus can rotate collectively around an axis 
perpendicular to the symmetry axis6

• The prolate 'Y = 

0° shape is of this type and essentially all the rotational 
nuclei known have ')'-values equal to, or near, 0°. On 
the other hand, a nucleus cannot rotate collectively 
around a symmetry axis; those degrees of freedom are 
contained in the single-particle motion. Thus the 'Y = 

60° oblate nuclei do not have collective rotation, but 
build up their angular momentum by aligning along a 
common axis the contribution of various single parti
cles. These are the two basic behaviors discussed 
above. 
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Fig. 2. The ratio of the moment of inertia of a ri
gid ellipsoid to that of a rigid sphere vs the shape 
parameter 'Y for two values of the deformation f = 

0.3 and f = 0.6. The right-hand scale gives the 
difference in rotational energy in MeV for a nu
cleus with A = 160 and I = 60. The dots give the 
ratios for the total liquid-drop energy (rotation + 
surface + Coulomb) of the nucleus. 
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The kind of structure associated with the triaxial 
nuclear shapes between 'Y = 0° and 60° has been eluci
dated recently - since the first clues to this were found 
in the backbending phenomenon discovered7 in 1971. 
The situation is depicted in Fig. 3. For exactly axially 
symmetric shapes (upper left) only collective rotation is 
possible, and different configurations give rise to bands 
that extend over broad regions of spin. In fact, what is 
observed to happen is indicated at the upper right, 
where bands with different configuration have different 
amounts of single-particle angular momentum aligned 
with the rotation axis and thereby give rise to slightly 
nonaxial shapes and a pattern of crossing bands. 
Sequences with spins up to -40fz have now been 
observed with three successive alignments (band cross
ings) that provide about half the total angular 
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momentum of the nucleus. As 'Y moves closer to 60° 
(lower left) the proportion of single-particle to collec
tive angular momentum becomes larger. and the rota
tional bands become less collective with smaller 
moments of inertia. This situation probably occurs in 
nuclei like 154Er in the I = 30-40f7 region8 and in 154Dy 
near9 I = 40f7, but is certainly the least documented of 
the regions of Fig. 3. Finally, at the lower right of Fig. 
3, the collective motion is very weak or entirely absent, 
and we now suspect many nuclei in the N = 82, Z = 

64 region are of this type. So far only 147Gd has qua
drupole moments measured to indicate a nonspherical 
shape2, but nuclei like 152Dy and 150Gd are very likely 
of this type. It is not so easy to distinguish these spec
tra from those of nuclei with spherical shapes, but qua
drupole moments can do this, and there may be addi
tional features of the spectra that can help (the rotation 
about the perpendicular axes). In any case, the main 
point here is that there are characteristic spectra associ
ated with the shapes between 'Y = 0° and 60°, and 
these are rather easy to distinguish experimentally. 
Furthermore, the range of spectral types is (or can be) 
continuous, as it must be since 'Y is (or can be) continu
ous. 

It should be recognized that there is no simple 
path through Fig. 3 along which nuclei evolve with 
increasing spin. It was clear in Fig. 2 that the 'Y = 0 
to 60° region was quite flat in the LDM limit so that 
shell. effects determine just where in this range a given 
nucleus will be. Some nuclei like 154Dy recently dis
cussed by Khoo9 seem to progress from upper right to 
lower left and probably on to lower right as the spin 
goes from 20 to 40f7. However, its neighbor 152Dy 
shifts from lower-right-type behavior in the 20-40f7 
range to some type (as yet not well specified) of collec
tive behavior at higher spins10• The shell effects deter
mine such specific behaviors. However, one generaliza
tion we can make is that more single-particle angular 
momentum generally indicates behavior closer to the 'Y 
= 60° limit, and conversely a larger fraction of collec
tive angular momentum usually means a shift towards 'Y 
= oo. 

A wealth of experimental data exists to compare 
with this picture. Below -35h there is generally excel
lent agreement between the data and detailed shell 
model-type calculations of these effects; above -35h 
the data are much less detailed, but seem also to fall 

into these patterns. Thus, there is a reasonable hope 
that these simple ideas contain the basic elements of 
the behavior of nuclei at high spins. There is currently 
much activity, both experimental and theoretical, to see 
if that is the case or if there are some important addi
tional features. 
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Fig. 3. Schematic excitation energy vs spin plots for various relative. amounts _of collecti~e angular mo'?entum and 
single-particle rotation-aligned angular momentum. Bandhead (pure smgle-partlc_le) energies are shown m the lower 
two panels. The solid curves correspond to real bands, whereas the dashed curve 1s the envelope of the real bands. 
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The Rotational Inertia of Nuclei* 

MA. De/ep/anque, HJ. Korner/ H Kluge,t A.O. Macchiavelli,§ 
N Bendjaballah, •• RM Diamond, and F.S. Stephens 

Even rotational nuclei do not rotate like a rigid 
body. Part of the angular momentum is generated by 
collective motion, but alignments of single-particle 
angular momentum on the rotation axis also contribute 
significantly to the total spin. Such behavior can be 
described through different moments of inertia: the 
kinematic moment of inertia .11> = 1/w (where w is 
the angular velocity, also called here rotational fre
quency) describes the overall motion of the nucleus, 
whereas the dynamic moment of inertia .12> = dl/dw, 
is related to the response of the nucleus to a torque. 
When there are changes in nuclear structure (such as 
alignments), .12> will be different from .1 1>. .12> is a 
much more sensitive, and therefore more useful, 
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quantity than ,II). 
These two types of moments of inertia can be 

defined for any sequence of levels; the two most 
significant ones are ..?"ba d and ~ff and, in particular, 
~~d and ~~. The cofiective motion generates bands 
within which the rate of change in spin with frequency 
is the moment of inertia ~d = (dljdw)J>and" It ~s 
accessible at high spins through -y--y correlatiOn expen
ments. However, a. decay path from a highly excited 
nucleus at high spin down to the ground state consists 
of a succession of such bands built on configurations 
having different alignments, and the rate of change of 
the total spin with frequency includes both collective 
motion and alignment effects. It seemed natural to us, 



therefore, to define a new moment of inertia ~~ = 

(dl/dw)path' Combined with ~d values at the same 
frequency, it should· give us a measure of changes in 
alignment with frequency. 

We also recently realized that ~~ is accessible 
experimentally (at least in rotational nuclei) through 
the height of the ")'-ray spectrum (density of "Y rays as a 
function of transition energy E.). In compound nucleus 
reactions induced by heavy ions, the continuum ")'-ray 
spectra are detected in Nal scintillators in coincidence 
with different slices of total ")'-ray energy (detected in a 
sum spectrometer). These spectra sample the decay of 
different (roughly gaussian) direct populations of states. 
The value of ~~ is related to the height of the ")'-ray 
spectrum (normalized to the ,..ray multiplicity). Since, 
in a rotational nucleus, the transitions are predom
inantly stretched E2, their number dN is ~ dl/2, and 
the s~ctrum height h is dNjdE ~ dl/4 dw 

= ~~ j4. But h is a measure of di/4 dw only in the 
frequency region that is fully populated, i.e., up to 
about 0.35 MeV. 

To obtain ~~at high frequency (up to about 0.7 
MeV), we devised a way to correct the ")'-ray spectra for 
the feeding. Essentially, the difference of two ")'-ray 
spectra corresponding to slightly different spin feedings 
(i.e., in coincidence with two consecutive slices of total 
")'-ray energy) is proportional to the feeding curve f(w). 
Then 

I f(w)dw 

~~(Wo) ex h(wo) _"'nn=·n;:,__ __ 
"'max 

I f(w)dw 
"'o 

Three different rotational systems have been stu
died at the 88-Inch Cyclotron of the Lawrence Berkeley 
Laboratory, 13ore + 40Ar, 12&re + 40Ar, 124Sn + 40Ar 
at 185 MeV. These lead essentially to 166•165Yb, 
162

•
161Yb, and 160

•159Er, respectively. The total ")'-ray 
energy was recorded in a sum spectrometer. The ")'-ray 
spectra were recorded in coincidence with the sum spec
trometer in seven 12.7 x 15.2 em Nal detectors, one at 
90° to the beam, the others as close as possible to 0° 
and 180°. For each sum slice, the ")'-ray spectra were 
normalized to their multiplicity. A statistical spectrum 
was then subtracted and the remaining yrast part was 
corrected for the feeding and for angular distribution 
effects. 

Figure 1 shows ,fe~ obtained for those three sys
tems. In all three cases, the first backbend shows up as 
a peak, indicating that alignment generates more angu
lar momentum at that frequency. At high frequency, 
~~ increases, starting at w = 0.5 MeV in Yb nuclei 
and at 0.6 MeV in Er nuclei. This suggests the align
ment of protons, because it is seen at lower frequency 
in Yb nuclei where the Fermi level is higher. In fact, 
both larger triaxial deformation (suggested by low 
.JS~d values from correlation data, see Fig. 1) and pro
ton alignment could produce such an increase, and 
recent calculations by T. Bengtsson and I. Ragnarsson 
predict that both h

912
, iP/2 proton alignments ~nd triax

ial deformation (around E - 0.4) should occur in this 
freguency range. The crosses in Fig. 1 show predicted 
~~ values deduced from the calculation of spin I as a 
function of w for the lowest four trajectories of each 
parity and signature quantum number in 166Yb. At 
high frequency, the lower bump is due to proton align
ment and the higher one to the onset of triaxial defor
mation. Those values agree with the experimental 
results presented, although the latter are more smeared 
as they represent an average over many decay paths. 

The determination of dynamic effective moments 
of inertia at high frequencies provides some new 
insights into nuclear behavior at very high spins. ~~ 
and .JS~d are complementary and are at present the 
only two moments of inertia measurable in the contin
uum region. However, the determination of ~~ at 
high frequencies is linked to the feeding correction, 
which is well understood only in rotational nuclei. It 
will be an exciting challenge to try to explore less col
lective nuclei in this way. The nuclear properties 
change gradually when crossing the region of transi
tional nuclei from mainly collective on the heavier side 
to mainly single particle on the lighter side. 
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Dependence of the Giant Dipole Strength Function on Excitation Energy• 

J.E. Draper/ J. 0. Newton,* L. G. Sobotka, H. lindenberger, § G.J. Wozniak, 
L.G. Moretto, F.S. Stephens, R.M. Diamond, and R.J. McDonald 

) 1~1,_--,----,----,---,----,----,----,-

Spectra of 'Y rays associated with dee~inelastic 
(DI) products from the 1150 MeV 136Xe + 1 1Ta reac
tion have been studied. The yield of 10--20 MeV 'Y rays 
initially increases rapidly with excitation energy of the 
products and then more slowly for excitation energies I0-

1 

higher than 120 MeV. 

Several sets of calculations were done to facilitate 
the interpretation of the measured -y-ray coincidence 
spectra. The first set used a constant E1 strength func
tion (no GDR). Set II employed the ground-state 
values of the resonance energy (14.6 MeV) and width 
(6.5 MeV). In Set III the width was increased linearly 
from 1.0 to 1.5 times the ground-state value, as E* 
increased from 34 to 199 MeV. In Set IV the width 
was increased as in Set III, while the resonance energy 
of the GDR was decreased linearly from 1.0 to 0.66 
times the ground-state value as E* increased. All the 
calculated spectra were folded with the Nal response 
function. 

In Fig. 1 these calculated-y-ray spectra are shown 
for all but the lowest excitation energy bin, omitted due 
to the large percentage variation of the excitation 
energy across this bin. At all excitation energies, the 
calculation with a constant strength function (Set I) 
substantially underestimates the data, even though this 
calculation was normalized by assigning radiative 
widths that are a factor of -3 larger than the values 
found in (n,-y) experiments with slow neutrons. For 
sets 11-IV, the normalization was calculated from the 
E1 sum rule. The calculations employing the ground
state values of the GDR (Set II) give a much better 
representation of the data than does Set I, although 
they overestimate the 15-MeV -y-ray yield at the highest 
excitation energies. Better agreement with the 15-MeV 
-y-ray region is obtained by increasing the resonance 
width (Set III), but the best overall agreement is 
obtained when the peak resonance energy is also 
decreased (Set IV). Calculations were also made for bin 
5 using a resonance energy of 14.6 MeV and widths of 
15 and 25 MeV; however, these calculations do not 
reproduce the data as well as the calculation where the 
peak energy is decreased (Set IV). 

The inferred increase in the resonance width 
might be trivially ascribed to the increasing width of 
the product mass distribution with increasing E*. This 
explanation does not seem likely because of the weak 
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Fig. 1. Experimental (symbols) and calculated 
(curves) -y-ray pulse height spectra associated with 
DI products having mean excitation energies of 80 
MeV, 119 Mev, 159 Mev, and 199 MeV for bin 2 
through bin 5, respectively. The -y-ray spectra 
have been calculated for different widths and reso
nance energies of the giant dipole strength func
tion (see text) and have been folded with the meas
ured Nal response function. 
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A-113 dependence of the ground-state resonance energy. 
An alternate explanation is that in DI reactions the 
second moments of the fragment spin distributions can 
be quite large even at a fixed Q-value. 1 This large 
range of angular momenta might lead to a variety of 
shapes, which would result in different values of the 
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resonance energy and thus effectively broaden the reso
nance. A similar broadening occurs in rare-earth 
nuclei, where the apfarent width is nearly twice that of 
a spherical nucleus. An additional possibility is that 
the resonance width might increase with E* due to an 
increase in the rate of dissipation of the collective state 
into the multitude of n-particle n-hole states available 
at high excitation energies. 

Using simple theory the energy Fzw of the dipole 
mode can be approximated3 as 

[ 
3V ) 

1
/
2 

w= w6+ ~ 
4M<r > 0 

where V 1 is the symmetry potential, <r2> is the mean 
squared radius, and Fzw0 is approximately 41 A-113 near 
the Fermi surface. There are three quantities in the 
expression for w that could depend on the excitation 
energy E*: (1) For a harmonic oscillator fzWQ is 
independent of E*, but a more realistic well broadens at 
the top, so the effective Fzw0 might be reduced for large 
E*. (2) The symmetry potential measures the effect of 
the neutron-proton interaction as a restoring force for 
the GDR oscillation. Since the participating particles 
are spread over more shells at high excitation energies, 
the neutron-proton overlap will decrease and V 1 should 

also decrease. ( 3) Although one docs not expect a large 
change in <r2> with E*, it should increase due to the 
particles in higher shells. These effects all decrease the 
resonance energy of a GDR built on a highly excited 
state. This agrees with the tentative conclusion from 
our experimental results. 
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Isomeric Trapping Following Coulomb Excitation 

of High Spin States in 178Hf* 

J.H. Hamilton/ A. V. Ramayya/ R.M. Ronningen,* R.O. Sa~er,§ 
H. Yamada, t C. F. Maguire, t P. Colombani, ** D. Ward, 

R.M. Diamond, F.S. Stephens. I. Y. Lee,§ P.A. Butler** and D. Habs§§ 

In the region of well deformed nuclei between A 
160 and 180, 176

•
178Hf are unusual in that a number 

of high spin andjor high K isomers have been reported' 
in addition to the well-known K"" = 8- and 16+ isomers 
in 178Hf. Furthermore, there are known excited K"" = 

o+ bands with different moments of inertia that should 
lead to a crossing with the ground band around spins 
14+ to 16+ in 178Hf. To investigate possible effects of 
these different bands on the ground state rotational 
bands in 178• 18~f. we have Coulomb excited these 
nuclei with Kr and Xe ions from the SuperHILAC. 
Coulomb excitation provides additional and complemen
tary information to (H.I.,xn) reactions. Because one 
starts at the ground state and Coulomb excites up, the 
levels which are related to the ground-state band (gsb) 
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by collective E2 transitions are the ones most strongly 
populated, and these may or may not be yrast levels. 
Surprisingly, we find for the first time population of the 
lowest K"" = 8- isomer at 1147.4 keY in 178Hf following 
Coulomb excitation. 

Enriched (95%), thick (35 mgjcm2) targets of 
178

•
180Hf were Coulomb excited with beams of 86Kr and 

136Xe with energies in the range of 384 and 594 MeV, 
respectively, at the SuperHILAC. The energies were 
chosen to keep below the Coulomb barrier. The gamma 
rays were observed with Ge(Li) detectors at 0° and 90° 
and in coincidence with back-scattered heavy ions. 
States up to 14+ in the ground-state band were 
observed in 178Hf and to 12+ in 18~f. Measurements 



were subsequently made in 178Hf with a thin (0.50 
mgjcm2) target with 628, 652, 682 MeV Xe ions to look 
for band crossing at higher spins. Scattered 136Xe par
ticles and Hf recoils were detected by two two
dimensional position sensitive avalanche counters in 
coincidence with each other. States up to spin 16+ and 
tentatively 18+ in 178Hf were observed. The spins and 
parities had been established up to the 8+ level. The 
higher spins and parities were assigned based on the 
measured lifetimes, and E2 Coulomb excitation yield 
(see table I), and intensity patterns for different bom
barding energies. Lifetimes of the 6+ to 14+ levels 
were extracted from an analysis of the Doppler
broadened line shapes and/or from the experimental 
yields where the semiclassical Winter-de Boer code was 
used. Up through the 14 + level there is agreement 
with the rotational model within 10%. When the beam 
was turned off, the 8-6-4-2-0 cascade in 178Hf was seen 
with equal ')'-ray intensitites fed by the 4.0s 8- isomer 
at 1147 keY. Thus for the first time in Coulomb excita
tion, we have populated a K-isomer trap in 178Hf. The 
isomeric component is 0.9% of the direct 8+ feed. A 
similar search was made for the 5.5 hr, 8- isomer in 
180Hf. No evidence was found for this isomer. Correct
ing for the lack of secular equilibrium, we obtained an 
upper limit for the isomeric Component of 0.3% of the 
direct 8+ feed. Direct Coulomb excitation of the isomer 
178Hf from the 8+ ground-band member is estimated to 
be negligible (direct E1 or E3 population from the 
ground band is -10-12 of the w+ state). It is possible, 
though unlikely, that the projectile energies are 
sufficiently close to the Coulomb barrier to populate the 
isomer by some nuclear interaction, such as charge 
exchange to 178-y'a which populates the isomer. However, 
'Y rays from the higher lying states populated by 178-y'a 
were definitely not seen. The 'Y spectrum taken out-of
beam when the 178Hf isomer was seen had no 'Y rays 
except those of the isomer above background. 

The most likely mechanism is that there is 
branching from a state which is connected by an E2 

transition to the ground-state band but also connected 
presumably by an E1 transition to the 8- band. The· 
higher the spin at which the crossing occurs the larger 
the branching of that state to the 8- band. Khoo and 
Lovhoiden using {a,xn) reactions observed the K"' = 
16+ and 14- isomeric levels to be yrast traps below the 
14+ gsb member in 178Hf, but no crossing of the gsb to 
the 8- isomer was reported. Either a weak branch has 
been missed or branching to the isomer occurs above 
spin 14+ in 178Hf. The latter possibility is supported by 
our analysis which shows that the level lifetimes up 
through the 14+ level in 178Hf are consistent with rota
tional model predictions. In another experiment, the 
same thick 178Hf target was used in Coulomb excitation 
studies with 160 ions at the University of Koln tandem. 
Levels up to the 10+ number of the ground band were 
seen in that work, but no feeding of the isomer was 
observed to confirm that the crossing is at higher spins. 
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Table I 

Lifetimes in psof states in 178Hf and 180Hf. 
Average values are compared with rotational model predictions. 

Transition r(DBJ.S)os r(Yield) 'T 'T 

E'Y 86Kr 86Kr t36Xe 136xea> t36xea> (Average) (Rotat.) 
Singles Coin c. Singles Thick Thin 

t78Hf 6-4 325.6 16.1 16.4 16.28 15.0 
8--6 426.4 3.9611 4.108 4.1110 3.98 3.79 3.998 3.86 

1(}..8 512.4 1.555 1.3510 1.677 1.38 1.45 1.485 1.50 
12-10 579.7 0.823 0.935 0.75 0.75 0.813 0.78 
14-12 626.9 0.6514 0.31 0.4810 0.43 
16-14 658.6 
18-16 684.4b) 

180Jif 6-4 322.3 14.4 14.410 13.2 
8--6 443.2 3.0823 2.8620 3.50 3.1515 3.07 

1(}..8 546.5 1.177 1.205 1.06 1.145 1.05 
12-10 642.0 0.489 0.556 0.55 0:534 0.55 

a>Experimental errors are in the range of 5-10% except for the 14+ -12+ transition, where it is -25%. 
b)Tentatively assigned as the 18+ -+ 16+ transition. 

A Third Discontinuity in the Yrast Levels of 158Er* 

J. Burde, E.L. Dines, S. Shih, R.M Diamond, 
J.E. Draper, K.H lindenberger, C. Schuck, 

and F.S. Stephens 

Discrete 'Y-rays de-exciting states of compound 
nuclei formed during heavy-ion fusion reactions can 
give detailed information about the nuclear structure of 
such high spin states. Although resolved 'Y-rays from 
noncollective states have been observed for I ~ 38, for 
collective states the spins observed are usually below 
30. 

A study of the high members of the yrast 
sequence of 158Er was done several years ago1 when a 

·backbendin.g (attributed to the alignment of. an i1312 
neutron patr) at l = 14 and an upbend (attnbuted to 
the alignment of an h1112 proton pair) as high as I = 28 
were observed. 

To study still higher members of the yrast 
sequence in 15~Er, we used the 122Sn ( 40Ar, 4n'Y) reac
tion with a 170 MeV 40 Ar beam at the 88-Inch Cyclo
tron. Four, self-supporting, thin (0.5 mgjcm2 each) 
122Sn targets were used to insure narrow lines without a 
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reduction in the yield. 

Four GeLis were placed in a backward direction, 
±( 155° to 160°) with respect to the beam so as to 
minimize Doppler broadening while a fifth GeLi was 
placed alternately at 0° and 90° for angular distribu
tion measurements. 

About 108 events (each consisting of a 'Y-'Y coin
cidence between any two of the five GeLis gated by one 
or more detectors of a 5-Nai multiplicity filter sur
rounding the target) were recorded and analyzed. Fig
ure 1 shows after background subtraction the 'Y-'Y coin
cidence spectra from the four backward GeLis gated by 
the sum of transitions de-exciting the 18+-32+ levels, as 
well as spectra gated b_J the three defined highest lines, 
34+ ..... 32+, 36+--+ 34 , and 38+-+ 36+. From spectra 
like these, anisotropies (consistent with stretched E2s) 
and relative intensity determinations, we were able to 
establish the yrast sequence up to I = 38. 
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Fig. 1. Coincident -y-ray spectra from 122Sn 
( 40 Ar,4n) 158Er obtained with indicated gates. 
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In an attempt to find any higher members, 15 
weak lines were taken as possible candidates, and the 
data were sorted in coincidence with these 15 lines. 
We then looked at the intensity of each yrast line from 
these spectra (after background subtraction) divided by 
the intensity of the same line obtained from the sum of 
gates on transitions from the 34+, 36+, and 38+ levels. 
If a line feeds the whole yrast sequence from above the 
38+ level, those ratios must be constant up to 32+ and 
go above unity for the three higher transitions, because 
of their suppression in the denominator sum spectrum. 
Two lines, at 1067 keY and 1155 keY appear to comply 
with these requirements. We tentatively considered the 
former to be the most likely 40+ --+ 38+ yrast member. 

Figure 2 summarizes the high-spin nuclear struc
ture of 158Er best. The moment of inertia, 2 Jjfz2, 

total spin I, and the relative aligned spin, i, were plot
ted2 vs the rotational frequency fzw. The beginning of a 
third discontinuity at fzw ~ 0.53 MeV is suggested. 
This would imply an alignment with the rotation axes of 
an additional high-j nucleon pair, thus continuing the 
pattern for the nucleus to generate its angular momen
tum partly from collective rotation, partly from align
ment of high-j nucleons. 

The two i1 12 neutrons at the first backbend con
tribute 10fz of aftgned spin out of a total spin of 16fz 
while the two h11n protons responsible for the second 
discontinuity contnbute 6fz of aligned spin to a total 
spin of 28fz. Although the aligned spin is not yet deter
mined, the third discontinuity (at about I = 40fz) 
seems most likely to be caused by either h912 neutrons 
or h9n. protons, of which the former seem the most 
likely rrom calculations. 3 
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Lifetimes of Unresolved Transitions from Very High Spins 

in Nuclei Near N=82* 

H. Bubel/ R.M. Diamond, P. Aguer, t C Ellegaard, § 

D. B. Foss an,** H. Kluge, ff C Schuck, t S. Shih, tt 
F.S. Stephens, and U. Smilanski§§ 

Properties of nuclei in excited states of very high 
angular momentum can be studied by investigations of 
their de-excitation -y-ray spectra. The unresolved spec
tra which are connected to the de-excitation of the high 
spin states populated in heavy-ion compound-nucleus 
reactions are typically composed of three parts: a sta
tistical component, an E2 bump and a lower-energy 
dipole part. It has been found that the high-energy 
edge of this bump moves to higher energies with 
increasing angular momentum put into the system and 
that the multiplicity of the transitions in this region is 
higher than the average multiplicity. Furthermore, 
angular correlation measurements show that these tran
sitions are predominantly of stretched quadrupole mul
tipolarity. 

Recently1 the average lifetimes of the transitions 
in the E2 bump of a good rotor have been measured 
with the Doppler-shift attenuation method. From these 
measurements collective E2-enhancement factors were 
deduced, indicating that the transitions in the E2 bump 
are, indeed, collective transitions between high-spin 
states within rotational bands. 

In the present paper we use the same method to 
try to follow the development of collectivity in a 
nucleus that is spherical at low spin. A comparison is 
made for two different systems: the 157Er* compound 
system which leads to evaporation residues around 
spherical 152Er, and the 164Er* compound system which 
leads to nuclei around rotational 159Er. 

De-excitation -y-ray spectra were measured with 
two 12.7 em x 15.2 em Nai(Tl) detectors located at 0° 
and 90° with respect to the beam direction. They were 
placed at a distance of 60 em from the target to allow 
for neutron discrimination by time of flight, and were 
in coincidence with a multiplicity filter. In order to 
produce the Er evaporation residues with high recoil 
velocities, a light-mass target, 28Si, was bombarded 
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with heavy projectiles, 129Xe and 136Xe, at the LBL 
SuperHILAC. With projectile energies of 720 MeV 
and 740 MeV, respectively, the recoil velocities were 
v jc ::::::: 0.085. Spectra were measured with a self
supporting target of 2.3 mgjcm2 thickness and with a 
target of the same thickness on a 25 mgjcm2 Au back
ing, alternating every few hours. By comparing the 
Doppler shift for the spectra measured in the 0° Nai 
detector with the unbacked target and with the target 
on the backing, average lifetimes of continuum -y-rays 
can be deduced if their lifetimes (including feeding 
time) are of the same order of magnitude as the stop
ping time of the recoiling Er evaporation residues in the 
Au foil. The 90° Nai detector is used for normaliza
tion. 

The effect of the different Doppler shifts obtained 
for the self-supporting and the backed targets can be 
seen in the ratios of the spectra shown in Fig's 1 and 2. 
The oscillations in the ratios below -900 keY result 
mainly from the Doppler shift of long-lived discrete 
lines. At higher energies the smooth slope is produced 
by a larger Doppler shift in the spectra from the 
unbacked target. Above -1.6 MeV in the 164Er* system 
and -3.5 MeV in the 157Er* system the lifetimes are 
much shorter than the stopping time of the recoiling Er 
atoms in the Au foil because no difference is observed 
between the spectra from the backed and unbacked tar
gets. 

The data analysis was performed as described in 
ref. 1. Each level in the continuum is assumed fed 
either from higher members of the rotational band or 
by prompt side feeding. For the prompt part, a distri
bution of initial populations 

I 
u - ------------------

1 1 + exp[(I--Imax)/2.5] 

is used where Imax is the maximum angular momentum 
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values of a allowed by the errors given in Table I. 

12 

~ 1.1 
a:: 
a:: 1.0 

t 0.9 

c 
w 1.2 0 
..J 
0 u.. 1.1 z 

:· .. ~'-.::·-~ . ...... ·'~· .... 
::> 
[£" 1.0 

i 0.9 
0 0.8 1.6 2.4 3.2 4.0 

- Ey[MeVJ 

Fig, 2. Same as Fig. 1., but for the 129Xe beam. 

brought into the compound nucleus. Within the rota
tional bands each level decays to the next lower one by 

an E2 transition and the transition lifetimes are deter
mined according to the rotational model formula 

T = SOO&'feV)( < Ii 2KOI Ir K > 2 e2 
Q&b)t

1 s 

(or T = aE-5). 

The average intrinsic quadrupole moment Qo is 
obtained by fitting the calculated ratios of spectra for 
the unbacked and backed targets to the experimental 
ratios with Qo (or a) as the only free parameter. 

In a first step the procedure described above was 
applied to both systems, 164Er* and IS7Er*. For the 
rotational 164Er* .system we obtain good agreement in 
both magnitude and slope between the calculated (solid 
curve in the lower part of Fig. 1) and the experimental 
ratio of spectra. For the more spherical IS7Er* system, 
however, no satisfactory agreement between the calcu
lated and measured ratio could be obtained. We there
fore had to modify the simple model to include the 
specific features of the IS7Er* system. 

It is known that the overall amount of stretched 
E2 transitions is smaller in the light Er nuclei than in 
the heavier rotational isotopes; approximately 70% E2 
transitions in the E2 bump and an overall E2 contribu
tion of approximately 50%. In the high energy tail 
above the yrast bump the E2 component is much less 
than 50%. A reasonable assumption is probably 70%--
100% for the amount of dipole transitions in the high 
energy tail of the spectrum. 

The inclusion of such a large dipole contribution 
in the analysis of the Doppler-shift data presents a 
major problem. There exists no simple relation between 
transition energy and spin for the dipole transitions 
(these transitions are probably emitted statistically), 
and their transition probabilities can vary over a wide 
range depending on the structure of the states involved 
in the transition (they are not determined, as for rota
tional E2 transitions, by a single parameter). Neverthe
less, we have attempted to obtain some quantitative 
results from the data for the IS7Er* system with the fol
lowing assumptions: (i) The quadrupole to dipole ratios 
deduced from the angular correlation experiment were 
used. (ii) Feeding time for statistical (dipole) transi
tions were (a) neglected, and (b) varied in several rea
sonable ways. Fortunately, it turned out that the feed
ing times, if reasonably fast, do not have a very large 
effect on the results and their influence could be taken 
into account by increasing the uncertainties of the 
results. (iii) For the transition lifetimes we use the 
expression 

with the fraction x of quadrupole transitions in the 
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yrast bump and in the high energy tail regions fixed as 
discussed above. The two parameters a 1 and a2 (the 
lifetimes of 1 MeV statistical and E2 transitions respec
tively) were determined by fits of the calculated yield 
ratio to the experimental ratio. The results of the fits 
in the two energy regions are shown by the solid curves 
in the lower part of Fig. 2. The slope of the data in the 
high energy region was found to be well reproduced by 

an E"3-dependence of the first component in (3) and the 
best fits in this energy region were obtained with x = 

0. In the E2-bunip region between 1.0 and 1.6 MeV we 
find that the best (but still not perfect) fit to the data is 
obtained with x = 0. 7 and with a 1 ::::::: 10a2• The values 
for the parameters £11, the quadrupole moments Qo, the 
enhancement factors, and the deformation parameters 
are summarized in Table I. 

Table I. 
Results of lifetime measurements of continuum transitions depopulating very high spin states 

Compound Energy a! 
nucleus range (MeV) (ps MeV3) 

164Er* 1.0-1.6 
157Er* 1.0-1.6 0.63 

2.0-3.5 0.62 

Footnotes and References 

*Condensed from Z. Phys. A - Atoms and Nuclei 304, 
(1982) 225 

tinstitut fiir Strahlen-und Kernphysik der Universitat, 
Bonn Federal Republic of Germany 
:j:Centre de Spectrometric Nucleaire, Orsay, France 
§Niels Bohr Institute, Ris~, Denmark 
**S.U.N.Y. Stony Brook, New York 
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a2 Qo B(E2} {j2 
(ps MeV5) (eb) B(E2)s,p 

0.05520 6.1I:6 17060 0.299 
0.075 5.43.0 150110 0.2615 

ttHahn-Meitner-Institut fiir Kernforschung, Berlin, 
West Germany 
:j::j:Shanghai Institute of Nuclear Research, Shanghai, 
China 
§§The Weizmann Institute of Science, Rehovot, Israel 

1. H. Hiibel, U. Smilansky, R.M. Diamond, F.S. 
Stephens, B. Herskind, Phys. Rev. Lett. 41 
(1978) 791 
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Nuclear Data 

First Conference on Nuclear Structure Data Evaluation 

R.B. Firestone, V.S. Shirley, and J.M. Dairiki 

The 1st Conference on Nuclear Structure Data 
Evaluation, organized by the Isotopes Project, was held 
at the Asilomar Conference Grounds, Pacific Grove, 
CA, on October 27 - 30, 1981. Nearly 20 evaluators 
and interested observers attended the conference. 
Roundtable discussions were held on the topics of 
Evaluation as a Science and Evaluation and the 
Scientific Community. In addition, nine scientific 
papers on various aspects of evaluation and nuclear 
structure systematics were presented. The following 
papers were given by members of the Isotopes Project. 

1. Systematic Survey of -y-ray Multipolarities. 

E. Browne and R.B. Firestone 

2. Radioactivity Handbook. 

J.M. Dairiki 

3. Results of the Radioactivity Handbook Survey. 

J.M. Dairiki 

4. Are Logft Values Reliable Guides for Spin and 
Parity Assignments? 

R.B. Firestone 

5. Reevaluation of the Logft Systematics for the 
Assignment of Spins and Parities. 

R.B. Firestone 

A complete summary of the roundtable discus
sions and the text of the submitted papers has been 
published in the proceedings of the conference (LBL-
14070). 

X-ray and Auger-Electron Intensities from K,L.,L2, 

and L3 Atomic Shell Vacancies Produced by Nuclear Decay 

R.B. Firestone 

X-rays and Auger electrons are often the most 
intense radiations associated with nuclear decay. How
ever, they are seldom accurately measured because of 
their low energies. The systematics and theory of 
atomic transitions are now known reliably enough to 
calculate x-ray and Auger-electron intensities arising 
from K, Ll> ~. and L3 atomic shell vacancies produced 
in nuclear decay. 

Atomic vacancies are primarily produced in 
nuclear decay by internal conversion and electron cap
ture decay. I have calculated the internal conversion 
atomic vacancies using the tables of Rosel, et al., 1 and 
the electron capture vacancies using the tables of Bam
bynek, et al. 2 To account for fluorescence-, Auger-, 

and Coster-Kronig processes I have used the tables of 
Krause, et al. 3 

Mter determining the total intensity of all x-ray 
and Auger lines originating in each atomic shell, it is 
necessary to divide that intensity into the constituent 
lines associated with each vacancy. For x-rays, I accom
plished this with a combination of the systematic data 
compiled by Salem, et al. 4 and the theoretical calcula
tions by Scofield. 5 I used the calculations of Chen, et 
al., 6 to distribute the Auger intensity. Usually, values 
given by theory were as accurate as the experimental 
data. 

Finally, I derived the x-ray energies from the 
atomic binding energies compiled by Bearden7 and the 
Auger-electron energies from calculations by Larkins. 8 
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The ENSDF nuclear data file (DATATRIEVE version) 
has been selected as the source of input nuclear decay 
data, and the final atomic transition energies and inten~ 
sities have been calculated with my computer code 
ATOMS. The statistical errors for all data are added in 

quadrature and are included with the final intensities. 
A comparison of experimental and calculated x-ray 
intensities from A = 252 is shown in Table I. The 
complete set of calculated x-ray energies and intensities 
will appear in the Handbook of Radioactivity. 

TABLE I. Comparison of Experimental and Calculated X-ray Intensities 

Decay 

References 

Transition 

La, 
L"l 
Lp, 

Lp2 
Lps 
Ly, 
Ly2,3 
Ly6 
Le 

1. F. Rosel, et al., Atomic Data and Nucl. Data 
Tables 21, nos. 2-5 (1978) 

2. W. Bambynek, et al., Rev. Mod. Phys. 49 (1977) 
77 

3. M.O. Krause, J. Phys. Chern. Ref. Data 8 (1979) 
307 

4. S. I. Sa! em, et al., Atomic Data and Nucl. Data 
Tables 14 (1974) 91 
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Intensity 
Experiment 

0.00585 
0.00373 
0.00232 
0.000828 

4.74 
3.13 
1.92 

0.668 

2.83 
0.313 
2.62 

0.625 

0.163 
0.706 
0.0204 

0.153 
0.232 

Calculation 

0.00478 
0.00305 

0.00234 

0.0006110 

4.38 

2.85 
2.14 
0.5111 

2.54 
0.284 
2.24 
0.6810 
0.162 
0.5510 
0.0161 
0.112 
0.193 

5. J.H. Scofield, Atomic Data and Nucl. Data Tables 
14 (1974) 121 and Phys. Rev. A9 (1974) 1041 

6. M.H. Chen, et al., Atomic Data and Nucl. Data 
Tables 24 ( 1979) 13 

7. J.A Bearden, Rev. Mod. Phys. 39 (1967) 78 

8. F.B. Larkins, Atomic Data and Nucl. Data Tables 
20 (1977) 338 



Gamma-Ray Transition Probability Systematics 

E. Browne and RB. Firestone 

The use of -y-ray transition probabilities for 
assigning multipolarities has been limited in the past by 
the fact that only gross lower limits to the half-lives 
had been suggested. These limits are derived primarily 
from the compilation of -y-ray transition strengths by 
Endt. 1-3 Recommended upper limits for the transition 
strengths have been suggested by Endt based on the 
fastest reliably known transitions of a given multipole. 
These limits are valid, but they are too restrictive 
because they fail to account for the effects of nuclear 
structure. For more detailed systematics, one must look 
to the older works of Moszkowski4 and of Goldhaber 
and Sunyar. 5 

We have initiated a new, systematic study of -y
ray transition probabilities based on varied sources such 
as the Nuclear Structure Database from the Table of 
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(,) 
c 
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c 
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.!!! 
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3: 

3: 
LL 
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Z=41 

Z=49 

60 70 

N (neutron number) 

Fig. 1. g9/2 -> p112 M4 Weisskopf hindrances. 
XBL 8110-7371 

Isotopes, 6 Endt' s compilations, l-3 and ENSDF. 7 For 
each multipole the transition probabilities are being 
mapped out in terms of nuclear structure. An example 
is shown for the g912 -> p112 M4 transitions near Z = 50 
in Fig. 1. These transition probabilities are observed to 
vary smoothly. 

The available data for the M4 isomeric transition 
in 117In are summarized in Table 1. These data are 
clearly divergent, yet an evaluator is required to select 
a best value. Previously, most evaluators have chosen 
the newest data in cases like this. However, with the 
aid of systematics it is evident that the older data are 
probably correct. Closer inspection of the newer data 
indicates that the disagreement may result from an 
incomplete correction for transient equilibrium to the 
-y-ray intensities. This work demonstrates the utility of 
systematics in selecting the most accurate nuclear data. 

Table 1. Hindrance of the 315-keV M4 transition in 
117In 

Branching Hindrance 
Ratio(%) Factor (FW) Reference 

28 (1) 0.12 (1) 9 

43 0.079 (5) 10 

26.5 (15) 0.129 (8) 11 

47.1 (15) 0.072 (3) 12 

References 

1. P.M. Endt, At. Nucl. Data Tables 23 (1979) 3 

2. P.M. Endt, At. Nucl. Data Tables 23 (1979) 547 

3. P.M. Endt, At. Nucl. Data Tables 23 (1981) 47 

4. S.A Moszkowski in "Alpha-, Beta-, and Gamma
ray Spectroscopy", edited by Kai Siegbahn 
(North Holland, Amsterdam, 1965), Vol. 2, pp. 
863-886 
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6. R.B. Firestone and E. Browne, "Nuclear Struc
ture Database", LBL-11 089 (1980) 

7. "Evaluated Nuclear Structure Data File", edited 
and maintained by the National Nuclear Data 
Center, Brookhaven National Laboratory, on 
behalf of the International Network for Nuclear 
Structure Data Evaluation 

8. E. Browne and R.B. Firestone in "Proceedings of 
the 1st Conference on Nuclear Structure Data 

Evaluation", edited by R.B. Firestone, V.S. Shir
ley, and J.M. Dairiki (LBL-14070, 1982) 

9. J.H. Wolfe and J.P. Hummel, J. Inorg. Nucl. 
Chern. 22 (1961) 7 

10. O.A Baedecker, A Pakkanen, and W.B. Walters, 
Nucl. Phys. Al58 ( 1970) 607 

11. L. Heath, "Gamma-Ray Spectrum Catalogue", 
ANCR-1000-2 (1974) 

12. W. Tang, A Pakkanen, Z.C. Mester, C.D. 
Coryell, G. Chilos, K Bos, and AH. Wapstra, 
Z. Physik A272 (1975) 301 

SPINOZA: A Computer Code for the Scientific Evaluation of 

Nuclear Data 

R.B. Firestone 

The computer code SPINOZA was designed to 
assist nuclear data evaluators in testing the consistency 
and scientific rigor of spin, parity, multipolarity, and 
other decay level-scheme assignments~ This program 
accepts input data written in the Evaluated Nuclear 
Structure Data File (ENSDF) format and produces a 
complete tabular listing of the input data. SPINOZA 
also indicates to the evaluator scientific errors in the 
construction of a level scheme. 

SPINOZA performs a reliable test of all level 
spins and parities. Beginning with states of known spin 
and parity, SPINOZA derives the spins and parities of 
all levels using the multipolarities of the interconnect
ing 'Y rays and the logft values from ,8-decay. All 'Y 
rays are considered to be stretched multipoles with the 
exception of those with an E2 multipolarity where an 
M1 admixture is assumed to be possible. However, the 
program has an option to consider E2 as a stretched 
transition. The 'Y rays of unknown multipolarity are 
presumed to be M1, E1, or E2. Other options allow M2 
or eliminate E2 [e.g., (n,-y) reactions]. Logft values 
are presumed to follow the selection rules of Raman. 1 
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If a transition is found to be inconsistent with all possi
ble spin/parity values (as determined by other transi
tions), an error message is printed warning the evalua
tor that the transition cannot be placed. SPINOZA also 
differentiates between the spin/parity assignments 
derived from definite and less certain transitions. 
Finally, the program generates a listing of the possible 
spins and parities for each level. 

In addition to deducing spins and parities, SPI
NOZA also verifies the level scheme intensity balances 
and produces a line-printer level scheme drawing. 
Future innovations will include a comparison of the 
transition probabilities with systematics. SPINOZA is 
expected to be an invaluable aid in the preparation of 
handbooks from the ENSDF file by maintaining the 
highest scientific standards. 

Reference 

1. S. Raman and N.B. Gove, Phys. Rev. C1 (1973) 
1995 



Implementation of the Evaluated Nuclear Structure Data 

File into DATATRIEVE 

R.B. Firestone and E. Browne 

The most comprehensive information on nuclear 
structure is contained in the Evaluated Nuclear Struc
ture Data File (ENSDF). This computer file, which 
consists of about 500,000 records, is edited and main
tained by the National Nuclear Data Center, 
Brookhaven National Laboratory, on behalf of the Inter
national Network for Nuclear Structure Data Evalua
tion. ENSDF is primarily used for the publication of 
mass-chain evaluations in the Nuclear Data Sheets, 
which serve the needs of a broad range of basic and 
applied users. The file may be used for studies of the 
systematics of nuclear properties, creation of horizontal 
evaluations, and the generation of specialized numerical 
files for complex calculations. At present these applica
tions have been limited for the following reasons. 

First, although the file has a simple structure of 
SO-character records with well-defined fields, the con
tents within these fields are not uniform; i.e., characters 
often appear mixed with numerical quantities. This 
requires elaborate computer decoding to extract the 
data and separate the numerical from the non-numerical 
quantities. Second, the file has about twelve record 
types with different field definitions that are intercon
nected only by their sequential order in the file. For 
example, a "-y record", consisting of -y-ray information, 
always follows the "level record" containing the level 
properties corresponding to the de-excited level. This 
record organization makes the file inconvenient fot use 
with database management systems that provide fast 
and efficient access to records. Finally, many connec
tions among records are entirely missing from ENSDF. 
For instance, the terminal level of a 'Y transition is not 
in the file. 

We have overcome these difficulties by converting 
the "numbers" in ENSDF into four distinct quantities. 
Each value is converted into a real number, its experi
mental uncertainty, an alphanumeric modifier (e.g., AP, 
LT, or IF), and the number of significant digits 
required to represent the number. The quantities asso
ciated with each record type are then stored in indexed 
files containing additional special identifier fields to 
interconnect the different files. For example, the file of 
-y-ray records also contains indices connecting each 'Y 
ray to the original ENSDF dataset identification, 
radioactive parent, and initial- and final-level records. 
These files have been stored in the VAX-11 computer at 
LBL and implemented into DATATRIEVE, a database 
management system provided by Digital Equipment 
Corporation. 

We are using this database for the selective 
retrieval of data to present in the Handbook of Radioac- . 
tivity, for the generation of input data to calculate 
atomic X-ray and Auger electron intensities, and to 
derive {3-, {3+, electron capture, conversion electrons, 
and -y-ray "binned" average energies per decay. A pro
ject to match the nuclear energy levels populated in 
different reactions and decays with the "adopted" levels 
reported in ENSDF is in progress. This will resolve a 
missing link in ENSDF and is indispensable for com
bining data from different experiments into a new 
"adopted" file. Although in some instances the match
ing procedure may require human intervention, we are 
minimizing this through extensive and reliable program
ming. 

Currently 64 mass-chains (A = 200 to A = 263) 
have been implemented into the database, and we 
expect to install the entire ENSDF file within a year. 
We expect this numerical database to constitute a 
powerful research tool for theoreticians, experimental
ists, and applied users. 
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2. Nuclear Reaction Mechanisms 

Polarization Studies 

The Elastic Scattering of Polarized Protons by 40 Ar* 

N. T. Okumusoglu/ J. Birchall/ MS.A.L. Al-Ghazi/ 
C. Lapointe/ J.S.C. McKee/ H.E. Conzett, R. M Larimer 

and P. von Rossen* 

It has been found that the standard optical model 
analyses of the elastic scattering of medium energy pro
tons from 15N, 180, 24Mg, 40Ca and 40 Ar run into 
difficulties in fitting the cross-section at the minimum 
around 140° c.m. and the enhancements at larger 
angles. Evidence has been found recently for explicit 
angular momentum dependence of the proton optical 
model potential (OMP). 1- 3 Furthermore, it has been 
shown that inclusion of an L-dependent potential may 
in fact solve the problems in -the optical model analysis 
of large-angle scattering at low energies. 

Examination of the analyzing powers predicted by 
the L-independent and L-dependent optical model calcu
lations for 40Ar(p,p) 40Ar elastic scattering at EP = 
32.5 MeV leads to the conclusion that at large angles 
the effect of L-dependence in the OMP is reflected 
much more in the analyzing power than in the 
differential cross-section. Similar observations have 
been made for proton scattering from 160 at 34.1 MeV. 1 

Therefore, analyzing power as well as cross-section data 
are needed at various energies in order to arrive at 
more convincing results regarding the L-dependence of 
the optical model potential. 

The purpose of the £resent work is to provide 
analyzing power data for Ar(p,p) 40Ar scattering at 
25.1, 32.5 and 40.7 MeV, complementing existing data 
at 30 and 50 MeV, and to examine a possible L
dependence of the optical model potential. 

Protons with a polarization of approximately 82% 
were accelerated to the desired energies by the LBL 
88-lnch Cyclotron. The target consisted of argon gas 
contained in a cell at a pressure of 2 atmospheres. 
Four sets of detector telescopes were used. They were 
located symmetrically with respect to the incoming 
beam so that measurements of analyzing power were 
made at two angles simultaneously. Each telescope 
comprised a 0.5mm passing detector (~E) and a stop
ping detector (E) with a total depletion depth of 8 mm. 
The ~E-E systems were used for particle identification. 
Collimators defined a geometry factor of 3 x 10'6 em. 
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sr. and provided an angular resolution of ± 0.5° (lab). 

The analyzing power measurements at 32.5 MeV 
are shown in Fig. 1. The curves are optical model fits 
including L-dependence (full curve), the prediction 
from the L-dependent fit to the differential cross
sections alone (dash-double-dot curve, an L-independent 
fit (dashed curve) and the fit obtained from the latter 
with the addition of an L-dependent term with a 
strength of V = 0.35 MeV (dotted curve). The optical 
model search~s were made with the code SEEK3. The 
L-dependence included in the calculation is of the form 
V (-1)Lf(r a) where f(r ,a) is of Woods-Saxon form. 

e e' e ' e e 

The inclusion of an L-dependent term improves 
the quality of the fit to the data, as· can be seen in Fig. 
1 by comparing the L-independent fit (dashed curve) 
with the L-dependent result (dotted curve). However, 
the physical significance of such a term is not yet 
understood, but may be required to allow for residual 
effects of the Pauli principle not taken into account by 
the standard optical potential. The energy dependence 
of the strength, V ,of the L-dependent term used to fit 
our 40 Ar(p,p) 40 Are elastic scattering differential cross
section and analyzing power data has its largest nega
tive value (-0.92 MeV) near 25 MeV, its largest positive 
value ( +0.33 MeV) near 32.5 MeV, and becomes negli
gible at beam energies above 45 MeV. 

Footnotes cmd References 

*Condensed from LBL-15186 

tCyclotron Laboratory, department of Physics, Univer
sity of Manitoba, Winnipeg, Manitoba, Canada R3T 
2N2. 
:j:Institut fiir Strahlen und Kernphysik, Universitat, 
Bonn, 05300 Bonn, Germany. 
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2. R S. MacKintosh and A M. Kobos, J. Phys. G4 
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3. A M. Kobos and RS. MacKintosh, Ann. Phys. 
123 ( 1979) 296 

Fig. 1. The analyzing power for 40Ar(p,p) 40Ar at 32.5 
MeV. Full curve - lrdependent fit, dash-double dot 
curve - lrdependent prediction from best fit to the 
cross-sections, dashed line - best fit without l.r 
dependent term, dotted line - best fit with lrdependent 
term added to the latter potential. 
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An Experimental Test of Charge Symmetry in n-p Elastic Scattering* 

J. Birchall, t N.E. Davison, t H.P. Gubler, t W. P. Lee, t 
J. P. Svenne/ W. T.H van Oers/ R. Abegg, * C. A. Miller,* 

E. B. Cairns§, H. Coombes,§ C. A. Davis,§ P. Green,§ 
L.G. Greeniaus,§ W.J. McDonald,§ G.A. Moss,§ G. Roy,§ 

J. Soukup,§ G.M Stinson,§ HE. Conzett, and G.R. Plattnertt 

Charge symmetry is a consequence of isotopic 
spin invariance, the first "internal symmetry" that was 
postulated in elementary particle physics. Isotopic spin 
invariance is broken by the electromagnetic interaction 
and consequently one expects effects of the order of the 
fine structure constant a = 1/137. Charge symmetry is 
a lesser symmetry because it only involves a rotation in 
isospin space through 1r. In the case of nucleons, 
charge symmetry has as a consequence that observables 
are unaffected by changing neutrons into protons and 
protons into neutrons. Thus, the neutron-neutron 
scattering length and effective range are equal to the 
proton-proton scattering length and effective range after 
correcting for electromagnetic effects, e.g., the 
Coulomb interaction. But also, charge symmetry has as 
a consequence various equalities among neutron-proton 
scattering spin-dependent obervables, for instance the 
polarization of the neutron resulting from the scattering 
of unpolarized neutrons from unpolarized protons 
equals the polarization of the recoil proton. 

Studies of the low energy nucleon-nucleon scatter
ing parameters have shown that charge-independence 
breaking interactions exist. The neutron-neutron 

scattering length is greater than the T=1 1S
0 

neutron
proton scattering length or fannf < f~pf· Such studies 
do not allow the unequivocal determination of whether 
charge-symmetry breaking interactions are also present. 
The main problem is the complicated influence of the 
electromagnetic interaction in p-p scattering which for
bids an unambiguous determination of the purely 
hadronic parameters. 

Charge symmetry of the n-p interaction leads to 
the complete separation of the isovector and isoscalar 
parts of the scattering matrix for n-p elastic scattering. 
In the even (odd) partial waves the isovector part con
tains spin singlet (triplet) and the isoscalar part spin 
triplet (singlet) contributions only. The concept of 
charge symmetry forbids transitions between the two 
parts of the scattering matrix and thus between the spin 
triplet and singlet states. the triplet-singlet transition 
amplitude frs is thus forced to vanish. This restriction 
in turn leads to exactly equal polarizations of neutrons 
and protons in the scattering of initially unpolarized 
particles. Thus, for a given (neutron) scattering angle 
0 in n-p scattering, the concept of charge symmetry 
implies: 
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M>(0) := Pn(0)-Pp(7r-0) := 0 , 

i.e., the equality of scattered and recoil nucleon polari
zation. Exactly the same considerations hold for the 
analyzing powers An( 0) and Ap( 11'"-0) and their 
difference M in the scattering of polarized nucleons. 

If, on the other hand, charge symmetry is given 
up, isospin mixing via spin triplet-singlet transitions 
becomes possible and a non-zero difference M will in 
general be observed. Such a difference is directly pro
portional to the amplitude f1S and thus to the existence 
of isospin-mixing charge-symmetry breaking interac
tions. From the detection of a non-vanishing analyzing 
power difference M the amplitude f can be deter
mined to the extent that the other inteif'ering amplitude 
is known, since 

2 M = -Re [b*f1S] 
<To 

Calculations of the charge-symmetry breaking 
effects on the analyzing powers at energies up to 460 
MeV have been made by Cheung, Henley and Miller1 

and for energies up to 750 MeV by Gersten. 2 The 
differences in the analyzing powers were calculated as 
functions of angle and energy taking into account the 
direct electromagnetic effect (one photon exchange), 
p0-w mixing, and the neutron-proton mass difference 
effect in charged one pion exchange. Gersten also 
included the neutron-proton mass difference effect in 
charged p-exchange. 

The experiment currently in progress at TRIUMF 
will measure the difference M between the neutron and 
proton analyzing powers An -A in n-p elastic scattering 
at 500 MeV. Designed as a nufi measurement, requiring 
no accurately known polarization standards, the experi
ment will determine the difference in angle at whi~h An 
and A cross through zero ( -71° em). The two mter
leavel phases of the experiment consist of scattering 
polarized ( unpolarized) neutrons from an unpolarized 
(polarized) proton target of the frozen spin type. The 
experiment is intended to provide an unambiguous test 
of charge-symmetry breaking effects to the level of M 
= 0.001, corresponding to a laboratory angle difference 
at the zero crossing of -0.05°. Theoretical predictions 
for this angular difference by Cheung, Henley and 
Miller1 and by Gersten2 are factors of 2.5 and 10, 
respectively, larger than the experimental accuracy 
aimed for in the experiment. 
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Scattered neutrons and recoil protons originating in the 
frozen spin target are detected in coincidence in two 
left-right symmetric detection systems allowing cancel
lation of many of the systematic errors to first order. 
Each detection system consists of a neutron array 
placed at an angle of 32° and at 5 m from the frozen 
spin target and a proton range telescope placed at an 
angle of 51.5° on the opposite side of the incident 
beam. Each proton range telescope contains a time-of
flight (t.o.f.) start scintillator placed close to the target; 
three sets of delay line chambers measuring x and y 
coordinates; and a range counter consisting of a ~ 
scintillator, a wedge-shaped brass absorber at 3 m from 
the frozen spin target, an E scintillator, and a veto scin
tillator. Each neutron array consists of two consecutive 
planes of 7 scintillator bars, each 1. 05 m wide, 0.15 m 
high and 0.15 m thick with the bars placed one on top 
of the other. With this detection system one measures 
the neutron t.o.f. and position and the proton t.o.f., tra
jectory, and selects a range of proton energies. Meas
urements of the opening angle- and coplanarity of the 
coincident neutron-proton pair will be used to discrim
inate against quasi-free n-p scattering from heavier 
nuclei, e.g., 4He and 12C, present in the frozen spin tar
get. Each detection system covers an angular range of 
5° lab on either side of the crossover angle. 

Footnotes and References 

*Condensed from paper presented at the Fifth Interna
tional Symposium on High Energy Spin Physics, 
Brookhaven National Laboratory, New York, 16-22 
Sept. 1982. LBh15185 
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§Dept. of Physics, University of Alberta, Edmonton, 
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Concerning Tests of Time-Reversal Invariance Via 

the Polarization-Analyzing Power Equality* 

Homer E. Conzett 

Among the various tests of time-reversal invari
ance (TRI), the polarization-analyzing power theorem1 

has the virtue that it follows directly from TRI. The 
theorem states that the spin-polarization (P) of a final
state particle in a (binary) nuclear reaction is equal to 
the analyzing power (A) for that polarized particle 
incident in the inverse reaction. 

Recently, experimental differences have been 
reported2 between P and A in the two-nucleon transfer 
reactions: 

7LieHe,p)9Be, P(0); 9Be(p,3He) 7Li, A(0) and 

~eeHe,p) 11B, P(0); 11B(p,3He) 9Be, A(0) 

If these P-A differences are confirmed independently, 
the clear implication is that time-reversal invariance 
(TRI) is broken in some component of the nuclear 
interaction. 

In view of these results, it is important to exam
ine the question of why no significant deviations from 
P=A have been seen in the previous comparisons. 
Since elastic scattering is its own inverse process, it has 
been used in essentially all of the tests of TRI that use 
the polarization-analyzing power equality. I want to 
show here that all of these previous P-A comparisons 
fail as adequate tests of TRI either because of a lack of 
sensitivity to T-symmetry violation or a lack of experi
mental precision. 

The majority of P-A comparisons have been made 
in pp elastic scattering, the older ones at energies 
between . 142 and 635 MeV before the advent of 
accelerated polarized beams. 3 More recently, a com
parison was made at 6 GeV /c from data acquired in 
measurements of pp scattering in polarized initial and 
final spin states.4 Two more accurate comparisons have 
been made in p-nucleus elastic scattering, p-3He (ref.5) 
and p-13C (ref. 6). The previous P-A comparisons in 
nuclear reactions were incidental to the main purpose of 
the experiments. 

The most accurate of these P-A comparisions 
have been made in p-3He and p-13C scattering; it is 
necessary to scatter from a nonzero spin nucleus, other
wise parity conservation alone ensures that P=A I 
have found that neither of these comparisons was accu
rate enough to provide a significant test of TRI, because 

the equality between P and A depends on the equality 
of the two possible spin-flip probabilities. And, it is 
now known from measurements of the depolarization in 
p-nucleus elastic scattering that the spin-flip probabili
ties are very small, leading to P-A ~ 0 even if the pro
babilities are not equal as required by TRI. That is, in 
terms of the spin-dependent cross sections, 

P = (cr++ + cr-+- u+-- u-)/2cr and 

A= (cr++ + cr+-- cr-+- cr-)/2cr , 

where cr-+ is the cross section for the scattering of a 
proton from an initial negative spin-state to a final posi
tive spin-state, and 

CT = (cr++ + CT+- + CT-+ + CT-)/2 . 

The positive ( +) direction is along ki x kr. Then 

P-A = (1-D)Es = 2SEs , 

with the (total) spin-flip probability 

and the depolarization parameter is given by 

D = 1-2S 

Thus, defining the spin-flip asymmetry as 

Es = (cr-+- cr+-)/(cr-+ + cr+-) 

(I) 

(2) 

its absolute limits are -1 < E <1, but TRI requires 
that Eli • = 0, since here the time reversed ~roc~ss of 
cr-+(0) IS cr +-(0). Thus, even though E

8
, which IS the 

real measure of time-reversal violation, may be 
significantly different from zero, a small value of the 
factor (1-D) would make the P-A comparison quite 
insensitive to this violation. This is, in fact, just the 
case in these p-3He and p-13C experiments. 

At higher energies the spin-dependent partial 
cross sections, measured in pp scattering at 6 GeV jc 
with polarized initial and final spin states, were used as 
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tests of TRI at values of Pi from 0.5 to 1.0 (GeV jc)2 

(ref.4). The experimental quantity 

ET = [u(++,O-)-o-(--,0+)]/u 

was calculated, where the indices (ij,kl) denote the spin 
directions of the (beam, target; scattered, recoil) parti
cles, and 0 indicates that the polarization of the scat
tered proton was not measured. It is readily shown that 

ET = (a+-_ u-+)/u = A-P 

so that the concerns expressed in connection with Eq. 
( 1) apply to this comparison as well. In fact, these data 
show values of 1-D = 0.15 - 0.24, so this comparision 
is less sensitive to T-violation than are P-A comparisons 
at lower pp energies where the quantity 1-D is consid
erably larger. From the data of Tables II and III (ref. 
4.) one can calculate the normalized T-violating quan
tity E8 of Eq. (2). Values of Es and 1-D are listed in 
Table I where it is seen that the errors on Es vary 
between 30 and 100%. 

It is immediately obvious from this discussion 
that tests of TRI in elastic scattering, using the P-A 
equality, should be made through measurements where 
the spin-flip probability is expected or known to be 
large. Even better, more stringent and conclusive tests 
are provided by P-A comparisions in a reaction and its 
inverse, since the testing of TRI is not then limited to 
the spin-flip cross sections. 

In conclusion, an examination has been made of 
all of the test of TRI via P-A comparisions which were 
made before our report of finding such differences in 
two eHe,p) and (p, 3He) reactions. 2 It is seen that 
these comparisions were considerably less adequate tests 
of TRI than was believed, either because of lack of 
experimental precision or lack of sensitivity to T
violation. Essentially all of these comparisions were 
made in elastic p-p and p-nucleus scattering where it is 
now seen that the sensitivity to T-violation is directly 
proportional to the spin-flip probability S(0). Conse
quently, kinematical regions in which S(0) values are 
relatively large should be chosen for the P-A comparis
ons. 

Finally, it is seen that more sensitive and exhaus
tive tests of TRI are likely to be made in P-A compari
sions that involve a nuclear reaction and its inverse. 
There, the test is not confined to the TRI conditions 
imposed on the spin-flip cross sections alone, as is the 
case in elastic scattering. Additionally, large spin-flip 
probabilities are common to many reactions which are 
suitable for these tests of TRI. 
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Table I 
Values of 1-D and Es, defined in Eq. 2, in p-p scatter
ing at 6 Gev jc. These are taken from the data listed in 
Tables II and III of ref. 4. 

Pi(GeVjc) 2 0.5 0.6 0.8 1.0 

1-D 0.14Io 0.135 0.206 0.258 
Es 1.14Jo8 0.0839 O.l03o 0.4435 
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Evidence of Time Symmetry Violation in the Interaction of Nuclear Particles* 

R.J. Slobodrian/ C. Rioux/ R. Roy/ HE. Conzett, 
P. von Rossen,* and F. Hinterberger* 

We report here on the first test specifically 
designed to compare the polarization (P) in a nuclear 
reaction with the analyzing power (A) in the inverse 
reaction. 1 We find substantial P-A differences. The 
clear implication is that time-reversal invariance (TRI) 
is broken in some component of the nuclear interaction, 
since the P-A equality follows directly from TRI. 2 

The reactions chosen for the P-A comparison 
were the two-nucleon transfers 7LieHe,p)9Be and 
9BeeHe,p) 11B with 14 MeV incident 3He ions, and 
their inverses studied at the same CM energies. The 
Q-values are large, implying considerable mass, energy 
and momentum rearrangement. The measurements of 
proton polarizations in eHe,p) reactions were per
formed mostly at the Van de Graaff Laboratory of 
Universite Laval, using a facility based on Si
polarimeters, and results have been already published. 
The analyzing powers in (p, 3He) were measured at the 
polarized beam facility of the Berkeley 88-Inch Cyclo
tron. For both the P and A measurements, symmetric 
left-right geometry was used. This symmetry, along 
with spin reversal, effectively eliminates systematic 
errors in the A measurements, and it makes the P meas
urements insensitive to small transverse displacements 
of the beam on the target. 

Because of (a) the substantial P-A differences in 
our first measurements, and (b) the significance of this 
result, we repeated and extended the measurements of 
A, and we made completely independent checks on the 
measurements of P. The latter checks were made both 
at Laval and at Berkeley, with different polarimeters at 
the two locations. The tests at Laval were twofold. 
Firstly, some points were remeasured with 7Li and 9Be 
targets of the same thicknesses as those of the original 
measurements. The 7Li remeasurements were made 
with a 500 f.L Si polarization analyzer in place of the 
usual 1000 P, analyzer. Secondly, measurements were 
made with significantly thinner targets in order to 
determine the dependence of the polarization on the 
energy interval spanned in the target. Finally, an 
overall experimental check was made routinely in the 
Laval experiments through a measurement of the proton 
polarization in 2HeHe,p)4He reaction. The agreement 
with completely independent meaurements3 was always 
within the errors of the separate results. 

Our P and A measurements in the 9BeeHe,p) 11B 
reaction are shown in Fig. 1. Since the (Ec M. +Q) 
energies and the energy widths were not identical for 

the P and A measurements, an excitation function 
A(E, 0L = 37°) was measured in the 11B(p,3He)9Be 
reacfion at an angle near the peak of A(0). Over an 
energy span of some 800 keY, about 400 keY on either 
side of the original energy, we find a smooth variation 
of A(E ). There are no sharp increases in A(E) that 
could fuove its value into agreement with P uhder a 
small shift in the energy. 

At Berkeley, a completely different control experi
ment was possible with the availability of higher energy 
protons. That is, the 9BeeHe,p) 11B polarizations at 0L 
= 40° and 45° were determined by way of a direct 
comparison with known 12C(p,p) 12C polarizations. At 
each angle, measurements were made of the asym
metries EeHe,p) and E(p,p) for the polarized protons 
from the respective reactions. The proton energy in the 
(p,p) scattering was selected so that the energy of the 
protons incident on the polarimeters was the same as 
those from the eHe,p) reaction. The latter polarization 
was then given simply as 

(1) 

Since P=A in 12C(p,p) 12C scattering from parity con
servation alone, values of A(p,p) can be used in Eq.(l). 
Although literature values of A(0) in 12C(p,p) 12C 
scattering are available near the proton energy used, a 
separate, high statistics measurement was made of A( 0) 
at this energy, E = 24.13 MeV. The statistical errors 
were in the rang~ of M = ±0.001 to 0.003, with an 
additional absolute scale uncertainty of ± 2.1% from the 
beam-monitoring 4He polarimeter. From Eq. (1), then, 
the PeHe,p) values were given directly from the ratio 
of the measured asymmetries and the measured A(p,p) 
values, and no separate calibration of the polarimeters 
was required. 

Following reports of our preliminary results, 4 

independent determinations of P in the 9BeeHe,p) 11B 
reaction have have been made by a group at Los 
Alamos. 5 They report a large discrepancy between their 
preliminary results and our values, with their measure, 
ments of P indicating agreement with A in the inverse 
reaction, as measured by the authors of this letter. 
Thus, there is now a clear experimental disagreement to 
be resolved. At the present, however, our lack of 
detailed knowledge of their experimental procedures 
precludes an independent evaluation of their results. 
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In summart, we have found large differences 
between Pin the LieHe,p) 9Be and 9BeeHe,p) 11B reac
tions and A of their inverse processes. From such an 
inequality between P (in a reaction) and A (in its 
inverse) it is straightforward to conclude that, prima 
facie, TRI is violated in these reactions. Clearly, more 
experiments are necessary to corroborate. these results, 
and we are pursuing them. 
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Fig. 1 Comparison of 9BeeHe,p) 11B polarizations 
with analyzing powers in 11B(p,3He)9Be. The tri
angles are polarizations measured at Laval, the 
squares at Berkeley. The dots are the analyzing 
powers. 
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The 4He(a,p) 7Li,'Li*(0·478) Reaction Near Threshold* 

R. J. Slobodriant and H. E. Conzett 

The present reaction, leading to the ground state 
of 7Li, is the inverse of one widely studied since 1933 
and was first investigated by Burcham, at a!., 1 at 38.5 
MeV. The transition leading to the first excited state of 
7Li at 0.478 MeV can only be studied through the a-a 
reaction. Recent work has been reported by King, et 
a!., 2.3 mainly related to the astrophysical relevance of 
the 7Li +p and 7Be +n channels. The present paper is a 
detailed account of work performed some time ago 
which has recently motivated short communications in 
relation to the 7Li and 7Be abundance in the universe 
and its implications for nucleosynthesis. 3 The analysis 
of the 7Li +p channel angular distributions is also 
relevant to the understanding of the elastic a-a scatter
ing in the neighborhood of the opening of reaction 
channels, and this aspect of the subject was the motive 
of the investigation. Our results are in good agreement 
with those of King, et a!., 3 but provide a better map
ping of the cross sections very close to threshold. 

Differential cross-sections were measured at nine 
energies between 37 and 43 MeV for transitions to the 
ground and first excited (0.478 MeV) states of 7Li in 
the reaction 4He(a,p) 7Li. The charged particle spectra 
were measured with Si(Li) detectors with a resolution 
of 100 keY for the protons, permitting a complete 
separation of the groups from the ground and first 
excited states. The detector pulses were sent to 400 
channel pulse height analyzers and to fast scalers, the 
latter permitting dead time corrections. Such correc
tions were kept below 1%. 

In general, for a reaction 

A+a-+C-+B+b (1) 

where C is assumed to be a compound state of angular 
momentum J, the angular distribution of the reaction 
products can be expanded in terms of the sum 

du L 
- = 2; ak cos2Ice . (2) 
d!l k=O 

If the orbital angular momentum of the initial system is 
~1 and that .of the final state is t1 the value of L which 

gtves the htghest power of cos2~ to be found in the 
angular distribution is given by the minimum value of 
the set ! 2, t

2 
and J. 4 The original assumption of 

Inglis5 (for the inverse reaction) was that only !=1 
and !=3 protons were responsible for the reaction, and 
t =0 and !=2 alpha particles were emitted. Thus, a 
good representation of the reaction should be given by 

expression (2) with k=2: 

~ = A + B cos20 + C cos40 
d!l . 

(3) 

However, if !=4 alpha particles are emitted (or feed 
the 7Li +p channels in the inverse reaction) it is neces
sary to consider an additional term D cos60. The data 
at 39.94 MeV show a clear improvement of the fit with 
D cos60. The energy region where the cos60 term is 
important is sharply defined in energy. This was borne 
out subsequently and independently by the phase shift 
analysis of the a-a angular distributions where, due to 
the evidence provided by the cross sections of the 
7Li +p channels, absorption was included in the t=4 
partial wave. In the notation o 1 = a 1 + i{j b where o 1 
is the scattering phase shift, {j4 is a measure of the 
absorption of the !=4 partial wave. It peaks sharply at 
19.72 MeV (energy in the center of mass) and is size
able only over a region of 0.5 MeV. The need to 
include a term in cos60 has also been established 
independently by King, et a!. 3 Figure 1 shows the cross 
sections for 7LiGS+p and 7Li*0·

478 +p and their sums 
compared to results by Burcham, at a!., 1 and King, at 
a!. 3 Such cross sections were obtained by integrating 
the angular distributions of protons at each energy. 

The main result obtained from the study of the 
a+4He --+ 

7Li +p, 7Li*0·
478 +p reactions was, historically, 

independent evidence for the presence of absorptive 
effects in partial waves with !>4 in the entrance 
channel. The present interest is mainly astrophysical. 3 

The complete determination of the problem posed by 
the interaction of alpha particles above threshold for 
particle reactions requires the investigation of all open 
channels, and even closed channels with thresholds 
near a given energy region. King, at al., 3 have made 
measurements at a few· points near threshold in the 
a+4He -> 7Be+n, 7Be*0

·
431 +n channels by capture of 

the radioactive 7Be recoils and subsequent counting of 
the decay 'Y rays. A more complete investigation could 
be pursued either by neutron detection or by the 
identification of the 7Be recoils in a dE-E detection 
system. Such systems have been developed and used in 
heavy ion reaction studies at energies as low as 1 
MeV fA, thus the 16.8 to 16.9 MeV energy of the 7Be 
recoils at threshold, due to the CM motion, is clearly 
sufficient for direct detection. The total reaction cross 
section as a function of energy, is another observable 
capable of providing additional constraints for a formal 
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description of the reaction and its determination is also 
desirable. The reactions with a totally symmetric ini
tial state (space, spin and charge) and charge sym
metric final states are ideal testing grounds for charge 
symmetry and its violations. Increased accuracy is cer
tainly possible in these studies, both experimentally and 
theoretically. 
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Fig. 1. Cross sections for the roton channels: 
7Li +p is given by dots, 7Li*0·47 +p is given by 
upright triangles. The sum of both channels is 
shown by solid squares for the work reported here, 
the open square is taken from ref. 1, the inverted 
triangles from ref. 3. There is good overall agree
ment. The lines are polynomial fits to the data. 
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The Radiolysis and Racemizaton of Leucine on Proton Irradiation* 

William A. Bonner/ Richard M Lemmon and Homer E. Conzett 

Previous experiments have been done by ourselves 
and others to test the Vester-Ulbricht (V-U) hypothesis1 

for the origin of optically active molecules in nature 
through the attempted asymmetric radiolysis of racemic 
amino acids, using natural or artificially produced anti
parallel longitudinally polarized beta particles. As an 
extension of this work, we2 have recently subjected 
DL-leucine to partial radiolysis instead with longitudi
nally polarized protons of both parallel and anti-parallel 
spin. Reasons have been given to advance the idea that 
polarized protons might be more effective than polar
ized electrons for engendering such asymmetric effects. 
Nevertheless, we were unable to detect any enan
tiomeric inequality in the undecomposed DL-leucine 
residues - even when such radiolyses were completed to 
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47-50% - with protons of either spin polarity, either 
when they passed completely through the leucine sam
ples or were stopped by them. 

After our discovery3 that ionizing radiation could 
cause the racemization of amino acids accompanying 
their radiolysis, we suggested that such radioracemiza
ton must inevitably diminish the effectiveness of the V
U mechanism for engendering optical activity by asym
metric radiolysis. In particular, it was pointed out4 that 
if the rate of radioracemization were greater than the 
rate of asymmetric radiolysis, it is possible that no 
enantiomeric inequality might be produced in the 
undecomposed residue after partial radiolysis. It was 
later suggested5 that such effects might be responsible 
for the lack of asymmetric degradation noted by Hodge, 



et al., 6 during radiolysis of DL-leucine with longitudi
nally polarized electrons. 

In none of the attempted asymmetric radiolyses 
mentioned above, using either natural or artificially pro
duced longitudinally polarized electrons, has a sys
tematic attempt been made to assess the actual impor
tance of competing radioracemization or of secondary 
degradative reactions in a particular experimental sys
tem, although it has been noted that negligible radiora
cemization accompanied the 25-30% gross radiolysis of 
solid D- and L-leucine with 32P beta particles at -196°. 
Accordingly, further experiments seemed desirable to 
evaluate the potential importance of these factors in our 
recent unsuccessful attempts to induce optical activity 
in DL-leucine by irradiation with polarized protons.2 

We have conducted four irradiations of D- and L
leucine at the 88-lnch Cyclotron under conditions previ
ously employed for irradiations of DL-leucine. 2 In the 
present experiments, however, the use of longitudinally 
polarized protons was unnecessary, and unpolarized pro
tons of the same 0 - 11 MeV energy range were util
ized. The leucine sample disks ( 129 mg) were irradi
ated as D- and L-pairs, again alternating each pair 
between variable and fixed aluminum absorbers in the 
proton beam, such that the beam passed through the 
first sample disk and was stopped by the second. Beam 
intensities were about 14 namps and irradiation times 
were 144 - 147 minutes, such that the measured 
integrated beam total was 120 microcoulombs. Since 
the energy loss in each sample was 5 MeV /H+, each 
sample received a dose of -5 x 108 rads. 2 After irradi
ation two of the samples were quenched immediately by 
dissolving in a hot 4. 5 M solution of HCl in 2-propanol. 
Half of each solution was treated with the appropriate 
"enantiomeric marker" of the original D- or L-leucine 
to determine percent degradation, and the resulting 
mixtures were converted to N-trifluoroacetylleucine 
isopropyl ester derivatives for gas chromatographic 
(g.c.) analysis for enantiomeric composition. The g.c. 
analyses were conducted using columns loaded with the 
enantiomeric g.c. phases N-docosanoyl-D-valyl- (D
phase) or N-docosanoyl-L-valyl-tert-butylamide (L
phase). The remaining two samples were allowed to 
stand at room temperature for 21 days, then were dis
solved, divided, and similarly converted to N-TFA 
isopropyl ester derivatives for g.c. analysis. Both D
and L-phase g.c. columns were used for the g.c. ana
lyses of each sample in order to provide a "symmetry 
check" and to disclose any systematic errors that might 
be inherent in the experiments or analyses. The results 
of these experiments are shown in Table I. At the 
outset Table I shows overall good agreement in both 
degradation and racemizaton results for each experi
ment using either the D- or L-phase g.c. columns, indi
cating no systematic bias in the experiments. We also 

note that the amount of racemization of the leucine 
engendered by 5 x 108 rads irradiation with the proton 
beam is rather low ( 1.1-1. 7%) compared to that 
observed during -y-radiolysis, 4 and does not vary appre
ciably if the beam passes through the sample or is 
absorbed by it, or if the sample is derivatized immedi
ately after irradiation or after 21 days. The L-leucine 
pair samples are consistently about 10%, less degraded 
than the corresponding D-leucine samples (Expts. 1 vs 
3, and 2 vs 4), which is probably due to uncontrolled 
parameters in the proton beam intensity. The degrada
tion caused by the higher energy protons passing 
through each first leucine sample in the beam. however, 
is consistantly 5-5.5% higher than that that caused 
when the lower energy protons are fully absorbed by 
the second sample in the beam (Expts. 1 vs 2, and 3 vs 
4), suggesting that the average energy deposited in the 
first sample was about 5% higher. Finally, at least in 
the present type of experiment, the data in Table I 
make it appear improbable that our failure to observe 
asymmetric radiolysis of DL-leucine at 50% degradation 
with longitudinally polarized 0 - 11 MeV protons2 was 
attributable to competing radioracemization or to secon
dary (symmetrical) degradation effects. 
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Table I 

Degradation and Racemization of D- and L-l.eucine on Irradiation with 0--11 MeV Protons 

Exp. Leu- Beam•> Daysbl D-Phase Column L-Phase Column 

cine %0 %L (±)C) % % %0 %L (±)C) % % 
) 

Deg Rae Deg Rae 

I L PT 0 0.87 99.13 .05 44.1 1.7 0.85 99.15 .11 44.9 1.7 

2 L A 21 0.82 99.18 .03 38.8 1.6 0.76 99.24 .06 39.4 1.5 

3 o<fl PT 21 99.47e) 0.53e) .01 54.9 1.1 99.2oe> o.8oe> .13 54.8 1.6 
4 od> A 0 99.34e) 0.66e) .05 49.9 1.3 99.18e) 0.82e) .01 49.8 1.6 

a) A = Beam absorbed in sample; PT = Beam passed through sample. 

b) 0 = Sample derivatized immediately after irradiation; 21 = Sample derivatized after 21 days. 

c) Standard deviation of ~ analyses. 

d) Contained 0.36% L-Leu. 

e) Corrected for L-Leu content of original D-Leu. 
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Damped Collisions and Transfer Reactions 

Rigid-rotation and Rolling limits in Deep-Inelastic Reactions* 

A.J. Pacheco/ G.J. Wozniak, R.J. McDonald, R.M Diamond, 
C.C. Hsu,* L.G. Moretto, D.J. Morrissey,§ L.G. Sobotka, 

and F.S. Stephens 

Recently, the magnitude and alignment of the 
spin transferred to the fragments in the deep-inelastic 
reactions of 8.5 MeV /nucleon 165Ho on 176Yb, 148Sm, 
and natAg were investigated using continuum "(-ray mul
tiplicity and anisotropy techniques. The sum of spin 
magnitudes was obtained from the "(-ray multiplicity 
assuming a linear relationship, while the degree of spin 
alignment was deduced from the anisotropy of the angu
lar distribution with the aid of a statistical model. 1 

From these data, one can conclude that of all the 
parameters that define the spin distributions, the spin 
magnitude is the least dependent on model assumptions. 

However, in defining the partition of the total 
internal angular momentum between the two fragments, 
we have assumed that the intermediate dinuclear com
plex reaches a state of rigid rotation. To test the vali
dity of this assumption, let us first analyze the sum of 
the spin magnitudes 11 + 12. This quantity is expected 
to be fairly insensitive to any assumption on the rota
tion regime. 

Figure 1 shows 11 + 12 as a function of Q-value 
for the three reactions. Two observations can be made. 
First, the maximum amount of spin corresponding to 
the saturation region increases with the total mass of 
the system. Second, the Q-value where saturation is 
reached appears to become somewhat more negative for 
heavier systems. To a large extent, this behavior may 
be attributed to differences in basic parameters of the 
reaction, such as the Coulomb barrier, total kinetic 
energy, mass, or angular momentum. A more 
significant comparison between the reactions can be 
made by appropriately transforming both axes in Fig. I 
so as to remove any factor that is not directly connected 
to the transfer process itself. The choice of new vari
ables is certainly not unique. For the variable related 
to the excitation energy we have chosen a transforma
tion from Q-value to temperature. For the angular
momentum axis we have considered two different scales 
given by the following equations: 
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Fig. I. Sum of the spin magnitudes (11 + 12) as a 
function of Q-value for the three reaction systems. 
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Here, .lj and ~ are the moments of inertia of the indi
vidual fragments. fMAX is the maximum incoming 
angular momentum corresponding to a grazing collision, 
and we have defined 

.1ii = .lj + ~ 

~j_ = .1ii + J,td2 

where JL is the reduced mass and d is the distance 
between the centers of the nuclei in the dinuclear com
plex. The transformed variables iRR and iRon measure 
the observed sum of the fragments' spins in units of the 
maximum value expected from the rigid-rotation and 
rolling limits, respectively. 
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Figure 2 shows plots of the experimental values of 
iRR and iRon as a function of T. A comparison between 
Figs. 1 and 2b indicates that the transformation from 11 

+ 12 and Q to iRR and T succeeds in reducing the 
experimental points to essentially a single curve. The 
transformation according to the rolling limit (Fig. 2a) 
gives a similar curve for the nearly symmetric Ho + 
Sm and Ho + Yb systems but shows a significant devi
ation for the more asymmetric Ho + Ag. These results 
provide, if· not proof, at least a strong support to the 
assumption of rigid rotation of the intermediate com
plex. 
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High Energy Gamma Rays Emitted in the Deep-Inelastic 

Reaction 8. 0 MeV I A 139La + 139La 

L.G. Sobotka, J.E. Draper,* R.M Diamond, E.L. Dines,* R.J. McDonald, 
L.G. Moretto, A.J. Pacheco/ F.S. Stephens, and G.J. Wozniak 

We have recently studied high-energy gamma rays 
emitted in the reaction 8.0 MeV/ A 139I..a + 139l..a to 
continue our investigation of the Q-value,dependence of 
giant dipole transitions. The experimental apparatus 
employed was very similar to that described in our pre
vious work. 1 However, several improvements were 
made to obtain higher quality data concerning the Q
value dependence of the giant dipole resonance energy 
and width. The first improvement involves the use of a 
symmetric system. This removes several ambiguities 
when comparing the experimental -y-ray spectra to sta
tistical model calculations. Second, the ground state 
GDR widths for nuclei near A = 140 are smaller than 
those for nuclei near A = 160, which is approximately 
the average mass in the previous study. Finally, we 
improved the time of flight separation of neutrons and 'Y 
rays. This allows us to compare the data to model cal
culations over a larger -y-ray energy region, 5 MeV < 
E < 20 MeV. 

"Y 

The gamma-ray spectra in coincidence with five 
different Q-value bins are shown in Fig. 1. As one 
gates on progressively more negative Q-values the yield 
of high-energy gamma rays at first increases but then 
seems to saturate in the region of the DI peak. This 
trend, which has been observed in our previous work, is 
in agreement with simple statistical model predictions. 
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Fig. 1. Coincident gamma-ray spectra for five Q
value bins. Bin 1 corresponds to the elastic, quasi
elastic region and bin 5 to the most deeply inelas
tic collisions. 
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Particle Angular Distributions and Gamma-ray 

Multiplicities as Experimental Probes for 

Angular Momentum Fluctuations* 

L.G. Moretto 

The sequential emission of 4He is demonstrated in 
the reaction Ho + Ta and the 4He angular distribution 
is used to test the rigid rotation limit in the reaction Kr 
+ Ag. A more refined analysis of the dependence of 
continuum -y-ray multiplicities on Q-value and gamma
ray energy shows that reasonable agreement with the 
statistical model is obtained if one assumes the presence 
of low-energy aligned dipole transitions in the reactions 
Ho, Yb, Sm, Ag + Ho. 

Sequential fission angular distributions from very 
asymmetric reactions U, Au + Ne provide a severe test 
for the statistical model. 

*Condensed from LBL-14101. Presented at the 20th 
International Meeting on Nuclear Physics, Bormio, 
Italy, January 25-29, 1982 

A Study of Charge, Energy, and Angular Momentum Transfer in the Reactions 

56Fe + 197 Au and 56Fe + 107,109 Ag at 7.2 and 8.3 MeV /nucleon* 

G.J. Wozniak, G.J. Mathews/ R.P. Schmitt, i R. Regimbart, § H. Hubet:• 
R.M Diamond, and L.G. Moretto 

Center-of-mass angular distributions for atomic 
numbers between 13 (.:lZ = -13) and 39 (.:lZ = +13) 
are presented in Fig. 1. Because of background from 
slit scattering, data for the projectile (Z = 26) have 
been omitted. Distributions for the same net charge 
transfer to and from the projectile (i.e., ±.:lZ) are 
shown in adjacent columns. The amount of charge 
transferred increases from 1 to 13 down the columns. 
For both bombarding energies, one observes the evolu
tion from side peaked to forward peaked angular distri
butions with increasing charge transfer. (For com
parison, a 1/sin (J angular distribution is shown at the 
bottom of the second column.) For the higher bom
barding energy the evolution toward forward peaking 
proceeds faster, presumably because the grazing angle 
is smaller for the larger bombarding energy. More 
striking is the marked asymmetry in this evolution for 
charge transfer to and from the projectile, a feature 
observed at both bombarding energies. For Z-values 
larger than 26 (.:lZ > 0), the side peak is very weak 
and quickly disappears for larger charge transfers. For 
Z-values less than 26 (.:lZ < 0), the side peak is much 
more intense and persists for much larger charge 
transfers. 
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The evolution from side- to forward-peaked distri
butions has been explained1 in terms of a diffusion
controlled time delay. On the average, small charge 
transfers require less time than larger ones in a 
diffusion process. Since small charge transfers populate 
elements near the projectile, the mean lifetime is short, 
resulting in side-peaked· angular distributions. For 
larger charge transfers, the longer average lifetimes 
allow the intermediate complex to rotate more before 
decaying. This produces forward-peaked angular distri
butions. The fact that the evolution proceeds more 
rapidly at the higher bombarding energy is probably 
due to the larger orbital velocity of the intermediate 
complex and the smaller angular distance (more for
ward grazing angle) through which it must rotate to 
reach 0°. 

The large difference in the rate of evolution of the 
side peak for .:lZ > 0 and .:lZ < 0 can be better under
stood by examining the angular distributions as a func
tion of Q-value. At the 401 MeV bombarding energy 
(see Fig. 2) the side peak is clearly seen to be associ
ated with the partially damped events, and, in general, 
the intensity of the side peak decreases with increasing 
energy dissipation. Since the Z-values above the 



projectile have a smaller fraction of the partially 
damped events, the side peak for the energy-integrated 
angular distribution is relatively weak. One should 
note that for the lowest energy bins both the shape and 
magnitude of the cross sections are very similar for the 
same amount of charge transfer to or from the projec
tile. 
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Fig. 1. Experimental c.m. angular distributions for elements detected from the 197 Au + a) 401 and (b) 460 MeV 
56Fe reaction. Distributions for the same net charge transfer to (.::\Z > 0) and from (.::\Z < 0) the projectile are 
shown in adjacent columns. The curves through the data points serve only to guide the eye. 
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Spin Distributions of Individual Deep-Inelastic Fragments 

as Deduced from Continuum '}'-ray Studies* 

A.J. Pacheco, t G.J. Wozniak, RJ. McDonald, RM Diamond, 
C. C. Hsu, * L. G. Moretto, D.J. Morrissey,§ L. G. Sobotka, and F.S. Stephens 

In this contribution we examine some results con
cerning the spin distribution of each of the two frag
ments produced in the deep-inelastic reactions of 165Ho 
on 176Yb, 148Sm, and natAg at 8.5 MeV /nucleon. From 
the measurement of ')'-ray multiplicities, the average 
sum of the spin magnitudes is extracted. As described 
in ref. 1, the average spin magnitudes <11> and <12> 
were later assigned to each nucleus according to the 
rigid-rotation prescription, and the variances u[ and ui 
were calculated with the aid of the statistical model of 
ref. 2 and the experimental temperatures. Both types 
of information were finally combined to obtain the indi
vidual spin alignments through the average projections 
<112> and <l2z>. 

Figure 1 shows the evolution of the average spin 
magnitude <I> (solid curve) and its average aligned 
component <12> (dashed curve) for both reaction 
partners as a function of Q-value. In all cases the 
heaviest fragment bears the largest spin according to 
the rigid-rotation partition. The spin of the projectile
like fragment increases slightly with decreasing total 
mass because the increase of its moment of inertia 
(relative to the target-like fragment) prevails over the 
reduction of the total angular momentum. The Q-value 
dependence of both <I> and <12> is qualitatively the 
same as that of the ')'-ray multiplicities. As a function 
of Q-value, <I> shows a rise throughout the elastic 
and quasielastic region and a saturation at large nega
tive values. At large Q-values, <12> shows a decreas
ing trend, which leads to a progressive divergence from 
<1>. The magnitude of this effect is a function of the 
mass of the fragment, and it is related to the alignment 
of the corresponding spin distribution. The degree of 
spin alignment is usually measured in terins of the 
quantity Pzz defined as 

. (1) 

With this definition, P22 varies from 0 to 1, those 
extremes corresponding to a completely misaligned and 
to a perfectly aligned system, respectively. 

Figure 2 shows the value of P22 as a function of 
Q-value for each individual fragment in the three reac
tions. The same qualitative behavior can be observed in 

all cases; the alignment increases rapidly with increas
ing Q-value throughout the quasielastic region, followed 
by a more or Jess slow decrease (depending on the mass 
of the fragment) across the deep-inelastic region. For 
each system, the heavy reaction partners show a higher 
degree of alignment. 

The differences in the alignment of each fragment 
may be understood in terms of the extracted individual 
spins and the dependence of the calculated spin fluctua
tions on different parameters. The equilibrium statisti
cal model predicts that the variances of the spin distri
butions are proportional to the temperature. In addi
tion, it also predicts that the variances decrease with 
increasing mass asymmetry of the system, although this 
dependence is rather weak throughout the region inves
tigated in these experiments. In this mass-asymmetry 
region the variances along the three cartesian coordi
nates are nearly equal and the average value is larger 
for the heavy fragment. Finally, for a fixed mass asym
metry the magnitude of the fluctuations in both nuclei 
vary with the total mass according to the following rela
tion 

(2) 

Due to the opposite effects derived from the increasing 
mass asymmetry and the decreasing total mass, the 
magnitude of the fluctuations induced in the Ho-like 
fragment is almost constant for the three reactions. 
Since the spin imparted to this nucleus increases with 
entrance-channel mass asymmetry, the net result is that 
the maximum value of Pzz (Ho) (Fig. 2) increases with 
decreasing mass of the target (0.64, 0. 70, and 0. 79 for 
J76Yb, J48Sm, and natAg). 

A different behavior is obtained for the extracted 
alignment of the target-like nuclei. Although the calcu
lated variances become smaller for lighter targets, the 
trend is not strong enough to compensate for the 
dramatic decrease in the transferred spins (Fig. 1). In 
fact, for the lightest nucleus (Ag) at the highest excita
tion energies (Q = -300 MeV), these randomly oriented 
components account for almost the totality of the spin 
(Fig. 1), thus giving rise to an almost isotropic spin dis
tribution (Fig. 2). 
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Fig. 1. Average spin magnitude <I> (solid lines) and 
average aligned component <lz> (dashed lines) as a 
function of ~value. For each system, the various sym
bols correspond to the two deep-inelastic fragments. 
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Sequential Fission Studies of Angular Momentum l\fisalignment 

in Very Asymmetric Systems 

G. Guarino, D.J. ·Morrissey,* R.J. McDonald, A.J. Pacheco/ 
L. Sobotka, G.J. Wozniak, and L. G. Moretto 

In recent years the models of angular momentum 
transfer in deep-inelastic collisions (DIC) have received 
a serious test from the analysis of the sequential fission 
angular distribution. The hypothesis of a rigid rotation 
limit of the intermediate complex agrees with the pres
ence of a substantial spin alignment along a direction 
perpendicular to the reaction plane and large fluctua
tions of the in-plane spin components with zero mean 
values. The purpose of this experiment was to investi
gate the degree of misalignment of the fragments' spin, 
in the presence of in-plane angular momentum com
ponents, for very asymmetric systems. These systems 
should severely test the prediction of the equilibrium 
statistical model. 

Projectiles of 32S ions of 238 MeV from the 88-
Inch Cyclotron were used to bombard a 238UF 

4 
target, 

0.924 mgjcm2 thick. The projectile-like fragments were 
detected in a Z-telescope (dQ = 3 msr) fixed at 70°. 
The detection system for the fission fragments (FF) in 
coincidence consisted of an array of 10 silicon surface 
barrier detectors (300 ~m), five in plane and five out of 
plane, mounted all at the same distance from the target 
and on the opposite side of the beam. 

With two positions of this array we have covered 
the in-plane angular region from +68° to + 150° and 
the out-of-plane region from 0° to 75°. The target was 
rotated both in plane and out of plane to minimize the 
correction for energy loss for all FF detectors. The 
coincidence data were transformed in an event-by-event 
mode to the rest frame of the recoiling nucleus with the 
assumption of ~ = 0 for the direction of the labora
tory recoil angle. In the recoil rest frame the FF 
energy spectra were Gaussian shaped and peaked at 
energies in agreement with Viola's predictions. 1 To 
have an estimate of the bias in the angular distributions 
introduced from the energy dependence of the fission 
probability we have calculated P ~E*) from the ratio of 
coincidence to singles. Because Pr saturates rapidly to 
-1 we have not introduced this correction in our 
further analysis. 

To increase the statistics the data were divided 
into only three TKEL bins. The in-plane angular distri
butions (Fig. 1) show a strong anisotropy. Except for 
the quasielastic bin, where direct processes are more 
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Fig. 1. In-plane angular distributions of sequential 
fission fragments from the 32S + 238U reaction are 
shown for three Q-value bins. The distributions 
are integrated over Z = 9-16. 
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likely, the anisotropy increases with Q value. This 
result is well understood in the framework of the statist
ical model2 where for very asymmetric systems the only 
angular-momentum-bearing mode surviving (tilting) is 
responsible for the minimum along the direction of the 
symmetry axis of the fission fragments. 

The fit of the data to extract values for the 
aligned spin component <I > and the thermal widths z 
u , u , u is still in progress. 
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Sequential Fission in the Reaction of 40 Ar + 197 Au 

D.J. Morrissey,* G.J. Wozniak, L.G. Sobotka, A.J. Pacheco/ 
R.J. McDonald, and L. G. Moretto 

The measurement of particle and ')'-ray angular 
distributions associated with deep-inelastic collisions 
(DIC) allows one to study the process of angular 
momentum transfer through the determination of the 
magnitude and alignment of the fragment spins. Large 
intrinsic spins can be introduced in the reaction pro
ducts through the dissipation of entrance-channel orbi
tal angular momentum. From mechanical considera
tions and from the rigid rotation limit, the fragments' 
spins are expected to be aligned perpendicular to the 
reaction plane. Misalignment of the fragments' spins 
occurs when in-plane components of angular momentum 
are present. These components can be generated either 
directly by some feature of the reaction mechanism or 
by nonequilibrium or equilibrium statistical fluctuations 
in the angular-momentum-bearing modes of the dinu
clear system. The angular distributions of sequential 
fission fragments are quite sensitive to the direction of 
the spin vector in that it can produce a substantial in
plane anisotropy. In-plane measurements of sequential 
fission angular distributions 1

•
2 have given detailed 

results on the magnitude and direction of the spin vec
tor of one of the fragments from deep inelastic colli
sions. 

A beam of 340 MeV 40Ar was obtained from the 
SuperHILAC at the Lawrence Berkeley Laboratory. 
This beam irradiated a metallic gold foil, approximately 
1 mgjcm2 thick. The experiment consisted of measure
ments of coincidences between projectile-like fragments 
and fission fragments. Projectile-like fragments (PLF) 
were detected in a telescope that was fixed at 40° to the 
beam. The resolution of the Z-telescope was sufficient 
to separate completely atomic numbers between 6 and 
36; however, it was insufficient to resolve the individual 
atomic numbers of the fission fragments. Fission frag
ments (FF) were observed on the opposite side of the 
beam from the PLF in an array of 10 silicon surface-
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barrier detectors. The array of FF detectors was posi
tioned at various angles in order to cover as large an 
angular range as possible. After the experiment the 
data were transformed into the calculated rest frame of 
the recoiling target nucleus event by event. The energy 
and angular distributions of the FF were then available 
as a function of PLF energy and Z. 

The fission probability of the heavy partner is 
shown as a function of PLF nuclear charge after 
integration over PLF kinetic energy in· Fig. 1. The 
sharp minimum at Z !::::=< 18 indicates the low fissionabil
ity of the gold-like nuclei produced with low excitation 
energies in quasielastic collisions. The expected trend 
of increasing fissionability with increasing fragment 
mass (i.e. decreasing PLF charge) is also seen in Fig. 
1. The in-plane angular distribution of the FFs in the 
rest frame of the target nucleus is shown in Fig. 2. 
The data show a strong in-plane anisotropy ( 1. 5: 1) as 
does the fitted angular distribution function shown by 
the solid curve. 
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Fig. 1. The fission probability as a function of 
projectile-like fragment Z integrated over energy is 
shown. 
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Fig. 2. The in-plane distribution of se~uential fission 
fragments from the reaction of 40Ar + 1 7Au is shown. 
This angular distribution shows a significant anisotropy 
in the rest frame of the recoiling nucleus indicating a 
preferential direction for the fragment angular momen
tum. 
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Compound Nucleus Decay Via the Emission of Large Fragments 

L.G. Sobotka, ML. Padgett, G.J. Wozniak, G. Guarino, 
A.J. Pacheco,* L.G. Moretto, Y.D. Chan, R. Stokstad, 

I. Tserruya, t and S. Wald 

We have studied the emission of a, 6Li, 7Li, 7Be, 
9Be, B, C, and heavier fragments in the reaction 130 
MeV 3He + natAg at the 88-Inch Cyclotron. The inter
mediate mass fragments were detected using a set of 
three standard gas-solid state .:lE-E telescopes. Alpha 

particles were detected in a separate solid-state tele
scope ( 40 ~m, 5 mm). Angular distributions were 
obtained from 20° to 170° in the laboratory. 

A beam of 3He was chosen because it produces a 
compound nucleus with high excitation energies and 
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because the products of projectile fragments are lighter 
than the products of interest. 

The energy spectra in the center-of-mass system 
are shown in Fig. 1. The spectra shift to higher ener
gies as the ejectile increases in charge; however, the 
rate of increase is slower than a simple Coulomb calcu
lation would predict. The spectral shapes also evolve 
from a Maxwellian for a-particles to a shape far more 
symmetric fo the heavier ejectiles. 

From 100° to 180° the angular distributions (not 
shown) range from flat to slightly backward peaked. 
This slight backward peaking is expected from angular 
momentum considerations. At more forward angles the 
cross sections increase and the spectra become harder. 
This might be due to an incomplete subtraction of 
events caused by target impurities or the presence of 
some forward focused nonequilibrium process. 
Nevertheless, at angles > 100° the spectral shape is 
independent of angle. This fact, along with the shape 
of the angular distributions in the backward hemi
sphere, confirms that these backward data are due to an 
equilibrium decay process. 

These data are being interpreted in terms of both 
standard evaporation and fission (transition state) for
malisms. 

Footnotes 

*Permanent address: Comision Nacional de Energia 
Atomica, Buenos Aires, Argentina 
tPermanent address: Weizmann Institute of Science, 
Rehovoth, Israel 
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Fig. 1. Center-of-mass kinetic energy spectra for vari
ous ejectiles in the reaction 130 MeV 3He + natAg. 
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Alpha-Particle Emission from the Reaction 

1354 MeV 165Ho + 181Ta* 

L.G. Sobotka, R.J. McDonald, G.J. Wozniak, 
D.J. Morrissey/ A.J. Pacheco,t and LG. Moretto 

The emission of alpha particles from the deep ine
lastic heavy-ion reaction 1354 MeV 165Ho + 181Ta has 
been studied. Energy spectra and angular distributions 
of a particles, detected in coincidence with a 
projectile-like fragment, were acquired both in the reac
tion plane and out of the reaction plane at a fixed in
plane angle. The in-plane data show that the bulk of 
the alpha particles in coincidence with the deep
inelastic exit channel can be explained by evaporation 
from the fully accelerated fragments. This can be seen 
in the average velocity vector diagram shown in Fig. la, 
where the root-mean-square velocity (v!ms) of the a par
ticles is plotted along with the velocity vectors for the 
detected projectile-like fragment (gated on the deep
inelastic events), the calculated velocity of the 
undetected fragment, and the velocity of the system 
center of mass. As this figure shows, the a-particle 
velocities are centered around the end of the velocity 
vector of the target-like fragment. This agrees with the 
assumption that the a particles are emitted from the 
fully accelerated target-like fragment. In addition, a 
low-energy component seen at 30° can be attributed to 
emission from the projectile-like fragment. This com
ponent is not seen at more backward angles because it 
drops below the detection threshold, which is shown by 
the dashed arc in Fig. la. 

Further evidence that the fully accelerated DI 
fragments are the source of emission can be obtained by 
determining the Q-value dependence of v~. In Fig. lb 
the average velocity vector diagram for three different 
Q-value bins (all in the deep-inelastic region) are plot
ted along with the corresponding v~. A systematic 
motion for the locus of v~ is seen that can only be 
explained by a source that has a Q-dependent velocity. 
This trend is explained by the change of the velocity of 
the target-like fragment with Q-value, as shown in Fig. 
lb. 

Footnotes 

*Condensed from Phys. Rev. C25 (1982) 1693 

tPermanent address: National Superconducting Lab, 
Michigan State University, East Lansing, Michigan 
48824 

+Permanent address: Comision Nacional de Energia 
Atomica, Buenos Aires, Argentina 
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Fig. 1. a) Velocity diagram. The open circles are the 
rms velocities extracted from the coincident laboratory 
a-particle energy spectra. The solid circles indicate the 
rms velocities of the two separate peaks that appear at 
the most forward angle. The full large rings indicate 
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the loci of expected a-particle velocities for the three 
different rest frames. For the target-like fragment, the 
locus of velocities for a 10% reduction in the expected 
average emission energy is indicated by a partial ring. 
The detection threshold is shown as a dashed arc. The 
letters P and T stand for projectile-like and target-like, 
respectively. 

b) The velocity diagrams for three Q-bins (all in the 
deep-inelastic region). The rms a-particle velocities for 

·each bin are indicated. The smallest energy loss bin is 
indicated by triangles and the largest energy loss data 
by squares. Three partial rings are drawn to guide the 
eye. They have the same radius and are centered on the 
three different recoil velocities. 
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Products of 3 < Z < 9 from Long-Lived Intermediates 
in the Reactions 336 MeV 40 Ar + Ag, 154Sm and Au 

L. C. Vaz, * D. Logan, t J.M Alexander,* E. Duek, * D. Guerreau, + L. Kowalski,§ MF. Rivet,+ and MS. Zisman 

In reactions between complex nuclei the products 
of 3 < A < 9 are produced with much smaller cross 
sections than either products with smaller Z or heavier 
products derived from fusion/fission or deeply inelastic 
scattering. However, they tend to exhibit many of the 
characteristics of these latter products. Their angular 
distributions show a fast forward-peaked component 
while at backward angles a more relaxed component is 
evident. 

In this work we have studied the slow reaction 
components of products 3 < Z < 9 for the reactions of 
336 MeV 40Ar + Ag, 154Sm and 197Au. Angular distri
butions and energy spectra were measured using a con
ventional gas ionization chamber ~E, silicon E tele
scope. Table I presents for each product a summary of 
the integrated cross sections for the symmetric com
ponent. Shown for comparison are cross sections for 
evaporative H and He as well as those for evaporation 
residues, fission, total fusion, and total reaction. 
Several similarities between evaporative H and He and 
products with 3 < Z < 9 were noted. The likelihood 
of emission (measured as the ratio of the product's 
cross section to the total fusion cross section) is insensi
tive to the amount of fission of the particular system. 
Further, the singles energy spectra were much narrower 
than would be compatible with emission from fully 
accelerated fission fragments. We therefore investi
gated the inferences of emission from a composite sys
tem via transition state theory, 1•

2 using two extreme 
assumptions for the nature of the transition state nuclei: 
1) an evaporation-like or 3-dimensional state or 2) a 
fission-like or !-dimensional state. It is probable that 
the true state lies somewhere in between. 
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The first model has many features in common 
with evaporation theory. It assumes decay lifetimes 
longer than rotation periods and employs spin
dependent level densities as the emission driving force. 
Further assumptions and approximations are that emis
sion occurs perpendicular to the exit channel e vector, 
sharp cutoff transmission coefficients, constant tempera
ture level densities, and first-step emission. In the 
analysis, the anisotropies of the angular distributions 
and average energies are used to estimate the root-

. mean-square spins and barriers to emission for these 
systems. A comparison of the emission barriers to 
fusion barriers allows an estimate of the extent of 
deformation. 

The second model is similar to the first but with 
the following qualifications: The angular distribution is 
assumed to be frozen into one dimension at the saddle
point configuration, and thus it is the saddle-point level 
density that is relevant. In addition, the e dependence 
of emission is replaced by a dependence on orientation 
(or K value) of the axially symmetric transition state 
nucleus. 

The results of analysis by the first model indicate 
Jrms in the range of 30-70 fz, i.e., spins that lie in the 
domain from lE~ (the maximum spin for evaporation 
residual survival) to ecrir Emission barriers were 
found to be 60-80% of the fusion barriers. The fission 
model infers J of approximately half the above values 
and somewhat higher emission barriers. Nevertheless, 
these two extreme models both lead to the qualitative 
features of relatively low spins and significant deforma
tion of the emitting systems. 



Table I 
Cross sections (mb) for the symmetric component of charged particle emission: 

336 MeV 40Ar + X 

Product 
(J a (J (J 

(J u coinc (J Ucoinc (J Ucoinc 
Ua Ua Ua 

X 100 X 100 X 100 
IH a 1950 157 393 670 126 411 360 113 360 
4He a 1240 100 194 570 100 457 320 100 320 
Lib 8.6 0.69 3.1 0.58 1.4 0.44 
Beb 4.3 0.35 2.2 0.41 1.2 0.38 
Bb 3.4 0.27 1.2 0.22 0.6 0.19 
cb 7.4 0.60 2.2 0.41 1.4 0.44 
Nb 7.2 0.58 2.0 0.38 1.2 0.38 
ob 3.9 0.31 1.0 0.19 0.6 0.19 
pb 4.5 0.36 1.4 0.26 0.4 0.13 

Cross sections and related t values for ER, fission, fusion and reactionc 

ER 455d 
Fissione 800 
Fusione 1255 
Reactione 2700 

(fER= 71)d 

( tcrit = 118) 
(!max= 172) 

124 
1323 
1563 
2565 

( tER = 39) 

( lcrit = 137) 
(!max= 180) 

-o 
1451 
1451 
2400 

(fER-.. 0) 

( tcrit = 143) 
(!max= 180) 

8Data from ref. 5; uncertainties are :::::: ± 15% as given there in detail. Results for the target 116Sn are used for 
107·9 Ag. The integrated cross section in coincidence with fission is denoted u . . 

come 

bUncertainties are ± 15%, 20%, and 25% for Ag, 154Sm and Au, respectively. 

cFor each cross section u = IA2( t + 1)2. 

dH.C. Britt, et al., Phys. Rev. Cl3 (1976) 1483 

eFrom refs. 3, 5, and unpublished data. 
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Intrinsic Fragment Spins Generated in the Reactions of 2~e 

with 197Au and 238U at 12.6 MeVfNucleon* 

D.J. Morrissey/ G.J. Wozniak, L.G. Sobotka, A.J. 
Pacheco, t R.J. McDonald, C. C. Hsu, § and L. G. Moretto 

Experimental techniques used to obtain the mag
nitude and alignment of the transferred spin include a
particle, -y-ray, and sequential fission fragment angular 
distribution measurements. The out-of-plane angular 
distributions of 'Y rays and sequential fission fragments 
are primarily sensitive to the average random spin com
ponent. The angular distributions of 'Y rays and a
particles are rather insensitive to differences in the in
plane projections of the random spin component. In 
contrast, the angular distributions of sequential fission 
fragments are quite sensitive to such differences in that 
they can produce a substantial in-plane anisotropy. 

Values of the aligned spin <lz> and the thermal 
widths were extracted from the sequential fission frag
ment angular distributions obtained for the reaction of 
252 MeV 2~e with 197Au and 238U. The extracted 
values of <I > are f.lotted versus Q-value in Fig. 1 for 
both the 2or{e + 23 U and the 2~e + 197Au systems. 
For the former system, <lz> increases steadily with 
Q-value. A similar increase of <I > with Q-value has z 
been observed in several other reaction systems. 
Because of the high fission barriers for nuclei near Au, 
values of <I;> were obtained only for the most nega
tive Q-values of the 2~e + 197 Au reaction. A striking 
difference between the two systems is the much larger 
values of <I > observed for the 2~e + 197 Au relative 
to the 2~e z+ 238U system. Since the t and the 
rigid rotation partition for the two syste= are very 
similar, the difference most likely reflects the strong 
bias towards high spin states for the fissioning gold 
nuclei and the absence of such a bias for the fissioning 
uranium nuclei. This bias is intoduced by the large 
fission barrier for gold nuclei. 

The values of the aligned spin <I > and the 
thermal widths extracted from the fitting of the sequen
tial fission fragment angular distributions can be used 
to determine the two alignment parameters P zz and 
P xy· The results for P zz and P XY obtained from the 
fittmg of the fission fragment angular distributions for 
the uranium system are shown in Fig. 2. In contrast to 
the strong Q-value dependence observed in more sym
metric systems (cf., e.g., Refs. 1-3) the extracted 
values of ~zz are approximately constant at 0. 8 for the 
2~e + 238u system. The in-plane alignment parameter 
shows a stronger dependence on Q-value. It is positive 
at small Q-values and then goes to negative values at 
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larger Q-values. 

The predictions of the statistical equilibrium 
model for two touching spheres (solid curves in Fig. 2) 
lie substantially below both the P zz and P data. 
Although this discrepancy could be interpreted"is indi
cating that the dinuclear system is not at equilibrium 
(with respect to the normal modes), a more likely expla
nation is that the present model of two touching spheres 
does not allow for either deformation or interfragment 
separation (neck formation). Indeed, there is extensive 
evidence for large deformations of the nuclei at their 
scission configuration following a deep inelastic colli
sion4·5. A first order estimate of the effect of deforma
tion in the model calculations can be made by allowing 
the target-like fragment to deform along the line-of
center of the dinuclear system. Model calculations of 
P zz and P are shown in Fig. 2 for different ratios of 
axes (C/Afor the target-like fragment. Both P and 
PXY are quite sensitive to the deformation of the~eavy 
fragment. In this calculation, <Tx and <Tz increase slowly 
whereas <Ty decreases rapidly with increasing C/ A 
Thus increasing C/ A causes P zz to increase because the 
random component of spin decreases while the aligned 
component is constant. P XY approaches zero as C/ A 
increases because <Ty becomes similar to <Tx· In this 
model, a ratio of axes of 1.6 to 2.0 is needed to repro
duce the data in the deep-inelastic Q-value region. 
Such deformations of the heavy fragment are consistent 
with values given by the equilibrium configuration of a 
rotating sphere-spheroid liquid drop model system.4 

Footnotes and References 

*Condensed from LBL-13055, Nucl. Phys. A389 (1982) 
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ing, China. 
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A Study of 20Ne Induced Reactions with 

nateu and 197 Au at 8.6 and 12.6 MeV /nucleon* 

G.J. Mathews/ J.B. Moulton,+ G.J. Wozniak, 
B. Cauvin, § R.P. Schmitt, •• J.S. Sventek, tt 

and L. G. Moretto 

Calculated mean lifetimes for the 2~e + 197 Au 
reaction are shown in Fig. 1 as a function of incident 
!-wave. Results are presented for calculations with and 
without neck formation. The bifurcation into the neck 
and no-neck curves occurs as soon as the trajectory for 
the system reaches the critical distance. Clearly, the 
inclusion of the neck has a dramatic influence on the 
lifetime distribution for both systems by displacing the 
critical !-wave for trapping of the ion-ion complex to 
higher incident angular momenta. This increases the 
complete-fusion cross section substantially. It is 
interesting that for the 2~e + 197 Au reactions no com
plete fusion is predicted in the absence of a neck, 
whereas substantial complete fusion is predicted when a 
neck is allowed to form. Since the data seem to display 
a substantial fusion-fission component, this is perhaps 
an indication of the importance of neck formation. The 
complete fusion events are treated here according to the 
method outlined in Ref. 1. 

In Fig. 2 experimental and calculated angular dis
tributions are shown for representative fragment Z
values both above and below the projectile. It should 
be noted that these calculated angular distributions 
have not been normalized. In fact there is only one 
free parameter in these calculations, which is the ratio 
of the variance of the reaction lifetime to its mean 
value, u2 j-r. Changing this variable adjusts the slope of 
the angular distributions for atomic numbers near the 
projectile. A value of u2 j r = 0. 20 yielded the best fits 
for the 2~e + 197 Au reaction. The model calculations 
have not been corrected for charged-particle evapora
tion, which may have shifted these data by as much as 
one to three charge units. 

The trends observed in the data are present in the 
calculations (see Fig. 2). It is particularly satisfying 
that the side peak in the 175-MeV 2~e + 197 Au data 
emerges from the model calculations. It is also 
interesting that the flattening of the distribution at 
backward angles is less pronounced in the 2~e + 197 Au 
data. This is predicted by the model simply because 
for higher !-waves the fragments do not penetrate dee
ply enough to form a neck, which would increase the 
collision lifetime. Nevertheless, for a large range of !
waves a neck eventually does form (see Fig. 1) leading 
to a symmetric compound-nucleus fission component in 
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the charge distribution similar to that observed in the 
data. 
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Fig. 1. Calculated average diffusion lifetimes as a 
function of incident !-wave for the 2~e + 197 Au reac
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The Onset of Non-Equilibrium Phenomena in Fusion-Like 

Processes for 160 Induced Reactions* 

Y. Chan, M Murphy, R. G. Stokstad, I. Tserruyat, 
S. Wald, and A. Budzanowski* 

At bombarding energies not too far above the 
interaction barrier, the complete fusion of heavy ions to 
form an equilibrated compound nucleus comprises a 
dominant part of the total reaction cross section. 
Further increase of the bombarding energy induces 
reactions which approximate fusion but exhibit non
equilibrium features. In such cases, it is generally 
believed that only a part of the projectile or target fuses 
with the other partner (incomplete fusion), while the 
remaining part is emitted, presumably at an early stage 
of the collision and prior to the thermalization of the 
composite system. 

Previous studies of these non-equilibrium features 
have emphasized the observation of forward-peaked, 
fast light particles (n,p,d,a) with velocities near to or 
greater than the beam velocity, sometimes in coin
cidence with the residual-like fragments. It follows 
that the onset of incomplete fusion should also be 
reflected in a reduced average velocity of the associated 
heavy residues. (We consider only mass-asymmetric 
systems with the projectile as the lighter partner.) The 
present experiments determine the average velocity (or 
the linear momentum) of the residues, which are then 
compared with evaporation model predictions. Devia
tions of the observed velocity centroid andjor spectrum 
shape may be interpreted in terms of reaction mechan
isms other than complete fusion followed by equili
brium decay. 

The experiments were performed at the 88-Inch 
Cyclotron at 160 bombarding energies of 8.8, 13.6, and 
19.6 MeV ju. The energies were chosen to cover the 
region where one expects to see predominantly complete 
fusion (8.8 MeV ju) as well as regions where non
equilibrium phenomena can be important (13.6, 19.6 
MeV ju). Conventional time-of-flight techniques were 
used to measure the velocity of the residual nuclei. 
Natural calcium, aluminum, and ~i targets with 
thickness of 235, 215, and 180 JLg/cm2

, respectively, 
were used. Masses up to about 50 amu could be 
resolved (Fig. 1a). 

For decay processes symmetric about 90° in the 
rest frame of the emitter, the velocity dependence of 
the quantity F(v) = (ljv2)d2ujdvd0 is expected to be a 
Gaussian centered at V cos 0, where v is the velocity 
of the residues in the iaboratory, 0 is the laboratory 
detection angle, and V em is the velocity of the center of 
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mass. 1 Fig. 1 b shows a spectrum of N( v) jv2, which is 
proportional to F(v), for residues of mass 43 detected at 
5° for 13.6 MeV fu 160 + 40Ca. 

We find that the quantity v jcos0 depends only 
weakly on the residual mass or the scattering angle. 
The deviations of this quantity from V , averaged over 
all masses and angles, increase with bombarding 
energy. The results obtained with 27 AI and ~i targets 
exhibit the same qualitative features. 

In the following we shall concentrate on the 
observed angle- and mass-averaged velocity centroids, 
which we express as a percentage of the velocity 
corresponding to full momentum transfer followed by 
equilibrium decay. This quantity is plotted in Fig. 2 
vs. the relative velocity of the colliding partners at the 
interaction barrier (r = 1.5 fm). Even though there is 

0 • • 
some dispersion in the data, an apparent systematics 1s 
seen to emerge; the amount of transferred momentum, 
expressed as a percentage of the total available linear 
momentum, is governed essentially by the relative velo
city of the projectile and target nuclei at the barrier. 
Within errors, the deviations of the average centroids 
from the predictions of full momentum transfer appear 
to be independent of the target, suggesting that the 
missing momentum is mainly associated with the 160 
projectile. 

The data also exhibit an approximately linear 
behavior in the decrease of the fraction of transferred 
momentum as. a function of velocity as is suggested by 
the straight line fit to our data points. A similar result 
has been reported by Viola, et al.,2 for reactions involv
ing heavier targets. These results suggest a common 
onset of incomplete momentum transfer in fusion-like 
reactions at about 5 MeV fu above the interaction bar
rier. For comparison, also included in Fig. 2 are the 
results of ref. 3 obtained from fission fragment correla
tion measurements using 160 projectiles and a much 
heavier 238U target. Except for the highest energy 
point, which lies two standard deviations above the 
fitted line, tliese results are consistent with our sys
tematics, and, together, suggest that the relative velo
city of the projectile and target at the interaction bar
rier is a relevant parameter for characterizing incom
plete linear momentum transfer in fusion-like processes. 
The data shown in Fig. 2 are consistent with there 
being little or no dependence of the missing momentum 



) 

on the mass of the target. These simple results, if vali
dated by additional experiments on a wider range of 
targets, should prove valuable in the evaluation of 
theories of pre-equilibrium emission or incomplete 
fusion. 

We appreciate the help of M. Blann in various 
stages of this experiment. 
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Momentum Widths of Heavy-Ion Reaction Products at 27.4 MeV /n* 

Martin J. Murph/ and Robert G. Stokstad 

The inclusive momentum spectra of ejectiles emit
ted at forward angles in heavy-ion reactions exhibit a 
characteristic "quasi-elastic" ( QE) peak. This peak has 
a mean velocity approximately equal to the beam velo
city, and is observed for laboratory bombarding ener
gies of 5 to 2000 MeV jn. We report here an inclusive 
measurement at 27.4 MeV /n, and discuss the status of 
the currently available body of similar data. 

We have measured energy spectra for the reac
tions, 9Be+Au-+ 6•

7Li+X. A 246 MeV 9Be beam from 
the 88-Inch Cyclotron was used to bombard a 3.25 
mgjcm2 natural Au target. A Si(Li) particle telescope 
with elements 87 J.Lm, 500 J.Lm, and 5mm thick, located 
at 01ab = 12°, was used to detect and identify reaction 
products. All of the different ejectile isotopes were 
resolved and complete energy spectra for 6Li and 7Li 
were obtained. The energy spectra for 6Li and 7Li are 
shown in Fig. 1. A Gaussian momentum distribution in 
the projectile rest frame was transformed to a labora
tory energy distribution and used to fit the QE peak. 
The fitting region encompassed the peak and the high 
energy side and avoided the low energy tail. The fitted 
curves are also shown in Fig. 1, along with the resulting 
centroids and momentum widths. The energy centroids 
correspond approximately to the beam velocity. We 
obtained values for the reduced momentum width, u

0
, 

of 65.4 ± 2.9 MeV jc and 60.2 ± 1.2 MeV jc for 6Li 
and 7Li, respectively, where1 

u2 = Ap(Ap-Ap) 2 ( 1) 
Ap-1 uo 

Fig. 2 is a summary of several measurements of u 
and u

0 
at various energies. It includes the results of 

Egelhaaf, et al., 2 the high energy points at 213 MeV /n 
and 2.1 Ge V /n, 3.4 the data of Scott, et al., 5 reanalyzed 
by Harvey,6 and our new measurement at 27.4 MeV jn. 
In all cases the widths are for the total momentum dis
tributions at the grazing angle and are obtained from 
the energy spectra of single isotopes. The fits in each 
case cover the apparent quasi-elastic part of the energy 
spectrum. (At energies below 50 MeV /n this region 
excludes the obvious low energy tail. At higher ener
gies, where no low energy tail is evident, the fit extends 
over the full spectrum.) The measurements at 213 
MeV /n and 2.1 GeV /n provided widths for a large 
number of different isotopes. Rather than plot all of 
the individual points, we have indicated the full ranges 
of observed widths, as well as the mean values. 
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The data compiled in Fig. 2 show a similar energy 
dependence for both u and u

0
. The transition from the 

low to the high energy limit is not as abrupt as origi
nally suggested, 5 but it is fully realized over the energy 
range of 10-200 MeV fn. The factorization according to 
eq. 1 reduces the mass dependence at most energies, 
but leaves a residual mass dependence in u

0 
that is 

more pronounced below 100 MeV jn than at higher 
energies. The limited amount of data available at ener
gies below 100 MeV /n makes more quantitative state
ments on the mass dependence of u0 difficult. 

One must be cautious when using the data for u0 
(E) in Fig. 2 as evidence for or against the occurance 
of particular reaction mechanisms (e.g., fragmentation, 
breakup, transfer, etc.). In particular, the data below 
100 MeV /n suffer from several problems which affect 
the interpretation of u and u

0
• For instance, all of the 

results summarized in Fig. 2 have been obtained from 
inclusive measurements of the reaction spectra. A 
variety of reaction mechanisms could be represented in 
these spectra, each contributing its own isotope and 
energy dependence to the total width. For example, it 
is known that both transfer and breakup reactions occur 
at the lower energies. 7 Secondly, the available data 
below 100 MeV /n only provide the width of the total 
momentum distribution. There is evidence8 that below 
200 MeV /n only the longitudinal momentum dispersion 
has the mass dependence of eq. 1. As a final point, we 
note that the fitting procedure to obtain u is itself quite 
subjective. It requires assumptions about the effect of 
the low energy tail and qualitative decisions about the 
part of the spectrum to be included in the fit. Even 
among the data presented here there are certainly sys
tematic differences due to these necessary judgements. 

In conclusion, our measurement of quasi-elastic 
momentum widths at 27.4 MeV /n yields results that 
support a relatively smooth transition in the reduced 
width u

0 
between 10 and 200 MeV /n. Upon re

examining all of the similar data available at energies 
from 5 to 2000 MeV fn, we have noted that this transi
tion is just as evident in the "unreduced" width u. 
There are problems with the interpretation of uQ; it not 
only conceals a known anisotropy in the longttudinal 
and transverse momentum dispersions, but also a 
variety of reaction mechanisms. Therefore, any conclu
sions about the reaction dynamics at low energies, 
based upon the presently known values of u , are 
premature. The reliable deduction of physical inPorma
tion from measurements of u

0 
at low energy must await 



• 

the systematic measurement of each momentum com
ponent and separation of the inclusive spectra according 
to reaction mechanism. 

We would like to thank Karl Van Bibber and 
Peter Countryman for discussions and assistance with 
the measurements. 

Footnotes and References 

*Condensed from LBL 15188- Submitted to Phys. Rev. 
c 

tPresent Address: Nuclear Physics Laboratory, Univer
sity of Washington, Seattle, WA 98195 

I. AS. Goldhaber, Phys. Letters 53B 306 (1974). 

2. Ch. Egelhaaf, et al., Phys. Rev. Lett. 46 813 
(1981) 

3. · Y. P. Viyogi, et al., Phys. Rev. Lett. 42 33 
(1979). 

4. D. E. Greiner, et al., Phys. Rev. Lett. 35 152 
(1975). 

5. D.K Scott, et al., Lawrence Berkeley Laboratory 
Report LBL-7729 (1978), unpublished; C. K 
Gelbke, et al., Phys. Letts. 70B 415 (1977). 

6. B. G. Harvey, Phys. Rev. Lett. (Comments) 47 
454 ( 1981). 

7. M. J. Murphy, et al., Phys. Letters B (ln press). 

8. K Van Bibber, et al., Phys~ Rev. Lett 43 840 
(1979). C. Y. Wong and K Van Bibber, Phys. 
Rev. C25 2990 ( 1982). 

9. J. B. Natowitz, et'al., Phys. Rev. Lett. 47 1114 
(1981). 

10. J. Mougey, et al., Phys. Letters lOSB 25 {1981) . 

140 

120 

100 

80 

60 

40 

20 

7u 
160-

l 
I Iltlr I 
Ill 
I 

.E~ 190.5 MeV {27.2 MeV!n) 

u 0 = 60.2 ± I. 2 MeV /c 

100 140 180 

E{MeV)-

220 260 

Fig. I. The inclusive laboratory energy spectra for 6Li 
and 7Li ejectiles from 9Be+Au at 27.4 MeVjn. The 
soli~ curves are fits to the quasi-elastic parts of the 
spectra. 

XBL 827-1593 

133 



300 (a) 

u 200 

~ 
Q) 

~ 
b 

100 

120 (b) 

100 

~ 80 

~ 
~ 60 
bo 

40 

20 

10 

+ 

0 

'7 ' + " 

ELAB/A (MeV/n) · 

.0 

+ 

"7 ' " + 

0 

"' KEY 

0 
e(al 
A(b) 

£4 O(c) 

~ ~· t:;.(d) 

o(e) 

• • "7(1) 

100 

ELAB/A (MeV/n) 

.. 

* 

* 

* 

"(g) 
t(h) 
•<il 
<> (j) 
+ (k) 

*(I) 

Fig. 2. A compilation of several different measuremertts of the momentum widths a and the reduced momentum 
widths u0 of ejectiles from heavy ion reactions. The key to the reactions is 

a) 197Au(~e. 160), ref. 2 g) 12C( 12C,6Li), ref. 10 
b) 197Aue~e, 12C), ref. 2 h) 12C( 12C,7Li), ref. 10 
c) 208Pbe6o, 12C), ref. 6 i) 12C( 12C/Be), ref. 10 
d) natAu(9Be,7Li), This work j) 12C( 12C, 10B), ref. 10 0 
e) natAu(9Be,6Li), This work k) 232Th(40Ar,X), ref. 3 
f) 181Tae~e,a), ref. 9 1) 160+X ref. 4 

A large number of widths were measured at 213 and 2100 MeVfn; the figure indicates the range and mean value of 
the results. 
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Observation of Symmetric Disintegration in the 6li, 9Be, 12C + 40Ca Reactions 

K. Grotowski, * Z. Majka,* Y. D. Chan, R. Stokstad, 
I. Tserruya, S. Wald, G. Guarino, D. J. Morrissey, 

L. G. Sobotka, G. J. Wozniak, and L. G. Moretto 

During the last decade fission-like phenomena 
have been studied for a number of medium-A systems. 1 

This work is intended to test predictions of the liquid
drop and related models in the region A - 50 where 
experimental data are scarce. At the 88-Inch Cyclotron 
coincident fission-like products were observed in reac
tions induced by 6Li, 9Be and 12C projectiles on a 40Ca 
target. The energy and charge of the reaction products 
were measured with aB-E telescopes. 

Figure 1 shows coincidence count rates measured 
at equal telescope angles, el = e2, for symmetric reac
tion products with Z

1 
= Z2• Keeping one of the detec

tors at the angle 8 2 corresponding to the maximum in 
Fig. 1, and varying the position of the other detector 
produces the correlation functions shown in Fig. 2. 
These functions reflect the kinematics of secondary 
fragments remaining after evaporation of nucleons and 
alpha particles by primary binary fragments. The corre
lation function found for 12C + 40Ca at 121 MeV has a 
FWHM about 10% smaller than the value at 186 MeV. 
An angular correlation function measured out of the 
reaction plane at 186 MeV has about the same width as 
the in-plane function. 

For the 12C + 40Ca reaction, singles angular dis
tributions were measured with aE - E telescopes at six 
incident energies between 74 MeV and 186 MeV. Fig. 
3 presents a center-of-mass angular distribution at 186 
MeV for fragments with Z = 11. The 1/sin e depen
dence indicates that a compound system was formed. 
Assuming a 1/sin e dependence for all angles, the total 
cross section for the disintegration into two fragments 
of comparable mass, ufission' has been calculated and 
yields .the following values: 18.8 mb for 12C + 40Ca at 
186 MeV; 4.0 mb for 9Be + 40Ca at 140 MeV; and 1.2 
mb for 6Li + 40Ca at 153 MeV. For 12C + 40Ca at 186 
~~V, the above value of u

655
•
0
n agrees well with a pr~d

lCtlon of the dynamic coalescence and reseparation 
model of Swiateck:i. 2•3 
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12C* and 8Be Production in 12C + 208Pb Collisions~ 

A.N. Bice/ A.C. Shotter.* and Joseph Cerny · 

This report presents results of an investigation at 
the 88-lnch cyclotron into fast a-r.article production via 
the production of 8Be(g.s.), Be(2.94 MeV), and 
excited 12C reaction products from the 12C + 208Pb sys
tem at 12C bombarding energies of 132, 187, and 230 
MeV. Absolute cross sections have been obtained for 
the reactions 208Pb( 12C, 12c• -+ a + 8Be), 
208Pbe2c,8Be(g.s.)), and 208Pb( 12C,8Be(2.94 MeV)) by 
coincident measurement of three a-particles or two a
particles for 12c• and 8Be detection, respectively. By 
folding in the probability of detecting correlated parti
cles, the absolute production cross sections were deter
mined, which were then compared with the measured 
singles a-p~rticle cross section at 187 MeV 12C bom
barding energy. From this comparison, further infor
mation could be obtained about the reaction channels 
important in fast a-particle production. 

A detection system was employed which consisted 
of three AE-E counter telesc6pes mounted on a movable 
platform and arranged in a vertical fashion with respect 
to the normal scattering plane. A pair of particle tele
scopes were located syniinetrically above and below the 
scattering plane, i.e., the collimator post between these 
two telescopes was bisected by the horizontal reaction 
plane. Further, a third telescope was always located 
above the reaction plane. COincidence events between 
any pair of telescopes were recorded, but simultaneous 
events in all three were not. 

Figure 1 shows a Wilczynski-type diagram for 
8Be(g.s.) production at 187 MeV. Such a diagram plots 
contours of the double differential cross section 
d2ujdOdE for the 8Be(g.s.) reaction products as a func
tion of their kine~ic energy and their laboratory scatter
ing angle, highlighting both the energy and the angular 
distributions. This figure and those at the other bom
barding energies show a ridge near beam velocity that 
extends from the maximum, toward backwarp angles. 
There is little or no evidence of a ridge extending back 
from zero degrees as is characteristic of a deep inelastic 
reaction. The ridge is therefore likely to be associated 
with an interaction that is peripheral in nature. No 
other significant features are evident. 

Q) 
.O(IJ 
.2a> 
w 

20 

8 ~ab (degrees) 
Be(g.s) 

Fig. 1. Wilczynski-type diagram for the production of 
8Be(g.s.) nuclei for the system 187 MeV 12C + 208Pb. 
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Figure 2 shows the absolute differential cross sec
tion for the production of 8Be(g.s.) nuclei. These cross 
sections were obtained by integrating the ( 12C,aa) spec
tra by energy bins with the appropriate detection proba
bility for 8Be(g.s.) nuclei folded in. Increasing cross 
section with decreasing angles and steeper angular dis
tributions· with increasing bombarding energy are evi
dent in this figure. Cross sections to several hundred 
millibarns are apparent, suggesting that a significant 
fraction ofthe inclusive a-particles arise from decaying 
8Be nuclei.. 

The observation of a large production cross sec
tion for 8Be(g.s.) and 8Be(2.94 MeV) nuclei at E( 12C) 
= 187 MeV permits the conclusion that projectile frag
mentation is largely responsible for the fast a-particle 
production. These measurements, together with those 
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of Siwek-Wilczynska, et al., 1•2 provide an explanation 
for the origin of over 80% of the observed a-particles at 
187 MeV bombarding energy. Although the observed 
8Be production cross sections as a function of the bom
barding energy are not in disagreement with the simple 
incomplete fusion model predictions of Siwek
Wilczynska, et al., it is also clear that projectile spec
troscopic andjor final state interactions are important in 
fragmentation reactions at these bombarding energies. 
An angular correlation measurement of a + 8Be reac
tion products would be feasible and very valuable to a 
further understanding of the breakup mechanism(s) 
involved. 
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Transfer and Breakup Reactions in 160 + Csl at 16.4 MeV jn * 

M.J. Murphy, B. G. Harvey, D.L. Hendrie, W W Pang, K. Van 
BibberJ and R. Legrain* 

A streamer chamber triggered by any one of three 
Si(Li) particle telescopes at 12.5°, 17.5°, and 24.0° 
(lab) was used to observe the multiplicity of charged 
particles in coincidence with the trigger particle in the 
reaction 160 + Csi at 16.4 MeV /nucleon. The meas
urement provided relative probabilities for transfer and 
projectile breakup as a function of ejectile charge, as 
well as energy spectra of the heavy ejectiles from 
transfer and breakup events. The events were photo
graphed by a single camera in the direction normal to 
the reaction plane defined by the beam and the trigger 
particle. Simultaneously, the signals from the .::lE-E 
telescope were recorded on magnetic tape along with an 
event number identifying the photographic frame. 

The photographs were scanned for charged parti
cle multiplicity in the forward and backward hemi
spheres. The positions of the projectile track at the tar
get and of the ejectile track at the chamber exit window 
were checked for consistency with the target center and 
the telescope position. Because of the high level of RF 
noise from the Marx generator, only Z-identification 
was obtained from the telescope for Z = 3, 5-8. At Z 
= 4, 7Be and 9Be were well resolved. 

We assume that tracks in the backward hemi
sphere arose from charged particle evaporation from the 
target and that evaporation was isotropic in the labora
tory system. The numbers of forward hemisphere 
events were corrected for the (small) evaporation contri
bution and summed over telescope angles. The result
ing multiplicity distributions are shown in Table I. 

We interpret multiplicity (M) = 1 events as 
transfer reactions and M > 2 events as projectile 
breakup. Table I shows that Z = 7 ejectiles are pro
duced almost exclusively by the transfer mechanism 
and that the ratio of breakup to transfer increases with 
decreasing Z. Nevertheless, a nine nucleon transfer 
produces most of the 7Be. A striking result is that 
(except for Li triggers) multiplicities (M) greater than 
two are very rare. This observation alone places some 
restrictions on the mechanism of projectile breakup, 
suggesting that sequential decays of excited ejectiles 
play a major role. 

As an example, most of theM = 2 events with Z 
= 5 are due to 11B. A prompt 160 fragmentation would 
produce 11B + 5Li. But 5Li is unstable to decay to 4He 
+ p, so this mechanism could not give an M = 2 event. 
On the other hand, the sequences 160 ~ 12C* ~ 11B + 

p or 160 ~ 15N* ~ liB + 4He would yield liB in M = 

2 events. Moreover, the prompt M = 2 breakup of 160 
into 9Be + 7Be would produce equal yields of these 
nuclides, whereas we observed 4. 5 times more 9Be than 
7Be. A sequence such as 160 -+ 

13C* -+ 
9Be + 4He 

could contribute to the extra 9Be yield in M = 2 
events. 

The energy spectra both of transfer and breakup 
reactions show the familiar quasi-elastic peak at an 
ejectile velocity close to projectile velocity. However, 
the peak energies of the breakup spectra, as shown in 
Table II, are shifted down in energy by 10 - 20 MeV. 
The energy shifts in M > 2 spectra are just what would 
be expected for transfer reactions (or inelastic excita
tion of 160) that leave the primary ejectile at an excita
tion energy just above the theshold for 4He or p decay. 
The small (9 Mev) shift for Z = 6 triggers is, on this 
picture, due to the low (7.2 MeV) threshold for 160* -+ 

16c + 4He. 

Table I. The associated charged particle multiplicities, 
summed over angle after correction for target evapora
tions. Also included is the total number of observed 
backward-going tracks for each ejectile charge. 

MULTIPLICITY 

EJECTILE 1 2 3 4 5 NBACKWARD 

Li 22 60 17 5 0 25 
7Be 11 4 5 0 0 3 
9Be 40 18 1 1 0 11 

B 66 45 2 2 0 12 
c 194 85 4 1 0 7 
N 339 16 1 0 0 0 

Footnotes 
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Table II The measured mean energies of the M±l and M>l spectra 

EJECTILE BEAM <E>M-1 <E>M2:2 <E>M=l-<E> m2:2 
VELOCITY 

(TRANSFER) (FRAGMENTATION) 
MeV MeV MeV MeV 

9Be 148 142±9 123± 10 19 ± 13 
B 180 167±7 156± 8 11 ±10 

c 197 206±4 197± 6 9± 7 
N 230 226±2 215 ± 13 11 ± 13 

Kinematics of Heavy Ion Transfer Reactions* 

B.G. Harvey and MJ. Murphy 

Any model of the kinematics of heavy ion transfer 
reactions must give agreement with two experimental 
quantities. The first of these is the kinetic energy of 
the ejectiles, which are observed to have broad peaks at 
energies corresponding to a velocity close to that of the 
projectile. The second observable is the quantity of 
angular momentum transferred to the target nucleus. 
The semiclassical model of Brink1 addresses both ques
tions, but it contains approximations that limit its appli
cation to transfers of small masses on to the periphery 
of the target nucleus. 

The transfer reaction model of Wilczynski, et al. 2 

implies that the impact parameter becomes smaller the 
larger the mass transfer, and it accounts quite well for 
the reaction cross sections. The model of angular 
momentum transfer proposed by Abul-Magd3 explicitly 
requires that the transferred nucleons be contained in 
an overlap region of the projectile with the target 
nucleus. In the present work we have adopted that 
hypothesis and combined it with the assumption of 
Brink1 that the nucleons are transferred at the velocity 
with which the projectile arrives in contact with the tar
get nucleus. Unlike Brink, though, we have taken 
account of recoil so the results are valid for arbitrarily 
light target nuclei and for large mass transfers. The 
calculations are nonrelativistic. The geometry of the 
colliding system at the point where transfer begins is 
shown in Fig. 1. 

The angular momentum transfer A is given by 
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where the ,_•s are reduced masses, VreJ and v;el are the 
relative velocities of projectile-target and ejectile-final 
nucleus respectively, and 

The relative velocities take account of the target and 
final nucleus recoils. Since A is a function of v~" it 
depends on the effective Q-value Qi of the transfer. 

The angular momentum of the nucleons (of mass 
m) to be transferred is also given by 

where ~is the mass of the final nucleus, vtr is the velo
city of the transferred nucleons, v5 is the velocity of the 
recoiling target, and Ru is the projected distance 
between the center of mass of m and the target: 

Rtr = R2 - h + h' 



For any value of Oe, v5 can be obtained by conservation 
of momentum from: 

Vs = 

where A2 is the target mass. 

Assuming with Brink that transfer is most prob
able when Vtr equals the projectile velocity at contact 
and equating the two expressions above for A yields the 
value of Q0

, the optimum O:value for which the 
transfer cross section will reach its peak value. From 
Q0 the ejectile kinetic energy at the quasi-elastic peak 
can be calculated for any angle of observation. 

The model gives quasi-elastic ejectile peak ener
gies that correspond to velicities within a few percent of 
the projectile velocity, even when the target nucleus is 
lighter than the projectile and recoil effects are large. 

Figure 2 shows a comparison of the calculated 
and experimental4 angular momentum transfers in the 
system l<Ne + 181Ta at 150 MeV, as a function of the 
ejectile Z and of total kine~ic energy loss ( -Q). The 
vertical arrows indicate the O:value corresponding to 
Q0

• Agreement is excellent for O:values near to Qo, 
i.e., in the quasi-elastic peak. For much more negative 
O:values, the observed ejectiles are at least in part pro
duced by projectile breakup5 with a smaller (or even 
zero) transfer of angular momentum. 

Fig. I. Geometry of overlap. The nucleons to be 
transferred are contained in a spherical cap of height h 
(shaded). h', h" are the centers of mass of transferred 
nucleons and ejectile nucleons. The distances Ri> Rr, 
and Rtr are defined in the text. 
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Fig. 2. Comparison of calculated angular momentum 
transfer (solid lines) with the experimental results of 
ref. 4. 
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Recoil Range Studies of Target-like Products of Multinucleon 
Transfer from 180 to 245Cm and 249a 

Rose Marie McFarland, Albert Ghiorso, and Glenn T. Seaborg 

Our group is interested in knowing the mechan
ism, or mechanisms, contributing to the production of 
nuclides of Z and A between those of the target and 
compound nucleus in reactions of actinides with light 
heavy ions (LHI) ( 4 < A < 40) at energies just above 
the interaction barrier. In this preliminary study,' 
measurements were made of recoil ranges of alpha and 
spontaneous fission activities produced in bombardments 
of 245Cm and 249Cf with 180 projectiles. 

All bombardments were done at the 88-Inch 
cyclotron at Lawrence BerkeleJ. Laboratory. The tar
gets consisted of 0.240 mg 24 Cmfcm2 and 0.520 mg 
249Cfjcm2 as the actinide trifluoride. Curium-245 was 
bombarded with 93, 99.6, and 111.6 MeV 180 and 249Cf 
with 83, 89.2, 99.8, and 111.6 MeV 180 projectiles. 
Recoiling products were caught in a stack of ten 0.1 
mgfcm2 aluminum foils. After a bombardment, each 
foil was placed over a Si(Au) surface barrier detector 
with pulse height analysis, and its decay was followed 
for up to six months. Nuclides were identified by Ea 
and half-life. 

Recoil range is a function of both the energy and 
angle of separation of the dinuclear complex: 

VT' COS ~ = VT' COS 01" + Vern (1) 

where vT' and ~T are the lab velocity and recoil angle 
of the target-like fragment, V T and 0T are its center
of-mass (c.m.) frame velocity and angle, and v is the 

em 
velocity of the center of mass. The expression on the 
left is a direct measure of the recoil range. 

Complete fusion and massive transfer were elim
inated as contributing mechanisms on the basis of the 
shape of the range distributions. Both should exhibit 
narrow distributions with a. very sharp cutoff at the 
high-range side. 2 Figure 1 shows a typical range histo-
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gram, that of 252Fm formed in the reaction of 111.6 
MeV 180 with 249Cf. The distribution is broad with a 
long, high-range tail. Therefore, it was assumed that 
only quasi-elastic and deep inelastic transfer, or QET 
and DIT, contribute to these reactions. 

QET is characterized by an optimal dinuclear 
separation energy determined by entrance-to-exit chan
nel trajectory matching conditions and a most probable 
separation angle near the classical Rutherford grazing 
angle. In DIT, the separation energy is equal to the 
exit channel Coulomb barrier and, for these very fusile 
systems, a separation angle near 0°. 

Recoil range alone is insufficient to determine 
both energy and angle of separation. Successive 
approximations using the characteristics of QET and 
DIT and the recoil range distributions were made to 
obtain an angular distribution. 

Equation (1) was used to estimate the c.m. angle 
interval subtended by each foil, assuming separation 
energy at all angles equal to the exit Coulomb barrier. 3 

A c.m. angular distribution was constructed from these 
intervals and the recoil range distribution QET and DIT 
components were graphically resolved, the former as a 
gaussian centered at a side angle, the latter as an 
exponential peaked at 0°. The foil-to-angle transforma
tion was recalculated, this time with an angle
dependent separation energy; i.e., at each angle, the 
energy was taken to be the weighted average of the 
optimal and Coulomb energies, according to the relative 
importance of QET and DIT, respectively, at this angle. 
The process was repeated until the recoil range distribu
tion predicted came no closer to that measured, and the 
angle intervals remained the same. Figure 2 is the set 
of angular distributions derived for Fm isotopes from 
111.6 MeV 180 + 249Cf. 

• 



Except for ~ 52Fm from 180 + 245Cm. all observed 
products are from projectile stripping of one or two pro
tons and some neutrons. Projectile-like particle meas
urements show that DIT is comparable in importance to 
QET in such reactions. However, there is no forward
peaked component in any of the derived angular distri
butions, except for 252Fm from 111.6 MeV 180 + 
245Cm. This can be interpreted as an effect of looking 
at target-like residues, which will be severely depleted 
by fission during de-excitation. DIT is accompanied by 
higher excitation than QET, particularly at low bom
bardment energies, so it is reasonable to expect that 
QET is the predominant mechanism contributing to the 
formation of actinide target-like residues. 
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Fig. 1. Recoil range distribution of 252Fm from 111.6 
MeV 180 + 249Cf. 
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topes for 111.6 MeV 180 + 249Cf derived from recoil 
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Excitation Functions for Production of Heavy Actinides from 

Interactions of 180 with 248Cm and 249Cf 

D. Lee, K. Moody, M. Nurmia, G. T. Seaborg, H. von Gunten, * and 
D. Hoffmant 

Work on the production of heavy actinides by the 
interaction of ISO and other light heavy ions on actinide 
targets' was continued in this period. We measured 
excitation functions for the production of isotopes of Bk 
through Fm in bombardments of 24sCm with 97- to 
122-MeV ISO ions and of isotopes of Bk through No in 
bombardments of 249Cf with 91- to 150-MeV ISO ions 
supplied by the 88-Inch cyclotron. The isotopes of 
interest were assayed using radiochemical techniques. 
An example for excitation functions of Fm isotopes pro
duced in the reaction of ISO + 249Cf is shown in Fig. 1. 
The cross sections are largest for transfer of a few 
nucleons and decrease rapidly with the number of 
transferred nucleons. They show appreciable magni
tudes even below the calculated Coulomb barrier. 

The experimental results were compared with cal
culations based on a simple model taking into account 
ground state Q-values for the reactions and Coulomb 
barriers. These comparisons show that in general about 
half the kinetic energy of the projectile is transferred to 
products that survive fission. It was also demonstrated 
that simple calculations of this type may be helpful in 
selecting projectile-target systems and optimum energies 
for the production of as yet unknown heavy isotopes and 
elements. 

The present work allows a comparison of cross 
sections for production of isotopes of Bk through Fm 
from reactions of Iso with 24sCm and 249Cf. The shapes 
of the mass-yield curves for both systems look rather 
similar. The reactions with 24scm are generally more 
favorable for the production of neutron-rich products, 
whereas those with 249Cf should be used to produce 
lighter isotopes of an element (see Fig. 2). The cross 
sections and widths of the mass distributions of the 
same nuclear transfer, e.g., (lp,xn) or (2p,xn) are very 
similar for ISO reactions with 24scm and 249Cf. 

The reactions with lighter heavy ions (e.g., 180) 
compares also very favorably with production cross sec
tions obtained in reactions with very heavy projectiles 
(e.g, 238U) 2

; however, the widths of the mass distribu
tions are about 1 AMU narrower for the lighter projec
tiles. 
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Fig. 1. Excitation functions for Fm isotopes produced 
in the bombardment of 249Cf with 180. Points are con
nected only as a visual aid. 
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• 248cm+97-Mev 18o 

• 249ct + 97- Mev 180 

Fig. 2. Comparison of the mass distributions for Es iso
topes from the bombardment of 248Cm .and 249Cf with 
97 MeV 180. (Data for 248Cm from this work and Ref. 
I were averaged.) Points are connected only as a visual 
aid. 
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Actinide Production from the Reaction of 129Xe with 248Gn 

RB. Welch, K.J. Moody, D. Lee, K.E. Gregorich, 
P. "Wilmarth, and G. T. Seaborg 

We have measured the production cross sections 
for some actinide nuclides formed in the reaction of 
129Xe with 248Cm at a projectile energy between 715 
and 785 MeV ( 1.0 to 1.1 times the Coulomb barrier) in 
the target, to study the effect of using a more neutron
deficient projectile than those previously used by us in 
heavy-ion-induced reactions. These data are compared 
in Fig. 1 with the production cross sections for 
actinides from the similar reaction of 136Xe with 
248Cm. 1 The cross sections for nuclides of a given ele
ment above the target (Z > 96) appear to be peaked 
about 2 mass units lighter for 129Xe than for 136Xe. 

A 129Xe beam was obtained by extraction of 129Xe 
by the Abel injector of the SuperHILAC from a natural 
xenon source (26.4% 129Xe) and accelerated to 1089 
MeV by the SuperHILAC into our target system in S
Cave. After passing through a 1.8 mgjcm2 havar win
dow, 0.3 mgjcm2 nitrogen cooling gas, and 2.3 mgjcm2 

beryllium target backing, the beam struck a 0.502 
mgjcm2 248Cm target, present as C~03• The energy on 
target, as measured by a Si(Au) surface barrier detec
tor, was 750 MeV, with a FWHM of 70 MeV. 

The irradiation consisted of nine hours of approxi
mately 250 electrical nanoamperes of 129Xe +29 through 
the target. The reaction products were stopped in a 
gold catcher foil, and chemical procedures were used to 
create Cf, Es, and Fm alpha sources for counting. The 
procedures used are the same as those used by Moody, 
et al., 1 for 136Xe on 248Cm. 

Both of the 129Xe and 136Xe reactions were done 
at full energy of xenon out of the SuperHILAC and 
into the same target assembly and are approximately 
the same energy on target. As expected, the more 
neutron-deficient projectile e29Xe) makes products that 
are more neutron deficient, in this case by about 2 mass 
units for a given Z. We intend to do another 129Xe 
bombardment at the same energy to determine cross 
sections for neutron-deficient Cf, Es, and Fm isotopes, 
as well as any Bk and Am isotopes. We also intend to 
use different energies of 129Xe and compare products 
with those from analogous 136Xe reactions. 
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Preliminary Results from the Reaction of 208Pb with 197 Au 

MD. Perry, KJ. Moody, R.B. Welch, K.E. Gregorich, 
P. Wilmarth, and G. T. Seaborg 

We have measured the production cross sections 
for many of the nuclides near both the target and the 
projectile from the reaction of 8.19 MeV fA 208Pb +39 

ions with a thick target of 197 Au. The irradiation was 
performed with as much as 12 electrical nanoamperes 
d.c. of beam for approximately three hours. The thick
ness of the gold target was 49 mgfcm2, which is enough 
to stop both the beam particles and the deep-inelastic 
reaction products, but which would allow some fission
like products to eseape. This was desirable to see the 
lead- and gold-like reaction products ~etter. Since 
208Pb ions will make the reaction products' of interest in 
reactions with any isolation foil or catcher foil, the 
197 Au material was exposed directly to the beam; there
fore any reaction products recoiling backward in the 
laboratory frame would be lost. 

At the erid of the irradiation,· the whole 197 Au tar
get was pulse-height analyzed for gamma rays with a 
Ge(Li) detector with a resolution of 1:8 keY FWHM 
for the 60Co lines. Spectra were taken for approxi
mately one month following the irradiation. Program 
SAMPO'·was used to integrate the gamma peak areas, 
then decay curve analysis was performed to obtain the 
cross sections shown in Fig. 1. Corrections for feeding 
by beta decay are not yet complete. The effective tar
get thickness used in the cross section calculations is 
the amount of gold necessary to degrade the 208Pb 
energy down to the nominal Coulomb barrier, about 14 
mgfcm2. 

Many more nuclides were observed than are 
shown in Fig. 1 because of the lack of known absolute 
gamma-ray intensities for many of the nuclides in this 
region. For example, platinum isotopes as neutron 
deficient as 186Pt were observed for which cross sections 
could not be determined. There is a similar problem in 
the light lead and bismuth isotopes. 

Both halves of several isomer pairs were observed 
and their isomeric cross section ratios are listed in 
Table I. Those products that are formed by simple 
nucleon transfer seem to populate the ground state in 
preference to the isomer, while those arising from 
.. deeper" collisions favor the isomeric state. 

Table I: Cross section ratios for isomeric states formed 
in the reaction of 208Pb + 197 Au. Included are only 
those isomer pairs which are shielded or whose parents 
do not feed them significantly. 

; 

Isomer Pair 

197Hg 
197Pt 
196Au 
198Au 
19Bn 

Observed Ratio, u / u m 

2.5 ± 1.6 
0.5 ± 0.2 
3.5 ± 1.9 
9.1 ± 3.0 
0.8 + 0.3 

PIIIICT IUS IIIIEI 

Fig. 1. Reaction product cross sections from 208Pb + 
197 Au. Not all corrections for feeding during the bom
bardment have been made. Connecting lines serve 
merely to guide the eye. 
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Relativistic Energies: Spectators 

The Breakup of Spectator Residues in Relativistic Nuclear Collisions* 

A./. Warwick, H.H Gutbrod, HG. Ritter, H Stelzer, F. Weik, 
HH Wieman, S.B. Kaufman, E.P. Steinberg, and B.D. Wilkinst 

Based on the results of a multi-detector experi
ment, we develop a comprehensive description of the 
breakup of the excited residue of a Au nucleus after 
bombardment by relativistic protons, helium, and neon 
projectiles. We have measured the spectra of the slow 
fragments (10 <A< 150) and the multiplicities of the 
charged particles emitted from the same event. These 
multiplicities fall into two categories: the fast, light 
particles from the primary interaction zone and the 
slower, heavier charged particles (2 < Z < 12) from 
the target residue. We separate the contribution of 
fission to the yield of intermediate mass fragments from 
a more violent spallation mechanism, which produces 
fragments across the full range of measured masses. 1 

We find, at a fixed projectile energy, that the 
violence of the initial stage of the collision, as meas
ured by the multiplicity of fast particles emitted, is 
positively correlated to the excitation of the residue, 
measured by the spectra of the slow fragments pro
duced. 

Slow fragments of a particular mass always exhi
bit the same energy spectra, essentially independent of 
the projectile mass and energy. Thus the mass of the 
fragment produced indicates the excitation of the resi
due, independently of the fast stage of the collision, 
which increases dramatically in its violence as the pro
jectile mass or energy is increased. The lighter slow 
fragments exhibit spectra indicative of more highly 
excited residues. 

In events producing lighter fragments (A ~ 30) 
at the highest projectile energy ( 42 GeV) we can 
account for the entire mass of the event in our meas
ured multiplicities, giving a complete picture of the typ
ical breakup configuration (Table 1). This information 
enables us to calculate the effect of the late stage 
Coulomb interaction on the energy spectra of the A ~ 
30 fragments and we find these spectra to be consistent 
with an initial residue temperature of 20 MeV. This 
value is consistent with that needed to reproduce the 
measured light fragment mass-yield curve in the statist
ical calculations of Fiu and Randrup. 2 

Table 1 

Mass balance for Ne + Au collisions leading to 
the Emission of a Fra2ment of A = 20 - 40 

5 GeVNe +Au 42 GeV Ne +Au 
Approximate Approximate 

Mean Number of Mean Number of 
Product Multiplicity Nucleons Multiplicity Nucleons 

Trigger fragment 1 30 1 30 
Fast charged particles 13 17 42 50 
Fast neutrons 29 29 60 60 
Slow charged fragments 6 45 5.6 39 
(Z = 2- 27) 
Slow protons 6 6 6 6 
Slow neutrons 24 24 24 24 
Total 151 209 
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Heavy Fragment Yields in the Interaction of 28 GeV Protons with 238U 

B. V. Jacak, • W. Loveland, t D.J. Morrissey, • P.L. McGaughey, and G. T. Seaborg 

During the past year, we have completed the 
analysis of a study of the production of heavy target 
fragments in the interaction of 28 GeV protons with 
238U. The details of the data analysis are summarized 
elsewhere. 1 The deduced isobaric yields are shown in 
Fig. 1 along with the previously published work of Chu, 
et al. 2 The measured cumulative yield radionuclide 
production cross sections for species with 172<A<207 

28 GeV p + 
238u 

~ n-rich 

I n- deficient 

t total yield 

range, in general, from 1 to 10mb, indicating without a 
doubt that these fragments are produced in significant 
yields in the interaction of 28 GeV p with 238U. The 
charge dispersions for the species with 182 < A < 207 
are moderately well defined and thus the isobaric yields 
derived from them (Fig. I) of 5-10 mb for fragments 
with 180<A<200 appear to be reasonably well esta
blished, although they do exceed significantly the 

Fig. 1. The target fragment mass distribution, u{A), obtained for this work for interaction of 28 GeV protons with U 
is shown along with the previous radiochemical data. Filled circles represent the total isobaric yield while the open 
circles and crosses represent the isobaric yield of the n-rich and n-deficient species at a given A value. The dashed 
line is to guide the eye through the data of this work. 
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measured radionuclide production cross sections. The 
production of these heavy fragments is, therefore, a pro
cess with a total cross section of -250 mb. In any 
case, the yields of these fragments are significantly 
higher than would be expected for fission fragments 
based on the shapes of the single fragment mass yields. 

We have attempted to pursue the question of the 
origin of the heavy (160 < A < 210) fragments in a 
didactic manner. We have assumed an initial distribu
tion of target fragment mass, charge, and excitation 
energy as might be appropriate for the first, fast stage 
of the p-U collision and then attempted to compute the 
final product distribution after de-excitation of these 
primary residues. In doing so, we can show the types 
of events that could lead to products in the 160 < A < 
210 region. Figure 2 shows the shape of the assumed 
fragment distribution from the 28 GeV p + 238U reac
tion after the first, fast step of the reaction. 

The de-excitation of the members of this initial 
fragment distribution was calculated using the EV A3 
code of McGaughey and Morrissey. 3 In Fig. 2 we show 
those members of the initial fragment population that 
survived to form fragments with 160 < A < 210. As 
one can see from examining Fig. 2, these survivors are 
generally uniformly distributed in mass number from 
215 to 235. Because of the steeply falling character of 
initial distribution with decreasing mass number, this 
means that the lower the mass number of the initial 
fragment from the fast, first stage of the reaction, the 
greater its probability of surviving to become a heavy 
fragment despite its high excitation energy. 

Deexcitation chains that lead to heavy fragments 
generally start, especially for primary fragments of high 
Z and A, with copious charged particle emission (to 
escape the region of high fissionability) followed by 
long chains of successive neutron emission (by nuclei 
that are very n-rich as the result of charged particle 
emission). The average length of the de-excitation 
chain leading from the primary to the final heavy frag
ment distribution is 53 A units with -770 MeV of exci
tation energy being removed. 
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Target Fragment Yields in the Interaction of 28 Ge V Protons with 181Ta 

C. Oertel: P.L McGaughey, D.J. Morrissey/ W Loveland, t and G. T. Seaborg 

Using very similar techniques to those described 
previously,1 we identified and measured the yields of 47 
different target fragment radionuclides from the 
interaction of 28 GeV protons with 181Ta. The mass 
yield curve deduced from these data is shown in Fig. 1. 

The comparison of the measured radionuclide 
yields in this work with that of Chu, et al., 2 who meas
ured, using a mass-separator, the yields of heavy rare 
earth nuclides from the reaction of 28 GeV protons with 
181Ta is inconclusive. The yields of 145Eu measured in 
both works are identical; however, the two yield values 
for the other radionuclide common to both measure
ments, 149Gd, differ by a factor of -2.4, while the iso
baric yield for A = 147 deduced in this work is -3/4 
that deduced by Chu, et al. The isobaric yield for A = 

123 measured in this work is in good agreement with 
the previous work of Rudstam and Sorensen3 who stu
died the reaction of 18 GeV protons with 181Ta. In a 
similar vein, we should note that the measured light 
fragment yields e4Na - 52Mn) determined in this work 
are in good agreement with the data of Cole and Porile4 

who studied the reaction of 400 GeV protons with 181Ta. 

It is interesting to compare the fragment yields 
measured in this work with the general systematics of 
light particle induced spallation yields as formulated by 
Rudstam. 5 In Fig. 1, we show the isobaric yield distri
bution predicted by the Rudstam CDMD formula with 
u = 1.967 u1. One notes that the Rudstam formula 
predicts a much steeper decrease of the isobaric yield as 
the fragment mass decreases than is seen experimen
tally. Presumably this is due to the fact that the 
parameters of the Rudstam formula were determined 
primarily by fitting lower energy data. 

Since our primary research effort is directed 
toward studying nucleus-nucleus collisions, it is of 
interest to compare the present data for p-Ta collisions 
with those determined6 for heavy ion-Ta collisions. In 
Fig. 2 we compare the isobaric yield distributions from 
p-Ta and heavy ion-Ta interactions. One is struck by 
the general similarity in shapes of the isobaric distribu
tions for reactions induced by protons and heavy ions of 
the same total projectile kinetic energy, a fact previ
ously noted. 7-

9 The total radioactive residue reaction 
cross section <Ac > 40) for the heavy-ion-induced 
reactions exceeds~he same quantity for the proton
induced reactions by the ratio of the geometric cross 
sections, as expected. Enhanced yields of the lightest 
fragments are seen in the heavy ion reactions, as noted 
previously. 4•
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Fig. 1. Target fragment yield distribution from the 
interaction of 28 GeV protons with 181Ta. The solid 
line shows the predictions of the Rudstam5 CDMD for
mula with u = 1.967 u
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Fig. 2. Comparison of isobaric yield distributions from 
the fragmentation of 181Ta by 25.2 GeV 12C (ref. 6) and 
28 Ge V protons. 
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Au Target Fragmentation at Intermediate Energies 

W. Loveland." K. Aleklett/ P.L. McGaughey, and G. T. Seaborg 

We have completed a survey of the energy depen
dence of Au target fragmentation at projectile energies 
from 7 to 2100 MeV ju. If we consider those Au target 
fragments with A = 80- 100 as arising from a binary 
fission process, we can derive a measure of the depen
dence of the transferred momentum, p1yans, on projectile 
energy for the events leading to the formation of these 
fragments. These deduced data are shown in Fig. 1. 
The results for the energy region of 18 - 84 MeV ju are 
in good agreement with the data of Galin, et al. 1 We 
can also deduce the primary momentum transfer, p~rans 
to the target residue for spallation events by assuming 
that events with A > 140 result from a spallation pro
cess. These data are also shown in Fig. 1. Examining 
these data we can see that for a given nucleus the exit 
channel of the reaction affects the maximum momentum 
that can be transferred. 

Considerable interest has been expressed in 
understanding the mechanism(s) responsible for the 
production of light (A < 60) fragments in Au target 
fragmentation. The Purdue-Fermilab collaboration2 has 
pointed out that the yields of the light fragments in 
high-energy proton-nucleus interactions follow a power 
law dependence possibly indicative of a vapor-liquid 
phase transition. 3 Warwick, et al. 4 have shown such a 
power law dependence describes the yields of fragments 
with A < 24 in the interaction of 2.1 GeV ju heavy ions 
with Au (an observation that can be extended to A = 
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60 using the radiochemical data of Kaufman, et al. 5). 

In Fig. 2 we show the excitation fu~ctions and projec
tile energy dependence of the fragment kinetic energies 
for typical A = 40 - 50 fragments from Au target frag
mentation. The excitation functions are quite broad 
and the kinetic energies of the fragments vary greatly 
over the projectile energy region shown consistent with 
the idea of more than one mechanism contributing to 
the production of these fragments. 

While single particle inclusive data such as that 
presented here are not sufficient to establish the produc
tion mechanism(s) for these light fragments, one can 
test some of the proposed mechanism(s) for consistency 
with the single particle inclusive data. For example, it 
is difficult to reconcile the proposed vapor-liquid phase 
transition that is said to account for the light fragment 
yields in high-energy collisions with the single particle 
inclusive fragment spatial distributions that show the 
forward to backward ratio (F /B) < 1 for these frag
ments at high energies. If the nucleus were to absorb 
enough energy to become "gasified" one would expect a 
significant forward velocity for the system (F /B > 1). 

In the same vein, one can note that Lynen, et al. 6 

have shown that the production of target fragments with 
10 <A < 40 in the interaction of 86 MeV ju 12C with 
197 Au is a binary process involving a target matter 
source for these fragments. The measured fragment 
kinetic energy is consistent with an evaporation 



mechanism for the production of these fragments. 
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Ta Target Fragmentation at Intermediate Energies 

P. Johnson,* W. Loveland,* P.L. McGaughey, 
K. Aleklett/ and G. T. Seaborg 

de Saint-Simon, et al., 1 have used mass spec
trometric techniques to study the yields of alkali metals 
in the reaction of 13, 27 and 77 MeV ju 12C with 181Ta. 
They find that as the projectile energy increases, the 
maxima of the alkali metal isotopic distributions shift 
toward more n-deficient nuclides, which can be inter
preted as indicating an increasing excitation energy of 
the precursors of these products. Surprisingly, they 
also find that the interaction of 24 GeV protons with 
181Ta leads to more n-deficient alkali metal distributions 
than the interaction of 77 MeV ju 12C with 181Ta, 
which, if we use the above reasoning, leads to an 
apparent contradiction of the general trend seen in 
other heavy elements in which, for projectile energies 
above 1-3 GeV, the excitation energy and momentum 
imparted to the target nucleus decreases sharply with 
increasing projectile energy. 

We have measured the target fragment recoil pro
perties in the interaction of 75, 80, and 85 MeV ju 12C 
and 107 MeV ju 160 with 181Ta using the thick target 
catcher recoil technique. Using the formalism 
described previously, 2 we have converted these frag
ment recoil parameters into momenta and energies. In 
Fig. 1 we compare the values of the fragment longitudi
nal velocity, ~II , after the first step of the reaction with 
the kinetic energy <E> of the fragments in the system 
moving with velocity ~II for common fragments from 
the interaction of 85 MeV ju 12C and 400 MeV ju 2~e 
with 181Ta. In the lower energy reaction, the fragment 
longitudinal velocities due to the first step of the reac
tion are -2x larger while the energies imparted to the 
fragments during the second step of the reaction are 
-3x larger. 

Using the simple relationship3 

E·=~N_!L 
PeN 

that has proven useful in analyzing p-nucleus collisions, 
we can compare the values of E•, the fragment excita
tion energy, for fragments produced in the reaction of 
85 MeV ju 12C and 19 Ge V protons4 with 181Ta. For 
the Rb isotopes studied by de Saint-Simon 1 we calculate 
that E•86 MeV /E.19 GeV = 0.7-0.8, leading to an 
estimate that the precursor of the Rb isotopes has an 
excitation energy that is some 30 MeV higher in the 19 
GeV reaction. The observed shift in the Rb isotopic 
distribution is -2A units when the incident projectile 
changes from 77 MeV ju 12C to 19 GeV protons in 
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general agreement with the kinematic data. 
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Fig. 1. Comparison of target fragment kinetic proper
ties deduced from recoil data using the two-step vector 
model for the interaction of 85 MeV ju 12C and 400 
MeV ju 2~e with 181Ta. 
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Transparency in Heavy Ion-Heavy Nucleus Nuclear Collisions 

W. Loveland,* K. Alek/ett/ P.L. McGaughey, and G. T. 
Seaborg 

We have reported previously' the results of our 
investigation of transparency in heavy ion-heavy 
nucleus nuclear collisions. Using the total radioactive 
residue production cross section as a lower limit to the 
total reaction cross section, we were able to conclude 
that these lower limit total reaction cross sections (for 
the l<Ne + 181Ta reaction) remain invariant with pro
jectile energy from 20 to 2100 MeV ju in agreement 
with predictions of DeVries and Peng (see Fig. 1 filled 
circles). In explanation of these data, we noted that for 
a heavy nucleus such as 181Ta, transparency effects asso
ciated with nuclear surface phenomena would not be 
expected to be large. 

We were quite surfrised, therefore, to read the 
report of Buenerd, et al., that in a study of the elastic 
scattering of 86 MeV ju 1~ from 208Pb, a transparency 
of 42% in the total reaction cross section was deduced 
from an optical model analysis of the data. We there
fore used the measured fra~ment yields for the interac
tion of 45 and 84 MeV ju 1 C with 197 Au to deduce iso
baric yields for these reactions, and, using the tech
niques described previously, 1 to deduce lower limits for 
the total reaction cross section for projectiles of these 
energies. interacting with heavy targets. Our results are 
shown as open circles in Fig. 1. (We have assumed 
that uR ex: (AJ13 + At_113) 2 to scale the results for the 
1~ + 197Au reaction to the 2~e + 181Ta reaction.) 
No indication is seen for an unusual transparency in 
these lower limit cross sections at the intermediate 
energies. Since the "lower limit" cross sections are 
-80% of the geometrical cross section, it seems clear 
that the portion of the total reaction cross section not 
measured by the radioactive residue cross section (ine
lastic scattering, multiple fragment breakup, etc.) are 
not the cause of the discrepancy between the measure
ments. 
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Target Fragment Angular Distributions in the Reaction of 86 MeV /u 
12C with 197 Au 

R.H. Kraus, Jr.,* W Loveland,* P.L. McGaughey, K. 
Alek/ett/Y. Morita, and G. T. Seaborg 

Using the facilities of the CERN SC synchrocy
clotron, we have measured complete fragment angular 
distributions (0-180°) for 76 different fragments ;,ro
duced in the interaction of 86 MeV ju 12C with 19 Au. 
Angular distributions for eight typical fragments from 
this reaction are shown in Fig. 1. No corrections have 
been made to these data for the finite beam spot size, 
the finite angular resolution of the recoil catchers, or 
the effect of scattering or stopping of the fragments in 
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Previously we have measured1 the recoil proper
ties of the fragments from the reaction of 84 MeV ju 
12C with 197 Au and had analyzed them in terms of the 
two-step vector model. We can use the angular distri
bution data to test the validity of this simple model. In 
Fig. 1, we compare the measured angular distributions 
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for the medium mass fragments 89Zr and 95Zr with cal
culations of these angular distributions based on the 
two-step vector model and the previously measured 
recoil data. The agreement between the data and the 
calculations seems quite satisfactory. Comparison of 
the angular distributions of 89Zr and 95Zr shows that 
the known decrease in F /B as the fragment N/Z 
increases is due not simply to a lessening in the 
forward-peaked character of the distribution but to a 
change in the shape of the distribution. The backward 
peaks in these distributions can be understood in terms 
of a significant anisotropy introduced in the second step 
of the reaction overcoming a weak forward kick given 
the fragment in the first step of the reaction. The 89Zr 
and 95Zr angular distributions might typify the high 
and low multiplicity components, respectively, of the 
mass 80-100 fragments (similar to those observed by 
Warwick et al. 2). 

The heavier fragment (A > 145) angular distri
butions show extremely large anisotropies. However, 
calculations based on the fragment recoil properties 
measured previously1 would indicate that significant 
absorption of the fragments moving sidewise and back-

ward occurs and that this phenomenon may have contri
buted to observed anisotropies. To check on this possi
bility further and to define it better quantitatively, we 
have repeated our measurement of the fragment angular 
distributions for the reaction of 86 MeV ju 12C with 
197Au using a thinner Au target, i.e., one of thickness 
-90 J.Lg/cm2• These data are being analyzed. The light 
fragment (A < 60) angular distributions show unusual 
forward and backward peaking that cannot be 
accounted for within the simple two-step vector model. 
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Target Fragment Angular Distributions in the Interaction of 2.1 GeV fu 

12C with 197 Au and 238U 

Y. Morita, W. Loveland,* and G. T. Seaborg 

Previous attempts2 to measure the target fragment 
angular distributions from the fragmentation of 197 Au 
and 238U by energetic heavy ions have shown that it is 
possible, albeit marginal, to make such measurements. 
The observed fragment anisotropes and the variation of 
this anisotropy with fragment mass number for the 
interaction of 3 and 12 GeV 12C with 197Au and 238U 
are in general agreement1 with calculations based on a 
two-step vector model treatment of thick target-thick 
catcher recoil data. In the interaction of 2.1 Ge V ju 
12C with these same heavy targets, it was found2•3 that 
the crude measure of the fragment angular distribution, 
the F /B ratio, is near unity for many fragments, indi
cating either isotropy or sidewise-peaked distributions 
or, in general, symmetry about 90° in the laboratory 
system. We thought it would be useful to try to resolve 
these ambiguities by another attempt at measuring frag
ment angular distributions, i.e., for the interaction of 
2.1 GeV/u 12C with 197Au and 238U. 

The measured fragment distributions are shown in 
Figs. 1 and 2. The fragment angular distributions 
shown in Fig. 1 for the interaction of 2.1 Ge V ju 12C 
with 197 Au are very similar to those observed for the 
reaction of 1.0 GeV/u 12C with 197Au. A similar situa
tion occurs when comparing the fragment angular dis
tributions from the interaction of 1.0 GeV ju and 2.1 
GeV ju 12C with 238U although the 97Zr angular distri
bution is more forward peaked at the higher projectile 
energy. This overall similarity is somewhat puzzling, 
especially for the 12C + U reaction where recoil data3 

indicate a decrease in the F /B ratios as the projectile 
energy increases from 1.0 to 2.1 Gev ju. Furthermore, 
the recoil properties of the two nuclides 97Zr and 99Mo 
produced in the interaction of 2.1 GeV ju 12C with 238U 
are virtually identical3 yet the measured angular distri
butions greatly differ. Resolution of this matter would 
seem to involve the measurement of the full (0-180°) 
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angular distributions of these fission fragments. 
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Anoinalous Reaction Mean Free Paths of Nuclear Projectile 

Fragments From Heavy Ion Collisions at 2 AGe V* 

E.M Friedlander, R. W Gimpel, H. H. Heckman, 
Y.J. Karant, B. Judek/ and E. Ganssauge* 

We present (LBL-10573) a detailed description 
and analysis of two experiments using Bevalac beams of 
160 and 56Fe. From their results it is concluded that 
the reaction mean free paths (MFP's) of relativistic 
projectile fragments (PF's), 3 < Z < 26, are shorter 
for a few centimeters after emission than at large dis
tances where they are compatible with values predicted 
from experiments on beam nuclei. The probability that 
this effect is due to a statistical fluctuation is <10-3. 

The effect is enhanced in later generations of frag
ments, the correlation between successive generations 
suggesting a kind of "memory" for the anomaly. Vari
ous systematic and spurious effects as well as conven
tional explanations are discussed mainly on the basis of 
direct experimental observations internal to our data, 
and found not to explain our results. The data can be 
interpreted by the relatively rare occurrence of 
anomalous fragments that interact with an unexpectedly 
large cross section. The statistical methods used in the· 
analysis of the observations are fully described. 

In LBL Report 14562 a brief overview of the 
status of experiments on the short mean-free-path effect 
is given. Since the publication of the data presented in 
LBL-10573, the results of two independent experi
ments1·2 on the MFP's of projectile fragments have 
been reported and are shown in Fig. 1, superimposed on 
the LBL-NRC results. Plotted in this figure are· the 
"charge-independent" MFP parameters A* I Abeam for 
the projectile fragments versus the distance D from 
their points of emission. The quantity A* is defined in 
the expression A* z = A* z-b, where Abeam - 30 em and b 
- 0.4 for beam nuclei of charge z. The parameters 
~ and b are deduced from primary accelerator 
andlor cosmic-ray beams in each experiment. The 
results of Jain and .Das1 used Bevalac beams 40Ar and 
56Fe at 2 AGeV, whereas the experiment of Barber, et 
al.,2 involved the re-analysis of MFP data from an 
extensive series of cosmic-ray balloon flights. All 
experiments consistently show that the MFP's of projec
tile fragments. are lower than Abeam for the ·first few cen
timeters from their origins, becoming compatible with 
~(A*IAbeam = 1) for distances D greater than about 
5 em. 
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Anomalous: Statistical Fluctuation or Physical Fact?* 

Erwin M Friedlander 

The Comment discusses: 

a) The main statistical arguments used in proving 
the significance of observations of anomalously 
short mean free paths (MFP's) of projectile frag
ments (PF's) emitted from relativistic heavy ion 
collisions and 

b) the sample sizes needed to detect similar effects 
in future experiments assuming a simple model of 
the phenomenon. 

a) The problem of testing the null hypothesis Ho. 
which states (in somewhat simplified physical terms) 
that PF's have the same MFP as beams of normal 
nuclei from an accelerator, is approached in two ways: 

1.) One may assume that the "normal", i.e., 
"beam" MFP's, Az, are known for every charge Z 
of the PF's (or at least that a reasonable 
inter(extra)polation is available). Then, taking 
into account that the exponential distribution law 
of interaction distances x is truncated at the value 
T of the potential path length, one may check 
whether P( <x), the cumulative distribution func
tion (CDF) of x, is uniformly distributed between 
zero and one. The available data from the 
LBL/NRC experiment1 contradict H

0 
with a 

better than 3. 7 standard deviation confidence 
level (Fig. 1). 

2.) One may ignore "calibration measurements" 
on normal beams and test for each PF charge 
separately the hypothesis that Az is the same 
irrespective of distance from the PF's origin. 
Here again the test reduces to checking whether 
the CDF of the ratio F = ;\If;\2 of MFP's of PF's 
of the same given charge below and above some 
cut-off distance is uniformly distributed between 
zero and one. Fig. 2 shows the distribution of 
P( <F) from the data of LBL/NRC and SUNY2 

along with the mean P of the University of Min
nesota group. 3 The shape of this distribution 
departs visibly from uniformity, and the mean 
values of P from the three experimental groups 
combine to -5 standard deviations from the value 
(P) = 1/2 expected from Ho. 

b) The simplest alternative hypothesis (H 1) used to 
explain these results is that PF's from relativistic heavy 
ion collisions include a fraction a of anomalous frag
ments (nicknamed "anomalons") with a MFP, say, g 
times shorter than the normal MFP. Estimates from 
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experimental data place a and g in vicinity of -0.06 
and -4 respectively. What are then in future experi
ments, aimed at refining our knowledge of the 
phenomenon, the sample sizes needed to reach a reason
able level of significance? As an example, it is shown 
that in the simplest case of a single type of PF + 
anomalon mixture, observed in a fairly large detector, 
the minimum number Nmin of events required to show 
departure from Ho with a confidence of M equivalent 
standard deviations is given by 

- M2 .[__±_.!_ 
[ )

2 

Nmin- 3~ g+ 3 · 

For M = 3, at least 425 events are needed in this 
overly simplified and optimistic case. More realistic 
calculations show Nmin to lie beyond -2000 (all this 
using the values of a and g mentioned above). Clearly, 
detailed Monte Carlo calculations are needed to plan 
concrete experiments. The arguments presented here 

show already, however, that considerably higher statis
tics than those used to detect the effect will be neces
sary to investigate its details. 
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Comment on "Interpretation of Anomalous Mean Free Paths 
of Projectile Fragments from Relativistic Heavy-Ion Collisions"* 

Y.J. Karant and M.H. Mac Gregort 

Bayman, Ellis, and Tang (BET) have argued1 that 
the "anomalon effect" occurs only for atomic number Z 
> 12 fragments and that this effect can be attributed to 
the formation of quasi molecular resonances ( QMR). 
However, the BET model appears to be in direct conflict 
with the experimental data, and the authors have failed 
to address several important points. Anomalon papers 
have been published recently by three experimental 
groups, Berkeley-NRC, 2 Buffalo, 3 and Minnesota. 4 In 
drawing their conclusions, BET have focused their 
attention mainly on the Minnesota experimental results. 
We made X: least squares fits5 to 17 data points6 from 
the three experimental groups, 2-4 using both a full Z
range (Z = 3-26) anomalon model, 2•5•

7 and also the 
BET model (in which only Z > 12) anomalons occur). 
Appropriate beam mean free paths (mfp's) were used 
for each data set, including low-Z isotopic effects. The 
results are shown in Table I. As can be seen, a con
strained BET fit (a = 0.25, as used in Ref. 1) gives a 
good fit to the Minnesota data, 4 but poor fits to the 
other data. 2•

3 An unconstrained BET fit (a = 0.08) 
gives lower x2 sums but with an unreasonable value for 
A. In the constrained BET solution, the poorest fits are 

to the low-Z data, but the solution is statistically very 
marginal over the entire range of Z-values. 

Table I. X: fits for a full-Z-range anomalon model and 
for the BET (Z > 12) model. 7 Anomalon fraction =a; 
anomalon mfp = ~/(2Z)fJ in em; average anomalon 
mfp over Z-range = A. With 17 data points, 6 we expect 
~n = 15. 

x2 Refs. z~ 

Sums Total 2 3 4 3-8 9-16 17-26 a {j~ A 

!Full Z-range 19 7 3 9 8 4 7 .06 1 22 1.1 

!BET model 41 11 23 7 19 10 12 (.25) 1 132 4.0 

30 6 15 9 20 3 7 .08 1 9 0.3 
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First Observations of 238U Interactions at 1 AGe V 

Harry H Heckman, Erwin M. Friedlander, and Yasha J. Karant 

On September 25, 1982, the ultimate objective of 
the upgraded Bevalac was achieved when 238U ions were 
successfully accelerated to 0.96 AGeV, nearly one
quarter trillion volts in kinetic energy! One of the first 
experiments performed with the extracted beam was the 
irradiation of nuclear emulsion track detectors to verify 
the acceleration of uranium and to make initial studies 
of 1 AGeV 238U interactions in matter. 

Within the 3-day period following the 25 Sep
tember irradiation, we processed and scanned the first 
set of exposed detectors and were able to have H. Pugh 
report on our first experimental results on uranium
nucleus collisions to the International Conference on 
Nucleus-Nucleus Collisions, Michigan State University, 

960 MeV /nucleon ... U 

f--- 100 ~m ----1 

Fig. 1. The catastrophic destruction of both the 
uranium and target nuclei, the latter being either Ag or 
Br in the emulsion. The forward-going "jet" of tracks 
are light, high-energy nuclear fragments of uranium. 
The dark tracks at larger angles are low-energy nuclear . 
fragments emitted from the target nucleus. 

XBL 829-11834 
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28 September 1982. 

Figures 1-3 show several characteristic interac
tions of uranium nuclei at about 1 AGe V kinetic 
energy. In all the microprojection drawings, the 
uranium nuclei enter from the left. Because of their 
high velocity, {3 = 0.87, and high electric charge, Z = 
92e, the uranium ions generate a large number and 
therefore a halo of o rays (energetic knock-on electrons) 
that produce the broad, "hairy"-like tracks. 

~ '. 

960 MeV/nucleon "'u .-
..... .r; 

,. . -. ...... -::::·:.·: . . ·· 

Fig. 2. A nuclear collision where the uranium disin
tegrates into a shower of nuclear constituents, all 
confined to a forward cone but with no detectable frag
ments emitted from the target. 

XBL 829-11836 

960 MeV /nucleon 230U 

Fig. 3. The uranium is seen to split into two heavy 
fragments with no associated charged target or light
projectile fragments. Such an interaction is charac
teristic of the binary fission of the uranium nucleus. 
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Characteristics of the Ionization Tracks and Interactions 

of Uranium-238 Nuclei in Emulsion* 

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

An integral part of the first successful accelera
tion and extraction of 238U nuclei at the Bevalac on 11 
May 1982 was the exposure of nuclear research emul
sion detectors to obtain visual confirmation of the 
acceleration of uranium nuclei. Two exposures of 
emulsion-detector packets containing 1 by 3 inch, 
glass-backed 50- and 200-J.Lm-thick IIford G-5 emulsions 
were made immediately after beam monitors indicated 
the presence of extracted 238U nuclei. The energy of 
the 238U ions was, from the machine parameters, 
estimated to be 147.7 MeV per nucleon. · 

Within an hour of their exposure the first emul
sions had been developed and the spectacular tracks of 
238U were seen, first by the naked eye (Fig. 1a) and 
then in detail under· the microscope. That the tracks 
were due to uranium was immediately evident from the 
predominance of collisions involving binary fission of 
the uranium projectile. 

The immediate impression one has when observ
ing the track of a stopping 238U ion is the immense 
number of o rays (energetic knock-on electrons) it pro
duces and the dramatic narrowing of the ionization 
track as it loses energy in coming to rest. This is illus
trated in Fig. 1 b, which is a photomicrograph of a 
uranium ion that entered the top surface of the emul
sion at grazing incidence (a few ions did so) and came 
to rest after traveling a distance of about 1.5 mm. The 
characteristic tapering of the stopping track (left to 
right) is attributable to two effects: (i) the decrease in 
the maximum o-ray energies, hence ranges, produced by 
the ion as its velocity decreases in coming to rest; this 
tapering is a well-known effect and is observed for all 
stopping ions of atomic number Z > 3 in electron
sensitive emulsions and (ii) the diminution of the net 
charge of the ion due to the capture of electrons as its 
velocity decreases, an effect that compounds the taper
ing of the uranium track. 

The mean range of the. noninteracting uranium 
ions observed in the emulsion detectors was 1.50 ± 
0.01 mm, the error being estimated from the dispersion 
of the ranges obtained in eight different emulsion 
plates. Before entering the emulsions, the uranium 
beam traversed an AI window, 136 mgjcm2 thick; air, 
-62 mgjcm2; and paper, -10 mgjcm2• 

The calculated energy of stopping 238U ions for 
this sequence of materials is 149 ± -3 MeV jamu, 

where the error includes estimates of variations in the 
thickness of the combination of AI, air, and paper 
absorbers and systematic uncertainties in extrapolating 
the range-energy · relation of heavy ions to the high 
energies and charges of the uranium ions. 

Measurements of the mean free path for inelastic 
uranium-nucleus collisions and the qualitative features 
of these collisions were also carried out. 

Based on 30 interactions in a total of 93.5 em of 
path length of interacting and 110ninteracting 238U ions, 
the interaction mean free path is ;\ = 3.1 ± 0.6 em in 
the interval 0 < E < 115 MeV per nucleon. This value 
is compatible with that calculated for the mean free 
path of 238U in emulsion, assuming geometric nuclear 
sizes, ;\calc = 3.6 em. 

Table 1 gives the relative frequencies of several 
classifications of uranium interactions that were 
observed and the range interval in which they occurred. 
To illustrate two of the classifications as defined in 
Table 1, we show in Fig. 1c an example of an event of 
the H + L type, where the uranium fragments to one 
heavy secondary accompanied by lighter fragments. 
Figure 1d is an event where the uranium undergoes 
binary fission, classified as a 2H event. 

Several qualitative features of the uranium 
interactions in nuclear emulsion at E < 115 MeV per 
nucleon are apparent from the data in Table I. These 
are: 

(1) About 70 percent of the collisions involve binary 
fission of the uranium nucleus, with or without 
L-fragment emission. 

(2) One-third of the events exhibit binary fission 
only. Such events would include both nuclear 
and Coulomb interactions. 

(3) Two-thirds of the events exhibit L-fragment emis
sion, a characteristic signature for a nuclear 
interaction. 

Footnote 

*Condensed from Science, 217, 17 September 1982, 
also LBL-14629 
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a 

Fig. 1. (a) Contact print of a 1 by 3 inch, 200-,um emulsion plate exposed to 238U ions at 115 MeV per nucleon. The 
tracks of the ions, 1.5 mrn in length, are visible to the naked eye and are seen to enter the upper leading edge of the 
emulsion and at grazing incidence to the surface of the emulsion. 

(b) Photomicrograph of the track of a stopping 238U ion in emulsion. The ion enters from the left and has a range of 
1.5 mrn. A 100-,um scale is indicated. 

(c) Interaction leading to the fragmentation of the uranium nucleus, where both heavy (one) and light projectile frag
ments are produced. 

(d) Example of a collision leading to binary fission of the uranium projectile. 
XBB 826-4956A 
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Table I. Characteristics of uranium interactions (E < 
115 MeV per nucleon) and number of interactions per 
0.5-mm range interval. In the first column, nH refers 
to the number of heavy fragments (fission fragments 
and heavier), and L indicates the emission of lighter 
projectile or target fragments. 

Type 

L 
H +L 
2H + L 

2H 

Number in range interval ( mm) 
Abundance 1.5 1.0 0.5 to 

(%) to to 0.0 
1.0 0.5 _Lending) 

10 ± 5 3 
17 ± 6 1 
40 ± 7 5 
33 + 7 2 

0 
3 
5 
4 

0 
1 
2 
4 

Search for Nonintegrally Charged Projectile Fragments 
in Relativistic Nucleus-Nucleus Collisions* 

P.B. Price/ ML. Tine knell, t G. Tarle/ 
S.P. Ahlen/ K.A. Frankel, and S. Perlmuttert 

Using CR-39(00P) plastic track detectors with 
charge resolution u ::::::: 0.06e, we have made the first 
dynamic search for fractionally charged particles bound 
to nuclei. Figures 1 and 2 show charge distributions 
for projectile fragments of 1.85 GeVjamu 40Ar interac
tions at mean distances of 3.1 and 1. 3 em from the 
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Fig. I. Charge distribution of projectile fragments 
measured at a mean distance of 3.1 em from their 
interaction points in a CR-39(00P) stack. The charge 
standard deviation, uz = 0.06e, results from averaging 
16 etch pit measurements per event. Abscissa are 
labeled at intervals of e/3. 
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points of interactions in CR-39(COP). We find that no 
more than 3 x w-3 (95% CL) of the fragments with 10 
< Z < 18 have charges differing from an integer by as 
much as 0. 3e. This rules out models in which 
anomalons in such charge range have nonintegral 
charge. 
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Fig. 2. Charge distribution of projectile fragments 
measured at a mean distance of 1.3 em from their 
interaction points. 
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Footnotes 
*Condensed from Phys. Rev. Lett. 50 ( 1983) 566. 

t Also at Space Sciences Laboratory 
:j:Terradex Corporation graduate fellowship 

Search for Delayed Gamma Decays of Anomalous Nuclear States* 

T.M liss, S.P. Ahlen, P.B. Price, and G. Tarle 

It has been shown by other workers1
•
2 that some 

of the fragments of relativistic heavy-ion collisions have 
an anomalously short interaction length but may revert 
to normal nuclei within -10-11 sec. Existing data are 
equally consistent with two interpretations: (1) About 
6% of the projectile fragments are anomalous, having an 
interaction mean free path (MFP) in nuclear emulsion 
of -2.5 em, an order of magnitude smaller than the 
MFP for low-mass primary nuclei (ref. 1). (2) Nearly 
all fragments have an interaction length initially 
reduced by a factor -0.65 and decay by neutral parti
cle emission into normal nuclei with a MFP of -0.85 
em (ref. 2). 

- Movable vacuum tank -

The statistical nature of previous experiments is a 
shortcoming of the evidence for anomalous nuclear 
states. It would be desirable to identify a feature that 
could be used to label those products that are in fact 
anomalous. One such feature suggested by theoretical 
models is the emission of one or more high-energy pho
tons as the anomalous particle decays into normal 
matter. 3 A distinguishing characteristic of such a pho
ton would be that its point of emission would be from 
one to several em beyond the target. 

By modifying an apparatus used previously to 
observe direct 'Y rays from nucleus-nucleus collisions, 4 

Trigger paddle 25cm 

Exit window-
Lucite 
window 

Fig. 1. Schematic of the experimental apparatus. 

166 

1 fire chamber 

I ~ ..--Beam 
Target 

XBL 834-9037 



we have looked for delayed 'Y rays characteristic of the 
decay of anomalous nuclear states produced as pr~ec
tile fragments in the collisions of 940 MeV jamu 6Fe 
nuclei from the LBL Bevalac with a steel target. 

Our experimental configuration is shown in Fig. 
1. A 41-cm-thick lead collimator with a hole 1 x 5 cm2 

in cross section permits only 'Y rays emitted at right 
angles from points 1.4 to 2.4 em downstream from the 
edge of the 0.62-cm-thick steel target to reach the pho
ton detector. The target is placed at the entrance win
dow of a large vacuum tank, which eliminates back
ground from interactions of the beam with air. To be 
detected, a photon emerging from the collimator must 
pass through the charged-particle anti-coincidence scin
tillator, A, and produce an e + e· pair in a 0.18-cm-thick 
Pb converter, C. The pair produce signals in the 
Cerenkov counter, CK, and scintillator, S, and deposit 
the remainder of their energy in a lead glass calorime
ter, LG. The detector is sensitive to photons with lab 
energies >15 MeV and <1000 MeV. 

During our exposure characterized by 1.63 x 108 

interactions only one valid event, at an energy of 70 ± 
13 MeV, was recorded. Based on this single event we 
calculate regions in the space of fragment-rest-frame 
photon decay energy, E0, versus proper mean lifetime, 
T 0, which can be ruled out by our data at a 95% 
confidence level assuming single photon decay. This is 
shown in Fig. 2. The right-hand ordinate is labeled for 
;\, the laboratory MFP. 

These results cast doubt on models in which 
anomalous states decay electromagnetically unless the 
photon energy, E0, is >2000 MeV or <70 MeV. 

Footnote and References 

*Condensed from Liss, et al., Phys. Rev. Lett. 49 
(1982) 775 

1. E.M. Friedlander, et al., Phys. Rev. Lett. 45 
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Fig. 2. Regions excluded by this experiment at a 95% 
confidence level for single-photon decay of anomalons. 
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Measurement of the Summed Residual Projectile Mass 

in Relativistic Heavy-Ion Collisions* 

J.D. Stevenson/ J. Martinis,* and P.B. Pricet 

We present the results of a multiparticle measure
ment that provides the first direct evidence of the vali
dity of the abrasion process. The objective of the meas
urement was to measure the summed mass of all projec
tile fragments, Ms, defined by 

(I) 

The sum is over all projectile fragments produced in a 
single collision. In the language of the abrasion
ablation model Ms is the mass of the projectile residue 
before ablation takes place. This measurement allows a 
direct test of the abrasion assumption independent of 
the speCifics of the ablation process. The method we 
used to determine Ms was to measure the total kinetic 
energy of all projectile fragments with a hadron 
calorimeter. Since projectile fragments are known to 
have an energy per nucleon within a few percent of that 
of the beam, a measurement of their total kinetic 
energy is a measurement of their mass. 

The calorimeter was located in the beam line 3.2 
m downstream from the target and subtended angles 
from -5° to 5° vertically and horizontally when viewed 
from the target. The device is triggered by an "inelas
tic event trigger" scintillator downstream of the target. 
Figure 1 shows the summed projectile mass distribution 
for a 2.1 GeV jnucleon 2<Ne beam with carbon and 
molybdenum targets. The most striking feature of the 
data is the pronounced difference in the shape of the 
two spectra. The yield of low-mass projectile residues 
is a factor of -20 higher for the molybdenum than for 
the carbon target. The depletion of low-mass projectile 
residues is expected from the abrasion model when the 
projectile nucleus is larger than the target nucleus, as 
in the case for the 2~e and C data. The solid curve 
shown in Fig. 1 is based on the abrasion model in 
which the target and projectile nuclei are taken to be 
spheres of uniform density with radii R given by R = 

1.2 A113 with R in fermis. One shortcoming of the 
abrasion model is that it assumes that the interaction 
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length, .\, for scattering of a projectile nucleon in the 
target is small compared with the radius, RT, of the tar
get nucleus. The broken curves in Fig. 1 are based on 
the modified abrasion model with two different values of 
the interaction length.\. Values of.\ between 0 and 1.5 
fm are consistent with both data sets. 

Footnotes 

*Condensed from Phys. Rev. Lett. 47 (1981) 990 

t Also at Space Sciences Laboratory 
:j:Also at Department of Physics, University of Califor
nia, Berkeley 

-A=O 
-·-A= 1.5F 
----A= 3.0F 

o Data 

Fig. 1. Plots of the distribution of summed projectile 
masses for 2.1 GeV /nucleon 2~e + C and 21Ne + Mo. 
Masses beyond 20 are due to spreading of instrumental 
resolution. The curves are based on abrasion calcula
tions described in the text. 
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Data Tables of Inclusive Particle Production at Forward Angles 

from Collisions of Light Relativistic Nuclei* 

L. Anderson, E. Moeller/ S. Nagamiya, S. Nissen-Meyer,~ 
L. Schroeder, G. Shapiro, and H. Steiner 

Data tables of fragmentation cross sections of 
relativistic light ions have been compiled on eight 
microfiches. These data were obtained from an experi
ment whose details are described in ref. 1. 

The reaction types and energies are summarized 
in a TABLE OF CONTENTS together with the 
identification numbers of the corresponding microfiches. 
A detailed INDEX for each fiche follows. Cross sec
tions of Z = 1,2 fragments with the same nominal 
(lab) rigidity P/Z (GeVjc) and transverse rigidity 
Pl/Z (GeV jc) are grouped together on a single frame 
o a fiche. 2 The INDEX lists the values of PJZ, PT/Z 
(first two numbers in each entry) and the observed 
fragment types together with the address of the frame 
on the fiche where the data are tabulated. In case of 
negative pions, cross-section data with the same nomi
nal (lab) momentum P (GeV /c) but different transverse 
momenta P (GeV jc) are grouped together on a single 
frame of a fiche. 3 Correspondingly, the INDEX lists the 
values of P (first number in each entry) followed by up 
to five different PT values together with the address of 
the frame on the fiche where the data are tabulated. 

We have tried to fit some of the data, namely the 
longitudinal momentum distributions for PLProj > 0 at PT 
= 0 and the transverse momentum distributions at 
~Fragment = ~Beam in terms of an exponential, which is 
most important for high fragment momenta, plus either 

a Gaussian or a second exponential, which dominate the 
lower momentum behavior. Here, PLProj and PT are the 
longitudinal momentum in the projectile frame and the 
transverse momentum, respectively. The corresponding 
fit parameters are summarized on fiche 492. It should 
be noted that, although this parameterization gives rea
sonable fits to the data in most cases, there are some 
notable exceptions. 
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Invariant Mass Spectra from 12C Interactions 

H.J. Crawford* 

Single particle inclusive measurements in high 
energy nuclear physics have provided information use
ful to astrophysics, biology and electronics, as well as 
providing the foundation for a number of models of 
interacting nuclear fluids. 1•2 While such measurements 
yield information on the endpoints of the evolution of 
highly excited nuclear systems, they . suffer from the 
fact that observed particles can be formed in a large 

number of very different evolutionary paths. In an 
attempt to learn more about how interactions proceed, 
we have performed a series of experiments in which all 
fast nuclear fragments are analyzed for each individual 
interaction. These experiments were performed at the 
LBL Bevalac Heavy Ion Spectrometer System (HISS) 
Facility where we studied the interaction of 1 
GeV ;nucleon 12C nuclei with targets of C, CH2, Cu, 
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andU. 

The reaction we have studied can be written 
schematically as 

12C + T-+ (channel) + T' 

where channel means any final state for the 12 nucleons 
originally in the C nucleus (e.g., 11 B + P or three 
alphas) and T' is the final state of all target nucleons. 
The 11B fragments can be formed only in the 11B chan
nel but the 4He fragments can be formed in a large 
number of different channels. In our experiment we 
attempt to measure complete (i.e., 12 nucleon) chan
nels. After correcting for the acceptance of our system, 
we are thus able to measure the relative probability of 
forming each separate channel in the interaction, which 
gives a picture of the internal nuclear arrangement 
within the C nucleus. We then form the invariant mass 
for each interaction channel and subtract from the mass 
of the 12C parent to determine the amount of energy 
transferred to the fragment channel in each interaction. 
From the relative channel population as a function of 
this transferred energy we can investigate the nuclear 
rearrangement in varying energy density environments. 
By analyzing many fragments from a single interaction, 

we can also take subgroups of fragments and calculate 
invariant masses for these subgroups to look for pre
ferred intermediate states (e.g., two alphas from a 8Be). 

The experimental layout is shown in Fig. 1 
including beam definition devices, large gap supercon
ducting dipole, fragment trajectory drift chambers, and 
time-of-flight (TOF) scintillator array. The event 
trigger required a single 12C hit the target and no 12C 
signature at DS, indicating that the projectile had been 
scattered or destroyed. Detector performance and reso
lution are reported elsewhere. The first results from 
our experiment are shown in Fig. 2, where we have 
used all channels having };ZF = 6 and };AF = 12 giv
ing a global excitation energy spectrum. The prominent 
peak near 30 MeV excitation leads to fragments having 
50-200 MeV fc momentum in the projectile rest frame, 
fragments primarily responsible for observed single par
ticle inclusive momentum distributions. Data out to 
400 MeV excitation are from interactions in which 
large energies are transferred to the 12C system, the 
energy then being shared among a few multi-nucleon 
fragments. Energies of 300 MeV shared among three 
alpha particles have been seen, suggesting a collective 
mode transfer of energy such as would be expected 
from a phonon-like exchange mechanism. 

MULTI-PARTICLE FINAL STATES FROM 12Cat I GeV/n 

TRIGGER: 

TOF I· TOT· E · HS· OS· VDOS 

I meter 
1-------1 

0° Beam line 

a 

• 

Fig. 1. Experimental setup for 12C at I GeV /nucleon showing beam definition scintillators (TOFl, TOT, HS, and • 
DE), beam definition drift chambers (DC3 and DC4), target location (T), large dipole, fragment trajectory drift 
chambers (DCl and DC 2), trigger veto scintiiiator (DS), and time-of-flight scintillators (TOF). 
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Fig. 2. Preliminary data on invariant mass distribution 
summed over all channels as labeled. 
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Relativistic Energies: Participants 

The Question of Thermalization in Relativistic Heavy Ion Collisions 

A. Baden, H. H. Gutbrod, * B. Kolb, * H. whner/* 
B. Ludewigt/ MR. Maier/ A.M Poskanzer, T. Renner, 
H. Riedesel, H. G. Ritter,* H. Spieler, •.§ A. Warwick,* 

F. Weik, •. •• and H. Wieman* 

One of the major questions while studying rela
tivistic heavy ion collisions is whether thermal equili
brium is reached or whether nuclei become transparent 
in central collisions already at intermediate Bevalac 
energies. Appropriate quantities to look at for investiga
tion of this subject are the momentum components per
pendicular p .1. and parallel Pn to the beam axis in the 
center-of-mass frame. Figure 1 (upper portion) shows 
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Co+ Co E/A = 400 MeV 
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Fig. 1. Contour plots of <P.1./A> versus <p11 /A> for 
Ca on Ca at 400 MeV fA for a minimum bias trigger, 
requesting for the projectile some loss of charge. The 
lower part shows the same quantity for a central trigger 
(no beam velocity particle within 2° of the beam) and a 
charged particle multiplicity cut at 30. Both graphs 
contain about 50,000 events each, measured· with the 
Plastic Ball/Plastic Wall spectrometer. The contour 
lines represent linearly increasing content. 
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in a contour plot for Ca on Ca at 400 MeV fA in an 
event-by-event analysis that most of the intensity lies 
away from the isotropic diagonal. Restricting the data 
to more central collisions by the trigger and multipli
city selection (Fig. 1, lower part) the maximum of the 
distribution moves closer to the isotropic line. In Fig. 
2 is shown that the mean of this ratio is increasing as a 
function of multiplicity but, at least at this energy and 
target projectile combination, never reaches the value 1, 
which would be a necessary (but not sufficient) cri
terion for thermalization. Cascade calculations with 
the code of Yariv and Fraenkel, however, show that 
even a few spectator fragments mask an isotropic 
expanding fireball and deform a spherical event in 
momentum space to a prolate spheroid. 
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nucleonic charge multiplicity averaged over 50,000 
events. A value of 1 for this ratio would correspond to 
an average spherical shape of the event in momentum 
space. 
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Global Analysis with Plastic Ball Data* 

H. H. Gutbrod, t H. whner, U A.MPoskanzer, T. Renner, 
H. Riedesel, H.G. Ritter/ A. Warwick/ F. Weik,t.tt 

H. Weimant 

The global analysis methods (sphericity, thrust) 
were developed as a tool to detect and distinguish 
predicted tw<rjet events at high energy e+e· storage 
rings from events with spherically symmetric emission 
patterns.' Both methods define a jet axis, the sphericity 
by minimizing ~ p? and the thrust by maximizing 
~ I Pi I relative to this axis. The sphericity is calcu
lated analytically by diagonalizing the sphericity tensor. 
One obtains the orientation of the sphericity axis, e.g., 
relative to the beam direction, and three eigenvalues 
which define an ellipsoid that describes the shape of the 
event. The thrust analysis yields in addition to the 
orientation only the magnitude of the thrust, a quantita
tive measure distinguishing between isotropic and 
back-t<rback emission. 

The use of global methods to analyze the more 
complex events from heavy ion collisions was proposed 
by several authors. 2•3 Sphericity (p2

) overweights lead
ing particles and gives two nucleons a different weight 
from a deuteron with the same energy per nucleon. 
Corrections for these shortcomings have been proposed,3 

e.g., the flow analysis. 4 Since a global analysis has to 
be performed for each event, statistical fluctuations due 
to finite number effects and to limited experimental 
acceptance and efficiency are expected. Experimental 
data have to be compared with results from an analysis 
of theoretically calculated events, which have been 
filtered for experimental acceptance and efficiency. 
Most theoretical · models have not yet reached the 
sophistication of the experimental equipment in the 
sense that they are not able to calculate all the meas
ured quantities. Cascade codes do not include composite 
particles and hydrodynamical codes do not produce 
event-t<revent .fluctuations. This makes the comparison 
between experiment and theory difficult. Complete 
events generated with a statistical model calculation by 

Randrup and Fai5 will be extremely useful to study the 
effect of finite number fluctuations and experimental 
biases. As global analysis allows one to determine the 
shape of the event in phase space and takes into account 
all the measured correlations, it should be well suited to 
distinguish between emission patterns as predicted by 
the hydrodynamical and the cascade model. Figure 1 
shows the result of a flow anal ysis4 of 400 MeV/ u Ca 
on Ca data. The angle of the main axis ~f the flow ellip
soid is plotted versus the square of the ratio of the larg
est to the smallest axis. A comparison of those results 
with theoretical predictions can be done only after the 
calculated events have been filtered for the experimen
tal acceptance. This procedure is presently being 
developed for cascade events. 
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Fig. 1. Flow plot for the reaction 400 MeV Ju Ca on 
Ca. 
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Otarged Particle Exclusive Analysis of Central Ar + KO and 
Ar + Pb Reactions at 1.8 and 0.8 Ge V ju 

H Stroebel e.* R. Brockmann,* J. W. Harris,* F. Riess•·§, 
A. Sandoval,* R. Stock,*, K.L. Wolf,*·** HG. Pugh, 

L.S. Schroeder, RE. Renfordt/, K. TitteJf, and M Maier~ 

Our present understanding of the dynamics of 
relativistic nucleus-nucleus collisions is derived pri
marily from single particle inclusive measurements. 
Deeper insight into the interaction may be obtained by 
a study of multiparticle observables1•2 derived from all 
charged particles produced in these collisions. The 
analysis of charged particle exclusive data in terms of 
such multiparticle variables was done for the central 
collisions of the systems 40Ar + KCl at 1.808 GeV/u 
with a trigger cross section of 180 mb and 40Ar + 
Pbp at 772 MeV /u with a trigger cross section of 990 
mb. From the charged particle final state all 1r-, 95% of 
the hadrons (p,d,t) and 85% of 1r+ were identified. 

To provide a better determination of impact 
parameter than given by the Streamer Chamber trigger, 
we studied the dependence of several observable quanti
ties on the impact parameter using filtered cascade 
events. 3 For the reaction Ar + KCl the total transverse 
energy 

oi = 0 for pions, oi = 1 for protons 

was found to exhibit the tightest correlation with 
impact parameter. This correlation is shown in Fig. 1a 
where the rms deviations of the total transverse energy 
distributions are also plotted as a function of impact 
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parameter for intranuclear cascade generated events. 
For subsequent discussion we use & as a measure of 
impact parameter within the range already selected by 
our trigger condition. Figure 1 b presents the distribu
tion of & in the data sample and, for comparison, 
results from intranuclear cascade calculations on which 
the experimental biases were folded in. 

The degree of isotropy of the momenta of the 
nucleons within one event can be judged by the ratio 

R ~ ; [ ~: :~: ] 

which for an isotropic distribution should be 1. In the 
Ar + Pb reaction R = 0. 79 for all events. Selecting 
events with & > 5 GeV (the average value) the events 
show isotropy (R = 0.96). In contrast the reaction Ar 
+ KCl exhibits an elongation of the momentum distri
bution in direction of the beam axis (R = 0.55 for all 
events). Even if R is extrapolated to zero impact 
parameter by means of its dependence on &. R = 0,62 
is obtained; therefore complete degradation of longitu
dinal momentum is not observed in head-on collisions. 

To look for details of the momentum flux pattern 
on an event by event basis, a more elaborate approach 
was adopted, using the normalized momentum flux 

• 



tensor. 4 Events were classified using the cosine of the 
angle 0 1 of the main tensor axis with respect to the 
beam direction and the aspect ratio a

1
ja

2 
of the longest 
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'- 3.0 QJ 
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Fig. 1. For the reaction 1. 8 Ge V fu Ar + KCl: 
(a) Correlation between the total transverse energy Bt 
as defined in the text and the impact parameter b for 
cascade generated events. The hatched band 
corresponds to the 1 rms deviation of the Bt distribution 
at a given b. ' 
(b) Bt spectrum for both the measured data (solid line) 
and the cascade generated events (dashed line). 
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to next longest axis. 

Figure 2a shows the cos 0 1 distributions for Ar + 
KCl and Ar + Pb. The· Ar + KCl events are aligned 
along the beam direction with a width at half maximum 
of ae1 = 16 °. Filtered cascade events reproduce the 
distribution qualitatively. The experimental Ar + Pb 
events are distributed over a broader range of angles 
(a01 = 43°). Cascade events generated for Ar + Pb 
tend to be more forward peaked than the observed dis
tribution (a01 = 36°). If selection is made on the 
transverse kinetic energy Bt one sees in Fig. 2b that for 
high Bt the distribution is nearly isotropic, contrary to 
the corresponding cascade prediction, Figure 3a and 3b 

depicts the mean aspect ratios for both systems studied 
as a function of Bt of the events. Ideally, a completely 
spherical shape corresponds to a

1
ja

2 
= 1. This value is 

never reached, however, for events consisting of a finite 
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Fig. 2. Spectrum of cos 0, with 0 being the angle of 
the main axis of the momentum tensor with respect to 
the beam direction: 
(a) For both systems analyzed. The Ar + KCl histo
gram (hatched) is normalized to the number of entries 
in the last bin of Ar + Pb. 
(b) Distribution of cos e for events from the Ar + Pb 
final state with E

1 
greater than the average Bt ( <Bt> 

= 5 GeV). 
XBL 821~3146 

number of particles. The mean of the aspect ratio dis
tribution of events with spherical shapes is shown by 
the solid lines. Thus, Ar + Pb events closely approach 
isotropy at high Bt (Fig. 3a) as expected from the cos 
0 1 distribution of Fig. 2b. This is not reproduced by 
the cascade events, which consistently yield higher 
aspect ratios. The Ar + KCl system (Fig. 3b), on the 
other hand, never becomes completely isotropic even for 
high Bt events. The cascade-generated events given by 
the uppermost set of values in Fig. 3c show 
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qualitatively the same situation although they are seen 
to be consistently more elongated. 

To understand the nonequilibration of the Ar + 
KCl final state a closer look into the cascade events was 
taken. If only participant nucleons, defined as particles 
making at least one collision, are considered 
(represented by crosses in Fig. 3c), the data and cas
cade sample of events agree in the aspect ratios. This 
indicates that for central Ar + KCl collisions the 
difference between real and cascade events can be attri
huted to the presence of noninteracting particles in the 
cascade calculations. In a further step, only particles 
are considered that have undergone more than two colli
sions (lowest set of points in Fig. 3c). Under this con
dition the shape of cascade events approaches the finite 
particle number limit of <a1ja2> = 1.25, suggesting 
that the nonsurface part of the system has become com
pletely equilibrated. 
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Compression Effects in Relativistic Nucleus-Nucleus Collisions 

R. Stock." R. Bock." R. Brockman,* A. Dacal/ J. W Harris,* M. Maier, i ME. Ortiz/ 
HG. Pugh, R.E. Renfordt,i A. Sandoval." L.S. Schroeder, H Stroebele." and K.L. Wol/· § 

Central collisions of nuclei at relativistic energies 
are predicted by dynamical models1"3 to proceed via a 
compression-expansion cycle of hadronic bulk matter, 
with a first stage of interpenetration and pile-up of the 
nucleon densities from target and projectile followed by 
expansion towards a final freeze-out stage. While these 
models predict densities several times the nuclear 
ground state density to be reached at the end of the 
compression stage, there has been no direct experimen
tal evidence of such densities or of any new physical 
effects resulting from them. In the present work we 
propose the total multiplicity of produced pions as an 
observable linked to the high density stage of the colli
sions. Data on this variable will be presented for 
several colliding nuclear systems and discussed in terms 
of nuclear densities. Values for the bulk compressional 
energy are extracted and a nuclear equation of state 
deduced. 

The reason total pion multiplicity can be a good 
measure of the compression stage is an interplay of two 
considerations: 1) the prirriary production yield in 
nucleon-nucleon (nn) collisions rises rapidly over the 
Bevalac energy range, and 2) the relative nn kinetic 
energy in a nucleus-nucleus collision is continually 
degraded during compression and is low by the time 
expansion begins. For these reasons pion production is 
heavily weighted towards the compression stage. 

These statements are best understood in the 
framework of an intranuclear cascade calculation. The 
cascade c'ode used, that of Cugnon, et al., 3 was chosen 
because it is extensively described in recent publica-. 
tions and has input data in good agreement with pp, 7rp, 

and pn data4 in the energy range of the Bevalac. Fig
ure 1 shows the most important results for central. colli
sions (b < 2.4 fm) of 40Ar + KCl at 977 
MeV jnuc~n. Figure la shows the baryon density in a 
sphere of 3 fm diameter about the origin of the center
of-mass coordinate system of the participant nucleons, 
expressed as a ratio to the ground state nuclear density 
p

0 
= 0.17 fm·3. It peaks at a time t = 7 fmjc {in the 

laboratory system), corresponding to the end of the 
compression stage. Figure 1 b shows that about half the 
baryon-baryon collisions occur during the compression 
and expansion stages, respectively. Figure lc shows 
that by the end of the compression stage the total 
number of pions and delta resonances N ... +.1 reaches a 
plateau where it remains approximately constant 

through expansion and freeze-out, thus establishing the 
final pion multiplicity, which is N,..H. Figure ld shows 
the maximum density reached as a function of bom
barding energy and also the mean density weighted 
according to the rate of 11"+A production. The latter, 
which reflects closely the maximum density, will be 
used in our subsequent analysis. 

The LBL Streamer Chamber facility at the 
Bevalac was used to study the interaction of 40Ar with 
KCl at bombarding energies from 0.36 to 1.8 
GeV /nucleon. Between 4,000 and 10,000 events were 
accumulated at each of the energies 360, 566, 722, 977, 
1180, 1385, 1609, and 1808 MeV /nucleon in both ine
lastic and central trigger modes. In addition, data were 
obtained for 4He + KCl at 977 MeV /nucleon and 40 Ar 
+ Bal at 772 MeV /nucleon. Techniques and parts of 
the dala have been presented elsewhere. 5 For 40 Ar + 
KCl the central trigger corresponded to a reaction cross 
section of 180 ± 20 mb, or impact parameters up to 
b = 2.4 fm in a geometrical model. This value, 
when used in the cascade code, enables us to predict 
successfully many experimental quantities such as the 
proton participant multiplicity distribution. 

Figure 2a shows the negative pion multiplicity 
<n _(E)> observed in 40Ar + KCl collisions as a func-... 
tion of laboratory and em energy. The cascade model 
prediction also shown is systematically too high, with 
overestimates ranging from a factor of 4 at 360 
MeV /nucleon to 1.35 at 1.8 GeV /nucleon. The overes
timate also appears for the other systems studied. For a 
sequence of data at approximately constant incident 
energy 4He + KCl (977 MeV /nucleon), 40Ar + KCl 
(772 MeV /nucleon), and 40Ar + Ba12 (772 
MeV /nucleon), the ratios of cascade model predictions 
to the data are 1.4, 2.1, and 2.4, respectively. This 
discrepancy is not due to an inability of the cascade 
model to deal with pions. Several studies6 have found 
it to work well for pion production in proton-nucleus 
collisions, for pion-nucleus scattering, and for pion 
absorption on nuclei. The factor that is present in 
nucleus-nucleus collisions but not important in p
nucleus or 11"-nucleus collisions, where the cascade 
model was successful, is the feature of density increase 
or compression. The densities calculated in the cascade 
for these three systems are pfp

0 
= 1.9, 3.0, and 3.4, 

respectively. The overestimate ratios are proportional to 
these densities at roughly constant incident energy. 
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Now at a given em energy E. consider the meas-
' ured multiplicity <m,..(&)>. The same multiplicity is 

reached in the cascade model at a lower energy E'i<&, 
as indicated in Fig. 2a. As a crude approximation let 
us interpret the difference (& - E'i) as that part of the 
em internal energy per nucleon that goes into potential 
(compressional) degrees of freedom. This energy 
becomes inactive as far as pion production is concerned. 
By the time it reappears in kinetic energy of the 
baryons, overall thermalization has reduced the mean 
energy of binary collisions to a point where pion pro
duction is no longer important. Reading the compres
sional energy per nucleon &c = & - E'i from the graph 
of Fig. 2a at each experimental point and plotting it 
against the mean compression pf p

0 
derived from Fig. 1d 

at the energy Ei' we obtain the nuclear matter equation 
of state graph shown in Fig. 2b. It is noteworthy that 
above 1.2 GeV /nucleon where the density in Ar + KCl 
becomes constant, so are the values of &c. Further
more, the reaction 40 Ar + Bal2 at 772 MeV /nucleon, 
for which the density prediction is p = 3.4 p0, leads to 
a value of &c in agreement with that derived from 40Ar 
+ KCl at 977 MeV /nucleon, for which the density is 
also 3.4 p

0
• The values of &c plotted in Fig. 2b are 

offset by 10 MeV to allow .for the ground state binding 
energy of mass 40 nuclei. The dashed curve is a para
bola representing an equation of state without phase 
transitions, corresponding to a compressibility constant 
K = 250 MeV, i.e., a "hard" equation of state. The 
value of 200 MeV extracted from excited nuclear 
energy levels yields the partial curve shown for com
parison. The best fit to the data is found at K = 240 
MeV. The horizontal and vertical error bars shown are 
statistical only. No estimate of the systematic errors 
implicit in our treatment has been made, as this should 
be the subject of more penetrating future theoretical 
studies, transcending the present simplistic approach. 
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dependence of the reactions is shown for (a) the baryon 
density, relative to the ground state value, (b) the 
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the instantaneous number of pions and a-resonances. 
Part (d) shows the maximum baryon density attained as 
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Fig. 2. (a) The mean 1r- multiplicity as a function of 
bombarding energy for· near-central collisions of 40 Ar + 
KCI. The triangles show the data. Open circles show 
the results of cascade calculations, where vertical lines 
at Bus > 1.4 GeV /nucleon estimate the uncertainty 
due to multiple pion production from single NN colli
sions, not included in the calculation. Horizontal 
arrows are the values of E,C, the compressional energy 
per nucleon determined at each experimental point. 
(b) The values of &c as a function of the calculated 
mean baryon density. Points determined at 1.6 and 1.8 
GeV /nucleon are not shown since values of E and pf p
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are nearly identical to the results at 1.2 ae\1 /nucleon. 
The dashed lines represent equations of state with an 
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High Densities and the Latest Two-Proton Correlation Results 

S. Abachi, * J.B. Carroll,* K. Ganezer, * G./go,* T.A. Mulera, 
V Perez-Mendez, A.L. Sagle/ A. Shor, F. Zarbakhsh 

Relativistic nuclear collisions offer the possibility 
of studying nuclear matter at high densities and tem
peratures. At sufficiently high energy densities, it may 
be possible to study quark deconfinement effects. The 
m~imum temperatures achieved at the Bevalac are 
i00-150 MeV. Recent estimates suggest that at these 
temperatures a baryon density of 4-5Po (p0 is normal 
nuclear density) would be needed to see a transition to 
quark matter.' 

The Monte Carlo cascade calculations of Cugnon, 
et al., 2 suggest that densities as high as 4Po can be 
achieved in Ca + Ca collisions at 2 GeV jn. In these 
calculations, the collision has a highly compressed 
phase followed by a rapid expansion. There are, how
ever, many approximations in these calculations. Since 
the effects of these approximations are difficult to esti
mate, it is important to determine experimentally if 
compression is occuring. 

We are attempting to study the collision process 
by measuring the size of the proton emitting source. 
This size may not be a direct measure of the dense 
nuclear matter because the protons could be emitted 
during a latter expansion phase. Nevertheless, we wish 
to see if the size we measure is consistent with the 
occurence of compression. 

The spatial extent of the proton emitting source is 
obtained from measurements of the correlation between 
two protons emitted at small relative momenta. Results 
for the correlation function R were first reported3 for 
Ar + KCI .... p + p + x at 1.8 GeV jn. Measurements 
were made for protons traveling at the beam rapidity 
Y8 and at Y8 /2. The multiplicity of fast charged parti
cles was also sampled with a set of sixteen counters. 

A reanalysis of this data is currently underway 
using an improved algorithm for generating the 
uncorrelated background. The most recent results are 
shown in Fig. 1. The peaks in R are smaller and the 
shapes of the data agree much better with the predic
tions of Koonin's4 model. Only the data in the first bin 
is significently different from the model calculations 
and this may be due to experimental resolution and 
efficiency. 

When no multiplicity, M, selection is made, the 
peaks in R are roughly at the same height for protons at 
Y8 and Y8 /2. Both of these sets of data are described 
fairly well with curves for r0 = 3 fm .. The correspond
ing sharp sphere radius of r8 = 4. 7 fm is slightly larger 
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Fig. 1 The correlation function at central rapidity and 
at the beam rapidity. The data at central rapidity are 
shown for two different multiplicity requirements. 
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than the size of an Argon nucleus. These data are not 
associated with central collisions (M ::2: 0). From a 
cross-calibration between streamer chamber data and 
the multiplicity counters, the average total charged 
multiplicity, n, is estimated to be 12 for data at Y8 and 
15 for data at Y 8/2, corresponding to maximum impact 
parameters of 6 and 5.5 fm, respectively. 

The data at Y 8/2 for M ;?: 4 is associated with 
more central collisions. The estimated n is 25 and the 
maximum impact parameter is only 3 fm. We are 
surprised to find that the peak in R for Y 8 /2 protons 
gets larger when this multiplicity requirement is 



imposed. The data seem well described by a curve for 
r0 = 2 fm. 

These results seem inconsistent with participant/ 
spectator models where one would expect the size of the 
fireball to increase as the impact parameter decreases. 
We find just the opposite effect. 

The smaller r0 for high multiplicity events may be 
an indication that compression has occured during small 
impact parameter collisions. While this result is sug
gestive of high density, a firm conclusion cannot be 
drawn from the ·present data because the multiplicity 
counters were not optimum in selecting central colli
sions. It will be important to see if a small r0 is also 
measured when a more suitable central collision trigger 
is used. 
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A Measurement of pd Quasi Elastic Scattering in 800 MeV pA Collisions 
and Short-Range Correlations of pn Pair in Nuclei* 

I. Tanihata, Y. Miake/ H. Hamagaki, S. Nagamiya/ 
S. Schnetzer,* Y. Shida, and H. Steiner 

The momentum spectrum of pd quasi-elastic 
scattering (QES) in the large momentum transfer 
region has been used to study the strength of short
range correlations of pn pairs. To study the pd QES at 
large momentum transfer we have measured proton
deuteron coincidence spectra in collisions of 800 MeV 
protons on nuclear targets. Protons were accelerated at 
the Bevatron with a beam intensity of about 3 x 108 

pps. Deuterons were detected by a magnetic spectrome
ter at a scattering angle e of 15°. Backscattered pro
tons were detected by a set of aB-E counters consisting 
of three layers of plastic scintillators whose thicknesses 
are 0.5, 1.5, and 20 em, respectively. The aB-E 
counter covered scattering angles from 103° to 133° 
and was located in the same reaction plane as the mag
netic spectrometer at the opposite side of the target. 
The spectrometer covered the momentum range from 
500 MeV jc to 2 GeV jc with a solid angle of about 12 
mSr, and the aB-E covered from 350 MeV jc to 750 
MeV jc with 75 mSr. 

Targets used were C, NaF, KCl, Ag, and Pb of 
about 0.5 gjcm2 thickness. This combination of detec
tion angles corresponds to a scattering angle of 145° in 
pd center of mass. In the following discussion the 
event that leaves an excitation energy in the residual 
nucleus of less than 100 MeV is defined as QES. Fig
ure 1 shows momentum spectra of the proton and the 
deuteron in the · QES region. Calculations based on 
plane-wave-impulse approximation (PWIA) have been 

made to fit the shape of the proton spectrum. In the 
calculations, the Gaussian distribution. of <P > and 
the free pd-elastic-scattering cross sectiorls were 
assumed. The fit was made only to the proton spectrum 
because a momentum resolution of the forward spec
trometer was too poor to see the natural width of the 
deuteron. The best fit is drawn in Fig. 1a. The param
eters used are upn = (85 ± 15) MeV jc and BE = 60 
MeV. The calculated deuteron spectrum is also shown 
in Figure 1 b for reference. The value of fitting parame
ters does not differ for the p + C reaction, suggesting 
an independence of upn on the target. 

The rms momentum and u are related as 
<p2> 1/ 2 = v'3u, hence <~>112= 150 MeV jc. This 
value is considerably smaller than the value expected 
from the uncorrelated pn pairs, showing the large corre
lation of negative sign v'2<PpPn>112 = (-230 + 30) 
MeV jc. The comparison of pd, QES and (p,d) cross 
sections suggests that the high-momentum nucleon is 
associated with another high-momentum nucleon mov
ing in the opposite direction. 

Finally, the target mass dependence of the ratio 
(R) of momentum-integrated pd QES cross sections to 
that of pp QES supplies information on the deuteron 
mean free path. 

The. mean free path of the high-energy ( 1. 7 
GeV /c) deuteron has been estimated as 1. 7 ± 0.3 fm 
through the mass dependence of the ratio of pd and pp 
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quasi-elastic-scattering cross sections. 

Footnotes 
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Fig. 1. Momentum spectra of backward proton (a) and 
forward deuteron (b) from pd QES events. The dashed 
curves show the results of a PWIA calculation. 
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Ouster Formation Observed with a 4r Detector -and the Question of 
Entropy Production in Ingh Energy Nuclear Collisions* 

H. H. Gutbrod/ B. Kolb/ H. LOhner, U B. Ludewigt, t M.R. Maier, t 
A.M Poskanzer, T. Renner, H Riedesel,tt H.G. Ritter/, H Spieler/** 

A. Warwick/ F. Weik,t.tt and H Wiemant 

With the assumption that relativistic nuclear colli
sions allow one to study the equation of state of nuclear 
matter, the hydrodynamical model predicts an increase 
in entropy for a phase transition at high nuclear den
sity. Recently it was pointed out1 that entropy can be 
related to cluster production, in particular to the ratio 
of deuteron yield to proton yield. This has stimulated a 
dispute among theorists over whether the information 
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about the early state inherent in this ratio gets lost dur
ing the expansion phase or is disturbed only via second 
order effects; whether the deuteron and proton yields 
are the proper observables; or whether one should use 
the quantities deuteron-like and proton-like defined2 as 
d-like = d + 1.5·eHe + 3H) + 3· 4He and trlike = 

p+d+t+2·eHe + 4He). Until now these studies have 
been limited to single particle inclusive data, which mix 



together reactions of all impact parameters. With the 
Plastic Ball/Wall spectrometer3 for the first time 411" 
data are available to investigate this subject. Figure 1 
shows the ratios averaged over many events as a func
tion of charged particle multiplicity (a,b) and as a con
tour plot on an event-by-event basis ( c,d). The inclu
sion of heavier clusters obviously decreases the disper
sion in the ratio and supports the choice of these vari
ables in the analysis. The increase in deuteron produc
tion with increasing multiplicity (Fig. 1a,b) can be 
described by a model introduced by Sato and Yazaki,4 

which takes into account both the size of the deuteron 
and the volume of the participant region. The coales
cence radius Po in momentum space is related to the 
deuteron radius rd and that of the participant volume rp 
via 

d-like 411" 
--'- = - pJ!!!:! -----
p-like2 3 (rJ + r;) 312 

while r.P. can be related to the observed charges by 
rp = r0t2 p-like) 113 with r0 as a free parameter. Figure 
2 shows a fit to the data with rdfr0 = 2.6. 

From the comparison of the data with different 
projectile-target combinations and different energies 
taken with the Plastic Ball/Wall spectrometer, we 
might be able to obtain information about the compres
sion occurring during the collision. 
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Fig. 1. a,b: Ratio of deuteron to proton production (a) 
and ratio of deuteron-like to proton-like particles (b) as 
a function of the total observed charged particle multi
plicity for the reaction Ca on Ca at 400 MeV fu. 
c,d: Corresponding event-by-event contour plots of the 
logarithm of the ratios versus the charged particle mul
tiplicity. Relative intensities are indicated by the con
tour lines. 
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Fig. 2. Ratio of the number of deuteron-like to proton
like particles as a function of the number of proton-like 
particles. The solid curve represents a fit to the data. 
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Inclusive Negative Pion Production in 40Ar + KQ at 1.8 GeVjnucleon 

R. Brockmann,* J. W. Harris,* A. Sandoval,* R. Stock,* H Stroebe/e, * K.L. Wolf,*·§ 
H.G. Pugh, L.S. Schroeder, RE. Renfordt/, and M. Maier,* 

Inclusive negative pion spectra obtained in a 
Streamer Chamber experiment for central collisions in 
the reaction Ar + KCl at a bombarding energy of 1. 8 
GeV /nucleon have been investigated and compared with 
the result of an intranuclear cascade calculation by 
Cugnon. 1 The cascade code has been modified so the 
angular dependence of the ~-production in NN -+ ~N 
and its decay ~ -+ N1r reproduced the characteristic NN 
-+ NN1r forward-backward angular distribution observed 
at these energies. 
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The mean negative pion multiplicity is over
predicted in the cascade calculation by 20% as dis
cussed in ref. 2. Other inclusive observables, e.g., 
mean total energy or the slope parameters in the energy 
spectra, agree within 10% or better with the data. In 
analyzing more differential quantities, we observe devi
ations in the emission pattern for high energy pions. 

The angular distribution of the pions in the NN
c.m. system has been fitted to 



du = (I + a cos20) 
d(cos0) 

(I) 

for different total pion c.m. energy bins. The fit param
eter a is plotted as a function of the pion c.m. energy in 
Fig. 1 b. About 70% of the pions are emitted at low 
energies (Fig. 1a) with an isotropic angular distribution 
(Fig. 1b). Pions in the energy range 290 < E < 550 
MeV are emitted preferentially in the forward-backward 
direction and for E > 550 MeV the distribution is 
again more isotropic. The cascade model, in contrast, 
predicts an increasingly forward-backward emission for 
energies E > 240 MeV (Fig. 1b). 
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The transverse momentum distribution as function 
of p

11 
also shows differences between the. data and the 

cascade result (Fig. 2). While the data approach more 
an isotropic distribution, solid line, the cascade shows 
an almost constant <p.L> as a function of p

11 

corresponding to a prolate shape of the momentum 
emission. 

The origin of the deviations is not fully under
stood. One reason may be that the isotropically emitted 
pions from multiple production processes are omitted in 
the cascade calculation, although their contribution to 
the total cross section amounts to 15%. The effect of 
this process has to be studied in more detail. 
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Fig. 2. Mean transverse momentum of the negative 
pions as a function of the parallel momentum com
ponent. 
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Pions Produced Near the Center-of-Mass Velocity in Heavy-Ion Collisions* 
_.. 

KA. Frankel, J.A. Bistirlich, R. Bossingham, HR. Bowman, K.M Crowe, C.J. Martojj;t 
D. Murphy, J.O. Rasmussen, J.P. Sullivan,* WA. Zajc,§ J.P. Miller,tt 0. Hashimoto,** ' 

"k ** §§ •• •• •• •• ttt M. Koz e, J. Peter, W Benenson, G.M. Oaw/ey, E. Kashy, J.A. Nolen, Jr., and J. Quebert 

The cross section for producing 1r + and 1r'" at velo
cities close to that of the center of mass was studied for 
the 40Ar + 40Ca reaction atE/A= 1.05 GeV. The 1r+ 

and 1r- data show a flat plateau around y = 0. The 
1r-;1r+ ratio of 1.5 ± 0.2 is much lower tfi:O published 
theoretical predictions. Data were also obtained for 
carbon and uranium targets. 

The 1r-j1r + for Ar + Ca is 1.5 ± 0.2 for data 
taken at the center of mass. Calculations by Cugnon 
and Koonin1 predict the ratio R to be about 5.5 for Ar 
+ Ca at this point. The structure predicted in their 
calculation is also inconsistent with our essentially flat 
spectrum. 

We have also taken data with carbon and uranium 
targets. The data on carbon are essentially flat, as are 
the data on uranium for 1r+. The uranium 1r- data have 
a slight falloff going forward from mid-rapidity. The 
invariant cross sections near nucleon-nucleon center-of
mass rapidity are as follows: 

For C, u+ - 2.5 ~b sr·1 Mev·2, u_~ 4.2; 

for KCl, u+ - 8 ~b sr·1 Mev·2, u_ - 12 ~b sr·1 

Mev·2; · 

for U, u +~ 24, u_~ 85. 

For the few data points at which our 1r + data 
directly overlap those of Wolf, et al.,2 there is remark
able agreement. We disagree only on their lowest and 
third lowest energy data points at 30° (lab) reflected 

about the center of mass. Thus, our data indicate a 
flatter cross section near rest in the c.m. system. 
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Strong Coulomb Effects on Pions Produced in Heavy Ion Collisions* 

J.P. Sullivan/ J.A. Bistirlich, HR. Bowman, R. Bossingham, T. Buttke, KM Crowe, 
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Doubly differential cross sections for the produc
tion of 1r+ and 1r- near the velocity of the incident beam 
for pion laboratory angles from 0 to 20 degrees are 
presented. Beams of 2~e with E/ A = 280, 380, and 
480 MeV and 40Ar with E/A = 535 MeV incident on 
C, NaF, KCl, Cu, and U targets were used. A sharp 
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peak in the 1r- spectrum and a depression in the 1r + 
spectrum is observed at 0° near the incident projectile 
velocity. The effect is explained in terms of Coulomb 
interactions between pions and fragments of the 
incident beam. Least squares fits to the data using the 
Coulomb correction formulas of Gyulassy and 



Kauffmann1 and an effective projectile fragment charge 
are made. The relationship between these data and pre
viously measured projectile fragmentation data is dis
cussed and a simple parameterization of projectile-mass, 
target-mass, and beam-energy dependence of the 
differential cross sections is given. 

Figures 1-4 show cuts through the peak in the 11'

spectra (hole in the 11' + spectra) as a function of labora
tory angle and laboratory momentum for each of the 
nearly-equal-mass projectile-target combinations stu
died. The vertical error bars are statistical. The hor
izontal error bars on the graphs of cross section versus 
angle show the angular resolution and, on the graphs of 
cross section versus momentum, the momentum resolu
tion. The solid curves are least squares fits of functions 
based on Gyulassy and Kauffmann's theoretical expres
sions. These solid curves have had the resolution of the 
spectrometer folded into them. The dashed curves are 
the same functions before folding with the resolution 
and the dotted curves are the fitted pion spectra in the 
absence of Coulomb effects. 

In the case of the 11'+ data at E/A = 380 MeV, 
we have an overlap with Nakai, et al. 2 There is a 30% 
disagreement in normalization. We therefore apply a 
normalization factor of 0.75 to their data and combine 
it with our data to produce the Lorentz-invariant cross 
section contour plot of Fig. 5. Here the approximate 
symmetry about the center of mass has been used to 
reflect the data sets of both studies about the center of 
mass. 

For all the projectile-target combinations that 
were studied, a peak in the 11'- differential cross section 
(and in the 11'-/11' + ratio) was observed slightly lower 
than the velocity of the incident beam. The shifts of 
the peaks from the momentum associated with the beam 
velocity are, within our experimental uncertainties, 
independent of beam energy over the range reported 
here. For the neon beam this pion momentum shift is 
3.2 ± 1.6 MeV jc in the rest frame of the incident 
beam. For 40Ar the corresponding shift is 2.0 ± 1. 7 
MeV/ c. The depression in the 11' + cross section near 
beam velocity is broader than the corresponding 11'- peak 
but has approximately the same downshift as does the 
11'- peak. 
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Fig. 1. Lorentz -invariant cross section cuts for Ne + 
NaF-> 11'± at E/A = 281 MeV. The left side of the 
graph shows the cross section versus momentum at 0 
degrees in the laboratory for 11'- (top) and 11'+ (bottom). 
The right side shows the cross section versus laboratory 
angle at a fixed laboratory momentum near the peak in 
the 11'- spectrum. The solid line is from a least squares 
fit of a function based on the Coulomb correction equa
tions of Gyulassy and Kauffmann. 1 This solid line has 
the experimental resolution folded into it. The dashed 
line is the same function before folding with the resolu
tion. The dotted line shows the cross section predicted 
by the uncharged pion source function to which the 
Coulomb corrections were applied. The arrows on the 
left-hand graphs mark the velocity of the incident 
beam. 
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caption for Fig. 1. 
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Fig. 5. Contours of Lorentz invariant cross section 
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plot for Ne + NaF at E/ A = 380 MeV. The present 
results have been combined with the data of Nakai, et 
al., 2 at larger angles to produce this plot. The cross 
sections from Nakai, et al., have been multiplied by a 
factor of 3/4 to correct for the difference between our 
normalization and theirs. 
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Funny Inlls in Pion Spectra fromHeavy-Ion Collisions* 

John 0. Rasmussen 

I shall restrict my discussion for the most part to 
the hills and valleys in heavy ion pion spectra that show 
up at the lower pion energies. 

Three Kinds of Funny Hills 

We first examine the main 1r + hills observed by 
our TOSABE (TOkyo-OSaka-BErkeley) collaboration 
using a scintillation range telescope on the 2~e + NaF 
system. At 800 AMeV there is a main peak of 1r + in 
the backward direction at a lab rapidity of -D.4. Of 
course, by symmetry there must be a corresponding for
ward peak. These peaks are explained in the isobar 
model as the decay of aligned ~( 1232) resonances of 
spin 3/2. For Ne + NaF at 400 AMeV the peak has 
pulled in to near target rapidity but we may still attri
bute the peak to decay of a ~( 1232), now virtual. We 
called attention to a second kind of funny hill in the 
800 AMeV data involving much slower pions (c.m.) and 
situated near 90° (c.m.) at -0.5 m..c momentum. This 
funny hill of the second kind did not appear in 400 
AMeV data. 

We next consider the sharpest and most dramatic 
feature, the 11'- peaks near beam velocity. To follow the 
chronological order of their first observation I shall call 
them for this talk funny hills of the third kind. Their 
thorough investigation is the subject of a separate arti
cle.1 I shall just show one example from yet more 
recent work. 2 In Fig. I we see isometric and contour 
plots of the Lorentz-invariant cross section for 1!'- in Ne 
+ NaF at 138 AMeV. The 1!'+ spectra always show a 
depression near beam velocity. We believe the 1!'- peak 
and 1r + hole are consequences of Coulomb focusing by 
projectile fragments. Quantitative fits on this basis are 
made by Radi, et al} in which the primary fragment 
distribution and momentum dispersions of compound 
nuclei before nucleon evaporation play the central role. 

11'-;11'+ Ratios near Center of Mass 

In subsequent work Cugnon and Koonin4 re
studied the pion Coulomb problem by Monte Carlo 
methods with relativistic trajectories. Their plot of 

rr-Jrr + ratios at 0° for the Ar40 on Ca40 collision at 1.05 
AGeV shows the familiar beam velocity peak ("third 
kind") but in addition a secondary peak at rest in the 
center of mass. Their rr-;rr+ ratio is about 5.5 at the 
center of mass. 

Our groupt then measured both 1r- and rr+ spectra 
at and near rest in the c.m. frame for 1.05A GeV 40Ar 
on natural C, Ca, and U targets. The spectrum for 
40Ca is quite flat over the whole region of our spec
trometer acceptance including the nucleon-nucleon 
center of mass, in contrast to the theoretical prediction. 

In Table I are summarized the measured 11'+ /11'
ratios at the nucleon-nucleon center of mass. 

Table I 
11'-/11'+ ratios at the Nucleon-Nucleon c.m. 

for Heavy Ion Collisions 

Lab Energy 
per Nucleon 

(MeV) 

1050 

655 

Projectile 

2~e 

Target 

c 
Ca 
u 
NaF 

11'-/11'+ Ratio 
at c.m. 

( ± 10%) 

1.6 
1.5 
3.2 
1.76 

Faced with the large discrepancy between theory 
and experiment on the 11'-j1r + ratios, we undertook 
extensive new Monte Carlo trajectory studies. The most 
important difference from Cugnon and Koonin was 
probably our introduction of absorption for any trajec
tories going through nuclear matter. Table II summar
izes our results. 
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Table II 
Zero Energy (c.m.) 1r-j1r+ Ratio Factors 

Spectator Coulomb factor 
Neutron-excess factor 
Participant Coulomb factor 

Final Product (theory, ref. 5) 
Experiment 

acalculated by scaling from Ne Monte Carlo Results 

Possible Pion Orbiting about Fireball(s) 

In Fig. 2 you see 0° and 90° ( c.m.) cuts of the 
1r + and 1r- invariant cross sections for Ne plus NaF at 
655 AMeV. The 1r+ funny hill of the second kind has 
its counterpart in 1r-! It is thus highly unlikely that 
there is a simple Coulomb explanation for the 90° c.m. 
hills of the second kind. We did not have sufficient 
beam time to measure far enough out along the 90° 
c.m. line to cover the 1r+ bump region, but the data are 
consistent with such a bump for 1r + as well as 1r-. For 
1r- we show in the solid line a comparison with work of 
Nagamiya, et al. 6 This line represents an interpolation 
in beam energy between 400 AMe V and 800 AMe V 
and it represents an extrapolation down in pion energy: 
Their lowest measured pion point would be on the right 
margin of Fig. 2, and the extrapolation follows a 
Boltzmann form, Gaussian in momentum, exponential 
in energy. 

At the high-momentum edge, where the two data 
sets nearly overlap, our data appear to be approaching 
theirs. At the origin the extrapolation from the 
Nagamiya work matches our data, and the nature of the 
hill of the second kind is delineated. The excess cross 
section above the extrapolated line forms a broad hill 
from 0.4 - 0.6 m,.c dropping to zero above and below 
this momentum region. · 

What could be the significance of this mid
rapidity hill? It appears that simple application of the 
uncertainty principle to this ubiquitous momentum of 
-0.5 m,.c gives a distance of -2 pion Compton 
wavelengths, or -3 fm. This distance is around the size 
expected for the hot fireball source region. 

We postulate that this mid-rapidity funny hill 
may indicate pion orbiting in or about the fireball. (Cf. 
discussion in report "Pions from and about Heavy 

190 

2'Ne + NaF 
at 655 AMeV 

1.40 
1.083 
1.11 

1.68 
1.76 ± 0.1 

Ions" in this report.) 

Footnotes and References 

40Ar + Ca 
at 1050 AMeV 

1.36a 
1.17 
1.10 

1.75 
1.5 ± 0.2 

*Condensed from invited paper presented at the Rela
tivistic Heavy Ion Winter School, Banff, Alberta, 
Canada, February 22-26, 1982 (LBL-14174) 

tPrincipal collaborators on our JANUS magnetic pion 
spectrometer measurements at mid-rapidity have been 
the following: James Bistirlich, Harry Bowman, Roy 
Bossingham, Kenneth Crowe, Kenneth Frankel, Jeff 
Martoff, James Miller, Don Murphy, John Rasmussen, 
John Sullivan, William Zajc, and Eunice Yoo, U.C. 
Lawrence Berkeley Laboratory; Osamu Hashimoto and 
Masahiro Koike, Institute for Nuclear Studies, Univer
sity of Tokyo; Jean Quebert, University of Bordeaux, 
Walter Benenson, Gary Crawley, Edwin Kashy, and 
Jerry Nolen, Michigan State University; and Jean 
Peter, Laboratory for Nuclear Research, Orsay 

1. J.P. Sullivan, J.A Bistirlich, H.R. Bowman, R. 
Bossingham, T. Buttke, KM. Crowe, KA 
Frankel, C.J. Martoff, J. Miller, D.L. Murphy, 
J.O. Rasmussen, W.A Zajc, 0. Hashimoto, M. 
Koike, J. Peter, W. Benenson, G.M. Crawley, E. 
Kashy, and J.A Nolen, Phys. Rev. C25 (1982) 
1499. Also J.P. Sullivan, Ph.D. Thesis, U. C. 
Berkeley, LBL-12546 (1981) unpublished. 

2. D. Murphy, J. Bistirlich, H. Bowman, R. Bossing
ham, K Crowe, 0. Hashimoto, K Frankel, J. 
Rasmussen, J. Sullivan, W. Zajc, J. Peter, W. 
Benenson, G. Crawley, E. Kashy, and J. Nolen, 
Bull. Am. Phys. Soc. 26 (1981) 1148 



3. H.M.A Radi, J.O. Rasmussen, J.P. Sullivan, 
KA Frankel, and 0. Hashimoto, Phys. Rev. C25 
(1982) 1518 

4. J. Cugnon and S.E. Koonin, Nucl. Phys. A355 
(1981) 477 

E/R = 138 MEV NE+NAF-X+7r-

... 
r 
~ 
fJ 

' K 
i 

JOi 
I 

Fig. 1. Isometric and contour plots of 1r- data2 for 
2'Ne + NaF at 138 AMeV. Cross section is in units of 
b sr·1 GeV"2. Peak is near beam velocity. 
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Fig. 2. Cuts of 1r- and 1r+ production cross sec
tions for 2'Ne on NaF at 655 AMeV. Upper half 
shows cut at 0°. The lower half shows the cut at 
90° ( c.m.) with comparison to data extrapolated 
from Nagamiya, et al. 6 Lorentz invariant cross 
sections are in units of b sr·' GeV"2• 
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Pions from and about Heavy Ions* 

John 0. Rasmussen 

Pion Thermometry 

The various particles from high energy heavy ion 
collisions exhibit spectra that asymptotically approach 
an exponential fall-off with energy suggesting a thermal 
distribution. There are two main problems: one, the 
slopes depend on angle, and two, the apparent tempera
tures indicated by the different particles are not the 
same. We restrict ourselves here to the case of sym
metric systems, where target and projectile are nearly 
the same charge and mass. The slopes determined at 
the more forward angles are not reliable indicators of 
any thermal equilibrium situation. In the case of pro
tons there is a persistence of initial momentum through 
several collisions, since elastic scattering is forward
peaked at energies greater than 300 AMeV. In the case 
of pions there is a natural forward-backward peaking 
from the initial formation in a nucleon-nucleon colli
sion, such distribution arising from the role of the ll 
(1232) intermediate. Thus, we believe that the 90° 
c.m. spectra of various particles are the least admixed 
with particles from direct processes and may provide 
the best thermometry of the hot reaction region. 

Fig. 1 is taken from Nagarniya, et al., 1 and it 
shows proton and pion slope parameter E

0
, which is not 

the temperature, but is closely related to a temperature. 
To get a temperature from a Boltzmann distribution, 
one should plot just the differential cross section 
without multiplying by the relativistic total energy to 
make it Lorentz-invariant. The effective temperatures 
will be somewhat lower than. Nagamiya's E

0 
values. 

The correction to E
0 

to get a temperature value is 
rather easy to make. 

d3u 
uiNV = E--

dp3' 

where E is the relativistic total energy of the pion. 
Taking the natural logarithm of both sides and 
differentiating with respect to E gives us· 

1 1 1 
-Eo =Ex-T, 

where E is the total energy at which the slopes are to 
be dete~ned. If we choose to evaluate the effective 
temperature at a kinetic energy around twice the E

0 
value (total E three times greater),. then the above 
equations tell us that T, the effective temperature, is 
0.75 times E

0
• With this in mind we can determine 
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temperatures from Fig. I. 

The pion probe indicates temperatures smaller 
than those given by the simple fireball model, in which 
all the available kinetic energy of the geometrically 
overlapping matter (participants) is assumed to be ther
malized. For example, at E, b = 0.18 AGe V there is 45 
MeV kinetic energy per nucieon available for a fireball 
model temperature of 2/3 of this, or 30 MeV. This is 
to be compared with a pion temperature of 0. 75 times 
25 Mev, or 18 MeV. Note also that the temperature 
indicated by the pions for a given system is always less 
than that indicated by the protons. 

In an attempt to resolve the discrepancy between 
protem and pion temperatures Phil Siemens and I some 
years ago proposed2 a blast-wave model. We derived 
expressions for the spectra from a system in which the 
available energy was divided between thermal and 
ordered motion of a spherically expanding blast wave. 
If the energy were about equally distributed between 
these forms, the difference in apparent temperatures 
was resolved. Today I would not want to defend the 
literal blast wave but rather point out that any ordered 
motion of the thermal sources in the perpendicular 
direction can give systematic differences in the limiting 
slopes of the various mass particles boiling off. Argu
ments have been given that a "bounce-off'' effect 
occurs3, and this effect provides an ordered sidewise 
component in the thermal sources. Furthermore, 
cascade-code calculations of Gyulassy and Frankel4 

show a fluctuation in sideways momentum, even of 
head-on central collisions. Nagamiya in ref. 5 presents 
a kaon temperature which does not fit into my general 
theme that it is ordered perpendicular motion that 
causes the difference in slopes. The temperature 
inferred from the kaon (K+) production is even higher 
than that of the proton, rather than lying between pro
ton and pion temperatures. I would merely point out 
that the kaons are not likely to be very good thermal 
probes, since their mean free paths in nuclear matter 
are longer than the other particles. Since they require 
the greatest energy for production, they may also probe 
just the most violent initial parts of the collision, before 
any thermal equilibration has set in. 

Pionic Orbits of Nuclear Size? 

Heavy ion pion spectra show hills or ridges in the 
cross sections at very low energy in the c.m., around 15 
MeV or momentum of 0.4-0.5 m c. What is striking ... 
about the mid-rapidity bumps is that a simple 



application of the uncertainty relation gives a distance 
about equal to the nuclear radius. That is, ft over the 
bump momentum of 0.5 m,.c gives a size parameter of 2 
pion Compton wave lengths, or about 2. 8 fm. Of 
course, the bump may be shifted somewhat by Coulomb 
effects, so we will need in the future to accumulate data 
for both 1r + and 1r- for systems of widely differing mass 
to see if the mid-rapidity bumps move inward with 
increasing mass, as the uncertainty principle argument 
would predict. Ideally, we should have data somewhat 
sorted between peripheral and central collisions to 
extract the most information. We could then take 
Fourier transforms of the momentum spectrum to infer 
the spatial wave functions of the pions. 

It is worthwhile to trace some of the roots of these 
notions about possible pion orbiting. Kitazoe and Sano6 

solved equations for thermal and chemical equilibrium 
among particles in the hot dense matter of heavy ion 
collisions, and they drew attention to a "zero-energy" 
component of the pion spectra. Likewise, Zimanyi, Fai, 
and Jakobsson considered such a component, which 
they gave a finite width according to the nuclear size 
and uncertainty principle. 7 

Pion Confinement in the Fireball 

To get some orientation on pion orbiting condi-
.. tions I have developed a computer code to solve for 

eigenvalues of pions in a nuclear optical potential. The 
methods of Ericson and Myhrer8 have been employed 
except that we obtain eigenvalues first in the real part 
of the potential, using the WKB approximation and 
applying Bohr-Sommerfeld quantization conditions, 
with modifications of ref. 9 where there is a singularity 
in the effective mass. 

With the nuclear potential turned off I have 
verified that the code gives about the right Bohr value 
for the pionic binding energy in lowest s- and p- states. 
Then the first calculations with the double density of a 
fireball made clear that the central part of the nucleus 
will have a negative effective pion mass for both 1r + and 
1r- under a broad range of neutron-to-proton ratios. The 
mass-singularity near the surface thus provides always a 
confining boundary for inner solutions. 
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Fig. 1. Summary of slope parameters E0 for various 
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Production of Negative Pions with 183 MeV /nucleon Ne Beams* 

S. Nagamiya/ H HamaJaki, * P. Reeking, S. Kadota, * R. Lombard, §y Miake, ** 
E. Moeller, ff S. Schnetzer, H. Steiner,§§ I. Tanihata, * S. Dohrmann,*** and J. Knouttt 

Cross sections for negative pion production in 183 
MeV /nucleon Ne + NaF and Ne + Pb collisions have 
been measured at laboratory angles from 20° to 90°. 
The first goal of this experiment was to study the 
mechanism of subthreshold pion production for large
angle, high-energy pions. 

The second goal of the experiment was to test a 
recent theoretical prediction of a pionic instability 
effect related to pion condensation. According to Gyu
lassy, 1 if this effect exists, then it should reveal itself in 
the inclusive pion spectra. Namely, the pionic instabil
ity induces an excess pion production at c.m. 90° and 
at a c.m. momentum around 2-3 m,.c. 

The experimental procedures are almost the same 
as those reported in Ref. 2. 

In Fig. 1 the energy spectra of 1r- at c.m. 90° 
observed for Ne + NaF collisions are displayed 
together with the previously published data for the 
same projectile and target combination but at different 
beam energies. As shown, we have observed high
energy pions at subthreshold beam energies in nuclear 
collisions down to cross section of -1 (J.Lb 
GeV)j(sr(GeV jc)3). We have found no evidence for the 
pionic instability effect predicted by Gyulassy. The 
production mechanism of high-energy pions has been 
studied using both hard-collision and phase-space 
models. A naive hard-collision model without rescatter
ing effects does not explain the data when conventional 
internal momentum distributions are assumed. How
ever, if both pion absorption and rescattering are 
included, then the model agrees to within a factor of 
about 2 with the data. For the production of high
energy pions it turns out that the 1rN rescattering is 
especially important. The phase-space model also fits 
the present data reasonably well. From the qualitative 
agreement of the data with both these models, it seems 
likely that processes involving more than two nucleons 
play an important role for producing energetic pions at 
subthreshold beam energies. The relationship between 
these two models is still not clear, but it may be that 
the microscopic rescattering and absorption effects can 
be effectively replaced by the statistical behavior of a 
rather large number of nucleons. 

Footnotes and References 

*Condensed from LBL-14033 and Phys. Rev. Lett. 48 
( 1982) 1780 
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Fig. 1. Energy spectra of 1r- at ec.m. = 90° in Ne + 
NaF collisions at four beam energies, 0.18, 0.4, 0.8, 
and 2.1 GeV /nucleon. Eo is the inverse slope factor 
when the cross sections are parametrized by exp(
E;·m. /Eo). The solid curve is the predicted cross sec
tion for pionic instability as calculated by Gyulassy. 1 

The dashed line is the result of a phase-space-model cal
culation for EwamLab/ A = 200 MeV. The dotted line 
is the calculation of a simple hard-collision model and 
the dot-dashed line is the result from the hard-collision 
model which includes both pion absorption and res-
cattering. 
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Subthreshold K- Production in Relativistic Nuclear Collisions (RNC)* 

A. Shor, t K. Ganezer, * S. Ahachi, * J. Carroll,* J. Geaga, * G. /go,* P. lindstrom, 
T.A. Mulera, V.Perez-Mendez, A.L Sagle, F. Zarbakhsh, and D. Woodartfl 

We have recently observed copious production of 
K- in the reaction 28Si + 28Si at 2.1 Ge V /nucleon. At 
this bombarding energy, K- production is subthreshold 
in nature, i.e., a minimum of 2.5 GeV in projectile 
energy is required for K- production in nucleon-nucleon 
collisions. The K- yield we measured is more than 20 
times larger than phase space calculations which 
include the internal nuclear (Fermi) momentum of the 
colliding nucleons. Calculations which employ spectra 
of the relative energies between p, .!l and 1r's generated 
by a cascade code1 also underpredict the observed K
yield by over an order of magnitude. 

The enhanced K- production is an indication of 
multi-nucleon processes occurring in RNC. Collective 
effects such as KK-condensation2 or ~Bremsstrahlung3 

may account for the large K- yield. Enhanced produc
tion of strange particles would also result if a quark
gluon plasma (or fluctuations leading to such a plasma) 
were to be produced in RNC. Even if such processes 
seldom occur, the effects on K- production may be dis
cernable since the conventional backgrounds for the 
production of K- are small. 

The experimental technique involves magnetically 
bending negative secondaries away from the positively 
charged fragments and transporting them along a mag
netic beam line. Detector stations following each suc
cessive bend allow for high background rejection and 
very sensitive particle measurements. Figure 1 presents 
a data sample of 4 million events and shows the relative 
time of flight between the first two detector stations 
after cuts were made on Cerenkov pulse heights. The 

peak with the K- TOF represents a differential cross 
section o2ujdpd0 of 1.65 ± .35 mbjsr- GeVjc. The 
upper limit for anti-proton production is d2ujdpd0 < 3 
~J-b/sr- GeVJc. 

40r------.----.----.-----r----.----,-, 

(a) Loose Cerenkov Cuts 
30 

20 

10 

Fig. 1. Time of flight spectra for the first two detector 
stations. The effect of cutting on Cerenkov pulse height 
can be seen in the difference between the two spectra. 

XBL 824-9006 

195 



Recent reports of observation of fractional 
charges4 has led to the theoretical speculation that frac
tional charge may occasionally be liberated in RNC 
where color screening may be in effect5. The experi
mental techniques we employ for the K- measurements 
are well suited for direct measurements of fractional 
charges. For example, with our existing measurement 
with 28Si, we obtain an upper limit of d2ujdpdQ < 3 
p.bjsr - GeV jc for Z = -2/3 particles with a mass 
range of ~<m<Mp at P/Z = 1 GeVjc (assuming 
absorption in the thick target and counters is compar
able to that for an anti-proton). 

Footnotes and References 

*Condensed from Phys. Rev. Lett. 48 (1982) 1597. 
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PARTIV:THEORY 



1. General 

Normal and Pion Condensed States in Neutron Star Matter* 

N.K. Glendenning, P. flecking, and V. Ruck 

In a companion paper1 a relativistic field theory of 
charge neutral and stable dense matter was formulated. 
The theory is solved in the mean field approximation. 
The lagrangian is regarded therefore as an effective 
one, whose coupling constants are constrained by the 
known bulk properties of nuclear matter, the saturation 
density, binding, compressibility, and charge symmetry 
energy. 

In the present work, numerical solutions to the 
coupled nonlinear equations defining the fields are 
found for the normal and pion condensed phases. The 
known properties of nuclear matter are insufficient to 
define completely the coupling constants. This freedom 
is exploited to investigate two extreme situations that 
we refer to as "stiff'' or "soft" equations of state, refer
ring to their high density behavior. 

Numerous properties of the system are calculated 
as a function of baryon density. One such is the pion 
condensate energy shown in Fig. 1 for the "stiff'' equa
tion of state. Neutron-rich matter very much favors 
pion condensation as compared to symmetric nuclear 
matter. However, for the "stiff'' equation of state the 
maximum star mass is hardly affected by the presence 
of the condensate, as seen in Fig. 2. However, the 
"soft" equation of state can be ruled out on the basis of 
the condensed state, since it will not support a star 
mass as large as several observed masses ( -1.4 M ). 

Cooling times of neutron stars are strongly 
influenced by the presence of a pion condensed state. 2 

Therefore, cooling times and present temperatures for a 
star like the Crab pulsar are calculated. However, the 
present accuracy of the measurements does not permit a 
discrimination among our results, which are. tabulated 
in the original report. 

Footnote and References 

*Condensed from LBL-14505 
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Fig. 1. Pion condensate energy in neutron star 
matter and nuclear matter as a function of baryon 
density. 
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Fig. 2. Neutron star mass in units of solar mass as 
a function of central energy density for four states 
of charge neutral matter, the normal and pion con
densed phases for "stiff'' and "soft" equations of 
state. 
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The Hyperon Composition of Neutron Stars* 

NK. Glendenning 

A description of neutron star matter is developed 
here in the framework of a relativistic field theory of 
interacting nucleons, hyperons, and mesons. The 
theory is solved in the mean field approximation. Rela
tivistic covariance of the theory is retained throughout. 

The important bulk properties of nuclear matter 
are imposed as constraints. These are the saturation 
density, binding energy, compressibility, and isospin 
symmetry energy. Subject to these constraints the 
equation of state is calculated for cold dense charge
neutral matter that is in chemical equilibrium. 

As the density of matter rises, the Fermi energy 
of the neutrons will eventually exceed the threshold for 
decay, first to protons and then to the hyperons, most 
especially the A,};,Z, and <l, with the emission of elec
trons, muons, pions, kaons, etc. Any photons or neutri
nos produced can leak out of the star, and its energy is 
lowered. The kaon decays are, of course, not forbidden 
on a time scale that is large compared to 10·10 sec. 
However, the hyperons become Pauli blocked and a net 
hyperon population is built up. The stable ground state 
of the star, achieved as a result of the various elemen
tary processes, is sought. 

At some sufficiently high density, the nature of 
the ground state may undergo a phase transition to the 
pion condensed state. We do not allow for a structural 
change in the ground state here, but we do allow a con
densate of free pions to develop when the chemical 
equilibrium would require it. Likewise, of course, the 
electrons and muons are in chemical equilibrium with 
the hadrons but may be treated as free particles 
because the interaction is electro-weak. Our complete 
Lagrangian is (fz = c = 1), · 

!i' = ~ ~tJ ( ia - I11tJ + g(/ff'- g.,tJW~'Y'") 1/ltJ 
tJ 

- gpP~'3Jf + ~ + It'., + It;, + !£,.- U(u) 

+ ~ ~ (ia - m01/lx (1) 

The sum {3 is over the baryons p, n, A o ,};+.o.-,zo.-, and 
<l ++, +,o,- and {3 stands for their quantum numbers, the 
spin, isospin, 3rd component of isospin, and hyper
charge. These are Yukawa-coupled to the scalar and 
vector mesons u and ww 1 The rho meson and nucleons 
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are coupled through the isospin four-current of the 
baryons, Jf. The free Lagrangians for the mesons are 
denoted by ~. . . . ~. the lepton Lagrangians by !4,, 
and finally the a--field self-interactions by U(u). 2 The 
field equations derived from !i' are solved in the mean 
field approximation. The Dirac equations for the 
baryons have the spin degenerate eigenvalue spectrum 
for particles given by 

The meson field equations reduce to 

(3) 

(4) 

'!!=O=p (5) 

(6) 

The baryon currents that couple these equations are 
explicit functions of the fields and the fermi momenta. 
Charge neutrality and chemical equilibrium impose 
relations among the Fermi momenta kp. The total 
charge is 

Q = ~~ (2Jfj + 1) ; 
tJ 

k3 
- ~ 3~ - p.,0 (p.., - m.,) 

where the charge on species {3 is ~ = 131J + YtJ/2. 

(7) 

The three terms are the electric charge densities of 
baryons, leptons, and negative pions. 

Chemical equilibrium with respect to the various 
transmutations of the particles can be expressed in 



terms of two independent chemical potentials J.LN and J.Le 
(corresponding to baryon and electric charge conserva
tion) by 

J.lfj = J.Ln- 'l,BJ.Le • J.lr = J.L!l = J.Le (8) 

where J.lfJ is the chemical potential for baryon type {3. 
The strangeness quantum number is not conserved on 
the time scale of the star so that the lowest energy state 
is achieved with no constraint on this quantum number. 
The Fermi momenta, ~. of the baryons are solutions of 
J.lfJ = Efj(~), when these equations have real solutions; 
otherwise ~vanishes. Similarly, 

= v'~ + m:. (9) 

Since the pions are bosons, they can condense in the 
zero momentum state when IJ.e > m,... 

Equations ( 3-9) comprise a set of coupled tran
scendental equations for the (8 + N) quantities 

which determine the properties of the system at the 
density ( 4) and charge (7), when IJ.e < m,... The lowest 
energy state has IJ.e < fir. When the equality holds, 
then Pr replaces J.Le as an unknown, and its value is 
prescribed by (7). 

The energy density p and pressure P can be found 
in terms of the above field configurations being the 
time-like and the (equal) space-like diagonal com
ponents. We find 

p = U(u) + ~ m; ~ + ~ m; w; + ~ mJ PJ3 

(10) 

1 1 1 2 
P = -U(u) - 2 m; ~ + 2 m; wJ + 2 mJ Po3 

It, 
+.!. ~ 2J/J+1 I p4dp . (11) 

3 fJ 2~ 0 v' p2 + (ffi!J - &fj0')2 

These are required to find the structure of a neutron 

star. The matter then arranges itself according to the 
solution of the Oppenheimer-Volkoff equations, ·which 
follow from the· general theory of relativity for a static 
spherically symmetric geometry. 

Although the four bulk nuclear properties men
tioned in the introduction are the most important con
straints on the theory that we can think of that would 
influence the structure of the star, they are not 
sufficient to determine all the parameters. The single
particle properties of finite nuclei serve to further nar
row the choice. 3 Following Moszkowski's4 application 
of SU(3) symmetry and based on quark counting argu
ments the nucleons and ils are coupled with the same 
constants to the meson fields, but the couplings of 
strange baryons relative to nucleons are reduced by a 
factor (g8/gN) 2 = 2/3. 

Fig. 1 shows the populations of dense matter as a 
function of the baryon number density. While neutrons 
are the dominant population of stable charge neutral 
matter at densities in the vicinity of normal nuclear 
density, the populations of protons, pions, and hyperons 
rise steeply as their thresholds are reached so that at a 
few times nuclear density the neutron becomes a frac
tion of the total baryon population. This contrasts with 
scenarios based only on neutrons, protons and leptons, 
in which case the matter remains relatively pure in neu
trons.5 

PARTICLE POPULATIONS 

Fig. I. The particle populations in dense neutral 
matter plotted as a ratio to the total baryon 
number density are shown as a function of baryon 
density. 
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Through the dependence on the density, the parti
cle populations will vary as a function of radius in a 
star. For a star of 1.82 solar masses (the maximum star 
mass for this theory) these populations are displayed in 
Fig. 2. The total baryon number density is represented ....... 
by the top curve, and it is broken down into its com.. 7 

E 
ponents by the other curves above the axis. Below the ~ 
axis (for convenience) the pion population is shown. 
One sees that the strange baryons represent about 2/3 
of the baryon population in the deep interior and that 
charge neutrality is maintained not by a paucity of 
charged particles (as in models that consider only neu
trons, protons and leptons) but by an abundance of 
charged particles of both signs. The electron and meson 
populations are both extremely small, not exceeding 
0.012 and 0.003 fm-3 anywhere. The pion condensate is 
very influential in quenching the lepton populations (see 
Fig. 1) at intermediate density. 

For stable configurations of collapsed matter, thi& 
theory predicts a maximum mass of 1. 82 solar masses 
and maximum moment of inertia of 2.1 x 1045 g-cm2, 

which exceed the observational lower limits of 1.6 and 
1.5 x 1044 g-cm2

, respectively. The fractional gravita
tional redshift of a spectral line emitted at the surface 
of this star and observed at infinity is fi>.../'A = 0.42, 
which for a stable star is large. 

The composition and strangeness of a neutron star 
will never be directly measured. However, it is not 
excluded that observable properties may be influenced 
by the hadronic composition. Several things come to 
mind in addition to the much studied problem of neu
tron star cooling. There can be vibrational modes asso
ciated with the isospin and strangeness composition. 
Moreover, since the charge is carried mainly by massive 
baryons, rather than half of it on electrons and muons, 
as is usually assumed, the electrical conductivity will 
surely be influenced. The active lifetime of pulsars 
depends sensitively on the electrical conductivity 
because it plays a decisive role in the decay rate of the 
magnetic field, which is thought to be responsible for 
their beamed radiation. 

Footnote and References 

*Condensed from Phys. Lett. 114B (1982) 392 
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Fig. 2. The proper number densities (as measured 
in a locally inertial reference frame) of the various 
particles are plotted as a function of the star ra
dius. On this scale the electron and meson popula
tions are not much larger than the thickness of the 
lines. The vertical distance between lines 
represents the population densities. 
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Quantum Approach to the Nuclear Collision Process 

P. Danielewicz 

Contrary to common belief, nuclear collisions can
not be described classically at hundreds of 
MeV /nucleon beam energies. At the initial stage of a 
200-800 MeV /nucleon nuclear collision, the mean time 
T between successive nucleon-nucleon collisions is of 
the order of 1/(nr:PV) :::::: {l.7-3.5)fmjc. The value ofT 
implies uncertainties of energies in subsequent colli
sions fz/T :::::: (55-115) MeV. The uncertainties are com
parable with values of nucleon energies in the midrapi
dity frame. 

We have examined the role of quantum dynamics 
in high-energy nuclear collisions. We have carried out 
numerical calculations of collisions in an interpenetrat
ing nuclear-matter model. The quantum dynamics has 

t = 0 

t = I fm/c 

t = 3 fm/c 

t = 6 fm/c 

t = I 0 fmlc 

been compared to a classical Markovian dynamics given 
by the Boltzmann equation. In quantum calculations, 
methods of nonequilibrium Green's functions have been 
employed. These methods, which have been initiated 
by Kadanoff and Baym, 1 have been already proposed2 to 
extend the TDHF method for low-energy nuclear colli
sions. In the calculations we have solved the Kadartoff· 
Baym equations of motion for the single-particle 
Green's functions, with the self-energies in the Born 
approximation. We have solved the equations both for 
a two Fermi-spheres Hartree-Fock initial state and a 
correlated initial state of nuclear matter. 

Results of the calculations for :&ab = 400 
MeV /nucleon are presented in Figs. 1 and 2. In the 

Fig. l. Evolution of the nucleon momentum distribution f(p.l,p2,t). Leftmost figures - Boltzmann equation evolu
tion; central figures - Green's functions equations of motion evolution for a two Fermi spheres Hartree-Fock initial 
state; rightmost figures - evolution for a correlated initial state. Horizontal axes are the collision axes. The momen
tum space is restricted to 900 MeV fc as shown by the outer circles. 

XBL 8211-3430 

201 



distributions resulting from the Boltzmann equation, 
the effects of energy conservation in binary collisions 
can be seen. The particles initially fill a hollow shell in 
momentum space, determined by the two Fermi 
spheres, and they cannot substantially populate the high 
momenta region. In the quantum dynamics, both the 
energy conservation in binary interactions and the 
single-particle energies are ill defined. In quantum cal
culations the particles move directly into the central 
region between the Fermi spheres, and they also spread 
over the whole momentum space. In contrast to what 
one would expect from the above, the approach to the 
thermodynamic equilibrium is slower by about 50% in 
the quantum case. This is due to an effective reduction 
of the binary collision time and also to a development 
of a gap between particle and hole frequencies. The 
gap is of the order of 1/(!llA2), with 'A = 1/(n'A) a mean 
free path, and the effect seems to be related to energy 
spacing of levels in a finite spatial region. In Fig. 2 we 
depict the evolution of the momentum distribution 
anisotropy. In the correlated initial-state quantum cal
culation, a value of 1/2 for the anisotropy is achieved 
only after 10 fmjc of the evolution. The value of the 
time seems too large to justify the hydrodynamic 
description for the heavy-ion collisions at the considered 
beam energy. 
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Fig. 2. Evolution of the momentum distribution 
anisotropy. Short-dashed line corresponds to the 
Boltzmann equation, long-dashed line to the 
Green's function equation of motion and the 
Hartree-Fock initial state. The dashed horizontal 
line at 0. 5 is a guide to the eye representing 
< pz2 > = 1.5 { <p.l.2>/2 ). 
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Theory of Direct Nuclear Reactions* 

N.K. Glendenning 

The spontaneous disintegration of long-lived, 
naturally occurring isotopes provides one source of 
information on nuclei. However, only a limited number 
of nuclei are accessible for study by this natural process 
and only under a narrow range of circumstances. On 
the other hand, nuclear reactions can be induced in the 
myriad of pairwise combinations provided by stable or 
long-lived nuclei and over the wide range of energies 
provided by the accelerators in the physics laboratories 
of the world. Reactions, therefore, provide the greatest 
volume and widest range of nuclear data. The energy 
loss of a beam particle can be directly interpreted as an 
excitation energy in the target nucleus. Usually, how
ever, the data acquire meaning for the structure of 
nuclei only after they have been interpreted through a 
reaction theory. The synthesis of such accumulated 
information into a coherent theory of the nucleus is the 
main subject matter of nuclear physics. There are a 
number of volumes on nuclear structures that review 
this ongoing process. 

This book is about the theory of direct nuclear 
reactions. It emphasizes the microscopic aspects of the 

·reactions and their description in terms of the changes 
induced in the motions of the individual nucleons by 
the reaction. However, since collective motion can be 
accurately described by a few collective parameters, I 
sometimes depart from a strictly microscopic descrip
tion; any account of direct reactions would otherwise be 
incomplete. 

The book begins essentially at the beginning, 
assuming only a modest knowledge of quantum mechan
ics and some acquaintance with angular momentum 
algebra, and ends by describing some of the most 

recent topics. The principal results of the theory are 
described, with emphasis on the approximations 
involved so as to provide a guide as to how well the 
theory can be expected to hold under specific experi
mental conditions, and also to suggest areas in which 
improvements can be made. Applications to the 
analysis of experiments are also emphasized, not only 
because reactions are interesting in themselves but 
because they can be used to measure nuclear properties. 
Indeed, most of our detailed knowledge of nuclear pro
perties has been discovered by means of reactions. 

The goal of the book is thus to provide the novice 
with the means to become competent to do research in 
direct nuclear reactions and to provide the experienced 
researcher with a detailed discussion of the advanced 
topics. 

Topics covered include coupled equations and the 
distorted-wave Born approximation; form factors and 
their nuclear structure content; the basis of the optical 
potential as an effective interaction; reactions such as 
inelastic single and two-nucleon transfer reactions; the 
effect of nuclear correlations; the role of multiple-step 
reactions; the theory of inelastic scattering and the rela
tionship of the effective interaction to the free one; 
reactions between heavy ions; the polarizability of 
nuclear wave functions during a reaction; and the cal
culation of components of the optical potential arising 
from specific collective or transfer reactions. 

Footnote 

*Preface to a book to be published by Academic Press. 

Droplet Model Predictions of Charge Moments* 

William D. Myers 

The Droplet Model was originally developed to 
provide a macroscopic description of the binding energy 
and spatial distribution of a saturating, two-component, 
leptodermous system, and the model coefficients were 
later chosen to correspond to the values they would 

have in atomic nuclei. 1 like the liquid drop model that 
preceded it, the Droplet Model nuclear binding energy 
predictions agree with the measured values to within a 
percent or less for the heavier nuclei (10 MeV out of 
1000 MeV). Similar accuracy (or even better) seems to 
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be obtainable in the description of the density distribu
tion as well. 

The most frequently measured quantity, the mean 
square radius <r2>, can be calculated from the expres
sion 

where 

is the contribution from the size of the uniform distri
bution and its shape. The next term, 

is the contribution from the redistribution, and its 
shape dependence. The last term, 

(4) 

is the contribution from the diffuseness. It is interest 

ing to note that the diffuseness correction has no shape 
dependence and that it is the same for all nuclei (so 
long as we assume that the diffuseness itself is a con
stant). 

In order to assess the relative importance of the 
different terms we can consider the example of 238U. 
The spherical Droplet Model value of Rz is 7.030 fm, 
and this becomes 7.027 fm when the effect of deforma
tion (using the values a 2 = 0.139 and a 4 = 0.065 pro
vided by Moller2 on the size of the distribution is 
included. The mean square radius of such a distribu
tion is 29.627 (1 +0.0218) fm2, where the first part 
comes from the size and the second from the shape. 
The redistribution contribution is 0.879 fm2, and the 
diffuseness contribution is 3(0.95) 2 = 2.707 fm2, for a 
total of 33.860 fm2• The predicted RMS radius is 5.819 
fm, which is to be compared with the experimental 
value of 5.843 ± 0.012 fm. 

Footnote and References 

*Condensed from LBL-14310 
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The Macroscopic Approach to Nuclear Masses and Deformations* 

W.D. Myers and W.J. Swiatecki 

After sixty years of atomic mass measurements, 
the binding energies are known today experimentally 
for -1900 nuclei in their ground-state equilibrium 
configurations, as well as for dozens of nuclei in 
deformed, fission-barrier saddle point shapes, and for 
hundreds of interaction-barrier shapes corresponding to 
pairs of nuclei in contact. These binding-energy (or 
mass) measurements are often made with a precision 
corresponding to a small fraction of an MeV and, 
together, they represent an immense amount of informa
tion of practical relevance for many branches of nuclear 
physics, nuclear engineering, and astrophysics. They 
also represent an exacting challenge to theoretical 
efforts at understanding the basic properties of the 
unique many-body problem presented to us by an 
atomic nucleus. 
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The major part of the binding energy of nuclei 
. may be accounted for by a simple "Liquid Drop" for

mula, consisting of a volume energy [assumed to 
depend quadratically on the relative neutron excess I, 
defined as (N-Z) j A], a surface energy proportional to 
the surface area, and the electrostatic energy of a uni
form distribution of electric charge inside the nucleus. 
Originally conceived more than 45 years ago for the 
purpose of calculating only such ground-state masses, 
the model began to assume a wider range of applicabil
ity when it was recognized that the gross properties of 
nuclear fission could be understood in terms of the 
shape dependence of the surface and electrostatic ener
gies of the nuclear drop. 1 Unfortunately, however, 
there was a historically understandable tendency to 
associate the Liquid Drop Model (even in its static 



aspects) with a system of strongly interacting particles 
characterized by short mean free paths (and treated 
according to classical mechanics). Because of this 
misconception and the failure of idealized versions of 
the Liquid Drop Model to account for nuclear dynamics 
(e.g., excited nuclear states); the soundness of the 
Liquid Drop Model, even in its description of the gross, 
static aspects of nuclear binding energies, began to be 
questioned when the nuclear Shell Model was found to 
be a good approximation to nuclear structure. 

Major advances in treating the shell effects took 
place about fifteen years ago. (Before this time the 
shell effect deviations had usually been treated in an ad 
hoc way, by use of tabulated empirical correction func
tions.) Later it was recognized that the main features of 
the shell effect deviations could be understood in terms 
of the bunching of the quantized nucleon levels into 
bands, the bunching being governed by the symmetries 
of the nuclear shape in question and thus disappearing 
when the symmetries were destroyed by a deformation. 
A semi-empirical algebraic treatment of shell effects, 
made possible by these insights, 2 was soon followed by 
quantitative calculations (requiring, however, numerical 
solutions of the Schrodinger equation in an appropriate 
potential well). 3 The result of these calculations was 
not only a dramatic reduction of the discrepancies 
between theoretical and experimental masses (from 
around 10 MeV to around 1 MeV) but also the explana
tion of the long-standing puzzle of the mass asymmetry 
of nuclear fission in terms of shell effects at the fission 

barrier, and potentially most significant, these shell
effect calculations predicted the possible existence of an 
island of relatively stable nuclei beyond the known lim
its of the periodic table of elements. 

Concurrently with this conquest of the nuclear 
shell effects, there followed a substantial further 
improvement in the treatment of the Liquid Drop Model 
(the so-called Droplet Model) and the development of 
successful "Proximity" and "Folding" techniques for 
calculating the nuclear interaction between approaching 
nuclei, essential for a description of the energies or 
interaction-barrier configurations. Taking together 
these three contributions, Liquid-Drop, Proximity, and 
Shell Effects, one can today estimate theoretically the 
binding and deformation energies of known or hypothet
ical nuclei with an accuracy often approaching or even 
exceeding 1 MeV. 
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The Nature of Nuclear Dynamics* 

W.J. Swiatecki 

It is becoming more and more apparent that the 
nature of nuclear macroscopic shape dynamics is pro
foundly affected by the symmetries of the 
configurations in question. On the one hand, if the 
nuclear configuration is free of symmetries (the 
"Chaotic Regirne") the static potential energy, con
sidered as a function of shape, is now known· to be 
described quite accurately by a leptodermous (liquid
drop) type of expression and, although this is by no 
means established, the dynamics of shape changes is 
expected to follow a simple equation of motion, based 
on the one-body dissipation concept. The resulting 
shape dynamics is predicted to be severely overdamped: 
the nucleus should behave like a viscous fluid, with a 
novel type of viscosity, described by the Wall or Wall
and-Window Formula. On the other hand, when the 
nuclear system is dominated by symmetries, the single-

particle level structure of the nucleons acquires special 
features (bunchings and crossings or near-crossings of 
levels) and the nucleus becomes more like a visco
elastic solid, in some cases actually dominated by elasti
city. This symmetry-dominated regime of nuclear 
dynamics has been vividly illustrated by the prediction, 
discovery, and further elucidation of the giant quadru
pole resonances. Adding to this the striking pair corre
lation effects associated with time-reversal symmetry 
(responsible for superconductivity and superfluidity in 
macroscopic bodies), it is clear that nuclear dynamics is 
a fascinatingly rich and complex field for study of 
which, at the moment, we only possess an approximate 
understanding of a few especially simple limiting cases. 

Fig. 1. shows insights into the nature of nuclear 
statics and nuclear dynamics in which the presence or 
absence of symmetries plays a dominant role. 
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Fig. 1. An attempt to sketch the relation to one another of various limiting theories of nuclear statics and nuclear 
dynamics. The principal message is that the description of macroscopic nuclear dynamics may be expected to call for 
a rich mathematical structure, including the theory of fluids (ordinary, superfluid, and superviscid) of elastic solids 
and of plastic flow, depending on the presence or absence of symmetries and regularities in the configurations and 
deformations in question. 
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Dynamical Aspects of Nucleus-Nucleus Collisions* 

S. Bj~rnholmf and W.J. Swiatecki 

The fusion or reseparation of two colliding nuclei 
is treated according to a schematic model based on the 
"Chaotic Regime Dynamics" {liquid-drop potential 
energy plus one-body dissipation). Attention is focused 
on three hurdles or "milestone configurations" that a 
colliding system may be faced with: the touching 
configuration, the conditional saddle-point configuration 
at frozen mass asymmetry, and the unconditional 
saddle-point configuration. Semi-empirical formulae are 
derived for the "Extra Push" (the extra energy needed 
in some situations to carry the system from the first to 
the second hurdle) and for the "Extra-extra Push" (the 
energy needed to carry the system from the first to the 
third hurdle). The theoretical formulae are confronted 
with measurements of fusion and evaporation-residue 
cross sections (Figs. 1 and 2). A discussion of the 
implications for superheavy-element reactions is given, 
using the production of element 107 in the bombard
ment of 209Bi with 54Cr as a calibrating reaction. 

"' .0 
~ 

" 
b 

- e 

' \ (, ,o"' 
s\ t.\JS I o-21 

o \ ot.t.P·'~'~t.'-"o oii>~\JC'- p.SiiC) ~ 

v-~$o~Nu _________ _ 
··.·.-,.,, • .,.,._.~~US(FAST- FISSION) 

COMPouND- ····-··=::.o::a···~······· 10-20 
···- NUCl£U t - 0-·-·; 

···-···-···-... S(0£LAY£0)F/SSION 
-···-···- B - 10·19_10-16 

EVAPORATiON ... ,- Bn-···l 
RESIDUES UP TO 00 

B1(L"0) 

CENTER OF MASS ENERGY 

IIGsnso + 35cl,7 

( z 2 !A lew 26.157 

z2;A "29.729 

~ ~ f~ mf 

Footnotes 

A/~:;.~:,~:..=~~:.~.~-~~~-
/

:t- ... _ ...,} ~ ·-·---P-M_~V 

~ .. ··-···- ~ ···-···-... -·· -···-b.~·-~ 
cl 

*Condensed from LBL-14074, and Nucl. Phys. 
A391(1982) 471. 
tNiels Bohr Institute, Blegdamsvej 17, DK-2100, 
Copenhagen, Denmark 

Fig. I. The excitation functions for various types of 
reactions. Figure 1{a) illustrates the qualitative dis
tinction between binary (elastic and quasi-elastic) reac
tions, dinucleus (deep-inelastic) reactions, mononucleus 
(fast-fission) reactions, and compound nucleus reac
tions. The latter divide into (delayed) fission reactions 
and evaporation residue reactions. Some characteristic 
lifetimes (in seconds) are indicated on the right. The 
dotted curve illustrates qualitatively the additional 
entrance-channel limitation on compound-nucleus for
mation resulting from the requirement of an extra-extra 
push to reach the vicinity of the spherical shape. Fig
ures 1(b),(c),(d) show a comparison of theory and 
experiment for three cases. 
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Fig. 2. A comparison of theory and experiment concerning the need for an extra push to form compound nuclei. 
The experimental points and lower limits are obtained by taking the difference between effective barriers (that 
have to be inserted in a standard theory to reproduce xn excitation functions) and baseline barriers estimated 
from smooth systematics representing average behavior for not too heavy systems (where no extra push is expect
ed). The curve shows the trend of the theoretical extra-push prediction. There are considerable uncertainties 
both in the experimental points and in the baseline barriers that affect the comparison. 
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Nuclear Deformation Energies* 

J. Blockit and WJ. Swiatecki 

An atlas of nuclear deformation-energy maps and 
of other properties of interest, whose contents were 
described in the Nuclear Science Division Annual 
Report 1980-1981, LBL-13366, has been completed and 
printed as a Lawrence Berkeley Laboratory document, 
LBL-12811. 

Footnotes 

*Condensed from LBL-12811 

tinstitute for Nuclear Research, 05400 Swierk, Poland 
\ 

Discussions with Jens* 

WJ. Swiatecki 

This is the text of a talk given at the Symposium 
Honouring Jens Lindhard's 60th Birthday, Aarhus, 
~nmark, February 25-26, 1982. It consists of recollec
tions of discussions with Lindhard, dating back to 1950 
and ranging over topics in nuclear and atomic 

physics, relativity and statistical mechanics. 

Footnote 
*Condensed from LBL-14072; to be published in Phy
sica Scripta (1983) 

Nonlinear Mean Field Theory for Nuclear Matter and Surface* 

J. Boguta and S.A. Moszkowskit 

In this paper nuclear matter properties are studied 
in a nonlinear relativistic mean field theory. By deter
mining the parameters of the model from bulk proper
ties of symmetric nuclear matter, it is possible to suc
cessfully account for other key properties of nuclei, 
such as the compression modulus, spin-orbit coupling, 
surface energy, and diffuseness of the nuclear surface. 
The energy dependence of the nucleon-nucleon optical 

I 

model is also predicted reasonably well. The nonrela-
tivistic limit of the theory is stressed, and it is shown 
that most of the results can be obtained, to a good 

approximation, analytically. The strength of the 
required nonlinear term is shown to be consistent with 
that derived using a new version of the chiral mean 
field theory in which the vector mass as well as the 
nucleon mass is generated by the sigma field. 

Footnotes and References 

*Condensed from LBL-14685 
tUniversity of California, Los Angeles, CA 90024 
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2. Strongly Damped Collisions 

Fragment Spin Correlations in Damped Nuclear Reactions* 

J. Randrup 

Damped nuclear reactions provide a powerful tool 
for exploring nuclear dynamical properties. In recent 
years a number of reaction models have been developed, 
but the relative importance of the various reaction 
mechanisms advocated is still not settled. With several 
different models having comparable success in account
ing for the available data, there is a need to consider 
more exclusive quantities, which are better suited as 
specific probes. In a recent development of the theory 
for angular-momentum transport caused by nucleon 
exchange, it was suggested that the spins of the reac
tion products might exhibit correlations reflecting the 
basic mechanism by which the spins have been accumu
lated.1 This idea has now been pursued quantitatively. 
This undertaking was stimulated by a suggestion from 
Lazzarini2 that the determination of spin correlations is 
experimentally feasible by coincidental measurement of 
fission fragments from both reaction products. 

The spin of a nuclear fragment may be probed via 
the angular distribution of its decay products. We have 
concentrated on the fission process, but the formulation 
applies equally well to other decay processes, such as 
the emission of alpha particles, nucleons, and gamma 
rays. The fission process is a particularly suitable probe 
because of the large anisotropy of fission products from 
nuclei with high spins. The fission direction is deter
mined by P(K) ~ exp( -K2 /2KJ) where K is the com
ponent of the nuclear spin along the emission direction. 
The quantity Ko is characteristic of the nucleus (A or 
B) and depends on its excitation. 

The theoretical spin distribution function 
fAB(SA,Ss) depends on the particular reaction model 
employed. It is useful to characterize fAB by the mean 
values <SA> and <S8 > together with the covariance 
tensor u, which has the elements 
uifG = <StsiG>- <St> <SP>. where the super
scripts F,G denote the fragment labels A,B and the sub
scripts i,j denote the spatial coordinates x,y,z. The main 
goal of the present study is to explore the consequences 
of statistical nucleon exchange on the fragment spin 
correlations. We therefore employ the model developed 
in ref. 1. In that theory, the statistical transfer of indi
vidual nucleons between the two reactants produces a 

. dissipative exchange of mass, charge, energy, and angu
lar momentum governed by a Fokker-Planck transport 
equation. The theory relates the various transport 
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coefficients to the elementary kinematics of quasi-free 
transfers. The temporal evolution of the associated 
form factor is estimated by idealizing the reaction com
plex as two spherical nuclides joined by a small cylindr
ical neck. The computational problem is solved numeri
cally by integrating the moments of the distribution 
function f along the average dynamical trajectory. 
Having thus obtained fAB, the joint emission probability 
PAB(a,~) is calculated by statistical (Monte-Carlo) 
integration over the six-dimensional spin-spin space. 

In addition to the four angular variables 
a= (8a,4>a) and~ = (813,4>13), PAB depends on the vari
ous auxiliary observables, such as the kinetic energy 
loss, the deflection angle, and the mass partition. In 
the present study, we shall calculate P AB for the aver
age outcome of a collision with a specified value of the 
total angular momentum J. This is expected to be 
sufficient for a first orientation and a preliminary con
frontation with experiment; a more refined treatment 
can be made subsequently, if called for. 

As an instructive case, we considered the reaction 
1768 MeV 208Pb + 236U, which has been suggested as 
suitable for actual experimentation. 2 In the present 
context the partially damped reactions are of most 
interest since they produce fragments with high excita
tion and high spins and hence optimize the fission pro
bability; the simple dinuclear parametrization employed 
in the dynamical calculations is also expected to be best 
in this region. 

In order to judge the significance of the calcu
lated results, we also consider the statistical model 
developed by Moretto. 3 A striking feature of the sta
tistical results is the approximate symmetry with 
respect to reflections in the reaction plane (i.e., 
<f>a--+ -<f>a). This simplicity can be understood on the 
basis of the following discussion: The six normal rota
tional modes of the disphere can be characterized as 
either positive or negative according to whether the two 
spheres turn in the same or in the opposite sense, 
respectively. 1 In the statistical model, each of these 
modes carries an average excitation energy equal to half 
the temperature. By inverting the representation of the 
normal modes in terms of the individual fragment 
spins, one obtains the covariance tensor characterizing 
the statistical spin distribution. This elementary 



manipulation will demonstrate how the equally excited 
positive and negative normal modes counteract each 
other in the coupling tensor uAB characterizing the 
correlations between the two fragment spins. As a 
consequence, aAB emerges as considerably smaller than 
~ and u88, and the fragment spins are largely 
uncorrelated. Indeed, in the case under study, the ele
ments of aAB are typically an order of magnitude 
smaller than those of uAA. and u88. 

In sharp contrast with this scenario, the dynami
cal nucleon exchange model yields a significant asym
metry with respect to cPa-+ -<f>a· This feature can be 

y 

Projectile ___ ..._.. ___ _ 

REACTION 
PLANE 

3 

understood as follows. When an individual nucleon is 
transferred, the recoil spins deposited in the two 
nuclides are . nearly parallel. 1 Therefore, the nucleon 
exchange mechanism preferentially excites the positive 
rotational modes in the dinucleus. This tendep.cy is 
further enhanced for nearly symmetric systems (as are 
relevant in a double-fission experiment). As a conse
quence, no cancellation occurs in the coupling tensor 
aAB, which therefore emerges with elements of similar 
magnitudes as those of ~· and u88 and 'thus produces 
an optimal correlation between the two spins. In this 
situation, the bias introduced by detecting one of the 

Target 
---....-----

z 

Fig. 1. lllustration of the geometry of the reaction. The two reaction products A and B emerge in the reaction plane. 
The angular directions of ejectiles from A are referred to a coordinate system which is comoving wih A, has its z-axis 
in the direction of motion (as seen in the overall CM system), and its y-axis parallel to the reaction normal. The 
directions of ejectiles from B are referred to a coordinate system with axes parallel to the above one; but comoving 
with B. The contours of the spin distribution are indicated in the reaction plane; the 3-axis points along the reaction 
normal, while the major in-plane axis (the 2-axis) points approximately in between the directions of the beam and A 
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enuss10n processes significantly modifies the angular 
distribution of ejectiles from the other emitter. The 
effect can be stated in the following simplistic way: 
When the two fragment spins are closely correlated the 
emission of an ejectile in a given direction enhances the 
probability that the ejectile from the other fragment 
also appears in that· same direction. 

Calculations for several values of J, as well as 
several angular settings, yield the same general features 
as discussed above. Furthermore, crude attempts to 
include the blurring effects associated with the finite 
angular resolution in practicable experiments indicate 
that a measurable difference between the two models 
should remain. It would therefore be valuable to actu
ally carry out such an experiment. If successful, the 
measurement would establish novel information on the 
dynamics of damped nuclear reactions and contribute to 
our quantitative understanding of the specific reaction 
mechanisms acting. 

Footnote and References 

*Condensed from LBL-13403; Phys. Lett. HOB (1982) 
25 

1. J. Randrup, Nucl. Phys. A383 (1982) 468 

2. A Lazzarini, private communication (December 
1980) 

3. L.G. Moretto and R.P. Schmitt, Phys. Rev. C21 
(1980) 204 
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Fig. 2. The joint emission probability P AB(Cx,~) for 
two settings of the polar angles: Oa = 811 = 45° (a) 
or 8a = Op = 90° (b), as a function of the azimu
thal angle cPa for fixed values of c/>p. The solid 
curves indicate the result of the dynamical 
nucleon-exchange model, while the others are the 
results of the statistical model with the separation 
R taken as either the minimum separation encoun
tered (dot-dash) or the scission separation (dash). 
The results are calculated for 1768 MeV 208Pb + 
238u with 1 = 500 fz. 
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Equilibrium Treatment of Spin-Depolarizing Modes in 

Mass Asymmetric Heavy-Ion Systems* 

Richard P. Schmittt and Alberto J. Pacheco* 

In a recent work, a macroscopic model has been 
developed that describes the thermal excitation of col
lective modes for a symmetric system consisting of two 
touching, rigid, liquid-drop spheres. 1 This model has 
proved useful in the interpretation of gamma-ray anis<r 
tropies. In the current work this model is extended to 
include asymmetric systems. This extension allows a 
much broader basis for comparison with experimental 
data. 

As an example we shall consider the effect of the 
various collective modes on the spin alignment in deep
inelastic reactions. Since the problem of the angular 
distributions of light particles, fission fragments, and 
gamma rays has recently been dealt with quite exten
sively, we shall confine ourselves to a simple and 
schematic example that illustrates the application of the 
current model. In particular, let us consider the in
plane and out-of-plane angular distributions of sequen
tial fission fragments from the 197 Au + 86Kr reaction 
for t = 190h. 

Using our model we find that O'x = O'z = 13h and 
O'y = ISh for the entrance channel asymmetry (U = 
0. 7). Assuming Ko = 1 Oh and Iz = 54h, one obtains 
the in-plane and out-of-plane distributions shown in 
Fig. 1 (see solid curves). The out-of-plane distribu
tions are strongly anisotropic as observed experimen
tally. Interestingly enough, there is also a weak in-plane 
anisotropy; a shallow minimum occurs along the line of 
centers. The angular distributions are rather sensitive 
to the exit-channel asymmetry. As an illustration we 
have performed a similar calculation for U = 0.9 (see 
dashed curves in Fig. 1). For this larger asymmetry, 
the out-of-plane distribution broadens because of the 
increased tilting of the decay axis of the projectile and 
target nuclei. At the same time, the predol:ninant spin 
fluctuations about the decay axis give rise to an appreci
able in-plane anisotropy. 

I 

At the current time, the experimental situation 
regarding the in-plane angular distributions is unclear. 
Measurements on the systems 58Ni and 90Zr + 208Pb 
and 238U indicate essentially isotropic distributions. On 
the other hand, studies of the reaction 209Bi + 86Kr, 
197 Au + 2~e. and 238U + 2~e do show in-plane anis<r 
tropies with a maximum along the expected recoil direc
tion of the target-like fragment. In these cases, the 
anisotropies become more pronounced as the exit
channel asymmetry increases in qualitative agreement 

with the present model. However, the quantitative com
parison of the experimental data with the model predic
tions is not straightforward. In the model, the relevant 
direction is that of the line of centers at the time of 
scission when the interaction between the fragments 
ceases and the instantaneous partition of the total angu
lar momentum is fixed in the system. Because this 
direction generally does not coincide with the recoil 
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Fig. 1. Calculated out-of-plane and in-plane angular 
distributions of sequential fission fragments for the 
197Au + 600 MeV 86Kr reaction for U = 0.7 (the 
entrance channel) and U = 0.9. Note that the line of 
centers is situated at 0 = 90° and ~ = 90°. 
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direction or any other experimentally determined direc
tion, it is difficult to pass judgement on the statistical 
model at this time. 

Footnotes and References 

*Condensed from Nucl. Phys. A379 (1982) 313 

tPermanent address: Department of Chemistry and 
Cyclotron Institute, Texas A&M University, College 
Station, Texas 77843 
:j:Permanent address: Comision Nacional de Energ1a 
Atomica, Buenos Aires, Argentina 

1. L.G. Moretto and R.P. Schmitt, Phys. Rev. C21 
(1980) 204 

The "Soggy Saddle" Theory of Fission 

L. G. Moretto and G. Guarino 

The standard Bohr Wheeler (BW) theory of 
fission decay1, identical with the transition state theory 
for chemical reactions, calculates the flux of the density 
distribution in phase space across a suitably chosen 
hypersurface normal to the reaction coordinate. This 
flux is then identified with the reaction rate. This is 
both the beauty and the trap of the theory. The flux 
and the reaction rate can be identified if and only if no 
phase-space trajectory, after crossing the hypersurface, 
comes back and crosses it again returning to the 
reactant's region. 

In a more general approach, we assume high 
viscosity in the general saddle point neighborhood. As 
a result, the flux from the compound nucleus is trapped 
in the saddle region, and the associated randomization 
leads to a backftow towards the compound nucleus. 
Furthermore, it is interesting to consider the possibility 
that while the system is trapped in the neighborhood of 
the saddle point it may undergo particle decay, in par
ticular, neutron emission. 

Let us consider a compound nucleus A, a saddle 
point region B, a region C far down the scission valley, 
and a nucleus D after one neutron emission. The tran
sition probabilities are ;\t (from A to B), A2 (from B to 
A), AJ (from B to C), An (from A to D), An' (from B to 
D). 

The master equations can be solved in a straight
forward way, and from the populations at time infinity 
one can obtain the following expression: 

cf>o( oo) ;\n ;\t;\n' + X2An + ;\n~' rN;rF = -- = - + · (1) 
cf>c( oo) X1 X1A3 

The new expression (1) favors neutron decay in 
two ways: a) by allowing neutron decay from the sad
dle; b) more importantly, by redirecting part of the flux 
from the saddle region back to the compound nucleus. 
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An intermediate and more general situation can 
be envisaged as follows. For a given viscosity at the 
saddle, there will be a critical velocity along the fission 
coordinate, above which the system escapes altogether 
towards fission and below which the system gets trapped 
in the saddle region. The treatment can be modified by 
splitting ;\1 as follows: 

[ 

•o 

;\I = 21r:(E) I p(E-Bp-E)dE 

+ jp(E-Br-E)dE]= Ats + AtF . (2) 
•o 

Using (2), expression (1) assumes the form 

XtF 1 Ats rF;rN =- +--
;\n 2 An 

(3) 

where the contribution of the neutron decay from the 
saddle region has been disregarded, and where for the 
systems trapped in the saddle region we have assumed 
A2 = ;\3; Using the level density in the equidistant 
model approximation for the transition probabilities, 
expression (3) yields 

. an 
r ;r {[2a(12(E-Br-Eo) 112-1] 

F N = 2ar[2a~f2(E-Bn)l/2 -1) 

- 2a~12(E-Bn) 112J} . (4) 

Disregarding the effect of the collective motion on the 
viscosity parameter, we obtain from qualitative micros
copic considerations the following dependence of Eo on 

• 



• 

the temperature: 

The effect of the backflow from saddle to com
pound nucleus, responsible for the increasing number of 
neutrons emitted through the inhibition of the fission 
channel, can be clearly seen in Fig. 1 where the quan
tity 

8 

<vn> = ~sPF,s+l flPn,K 
s K-1 

where 

is plotted versus excitation energy E* for the nuclei 
170Vl,, !SOW, 1s60s. 

This general trend seems consistent with the 
results of recent accurate measurements . of prefission 
neutron emission, 1 which for systems with high fission 
barriers show substantially larger values of <vn> than 
predicted by the standard model. 
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2 
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Fig. 1. Average prefission neutron emission <vn> 
versus excitation energy for three compound nuclei 
e'<>vh, 180W, 1860s). The full lines are the result of 
the calculation with Eo = 0, the dashed lines with 
Eo= 0.08 r. 
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Energy Equilibration and Anomalous Mass Drift 
in Heavy Ion Collisions* 

Luciano G. Moretto 

Two striking, apparently unrelated open problems 
in our understanding of deep inelastic processes are the 
anomalous drift in mass asymmetry on the one hand 
and the unexpected thermal partition of the energy 
between fragments even at small Q-values on the other. 

The former effect can be observed in the reluc
tance of the Kr-like fragment in reactions such as Kr + 
Er, Kr + Au, etc., to drift toward symmetry as sug
gested by the potential energy surface, except at the 
largest energy losses. Such experimental facts seem to 
suggest that the evolution along the mass asymmetry 
coordinate is controlled by something beyond the 
relevant static potentials, most likely by dynamical 
effects. The latter effect is the surprising interfragment 

thermal equilibration, which is observed even at small 
Q-values, i.e., at short interaction times. This surprise 
arises from the short interaction time on the one hand 
and the straightforward prediction on the other that just 
about any mechanism responsible for the energy dissi
pation tends to deposit approximately equal energy on 
both fragments, thus leading to a nonthermal distribu
tion. 

While these two features seem to be unrelated at 
first glance, they may well be 'connected at a deeper 
level. One could make a qualitative argument as fol
lows: Let us assume that particle exchange is the pri
mary means of energy dissipation. It follows that ini
tially the nearly equal amounts of energy given to both 
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fragments will create a temperature imbalance in favor 
of the light fragment, which in turn will grow hotter. 
Let us further assume that the one-sided particle flux 
depends on the temperature of the sending fragment. In 
this way, an imbalance is created in the two flows, the 
light fragment sending more particles, and of higher 
energy, than it receives. This response of the system 
has two effects. On the one hand, it tends to contain 
the temperature gradient by forcing higher energy par
ticles into the heavy fragment and, much more impor
tant, by forcing a greater energy deposition on the 
heavy fragment through the flux imbalance. On the 
other, it inevitably forces the light fragment to become 
progressively lighter. In other words, the light frag
ment fights the temperature gradient at the expense of 
its own mass. 

To illustrate this effect, a simple model can be set 
up to capture the flavor of the physics. Let us consider 
two containers, A, very large, and B, very small, to 
simulate an asymmetric system. They both contain the 
same ideal classical gas at the initial temperature T

0
• 

The containers are connected through a small hole and 
B moves with initial velocity V

0 
with respect to A Let 

us calculate for B the particle number N, the velocity 
V, and the temperature T as a function of the time t. 
Assuming unity for the particle masses and neglecting 
the form factor associated with the size of the hole, one 
obtains for N 

Similarly, for the momentum loss one has 

or using (1) 

.£I!. = d(NV) = -V, fT 
dt dt 'v' ~ 

= ydN + NdV 
dt dt 

dlnV = _ _!_ , (r; . 
dt N 'vf h 

For the energy, one obtains 

dE = 2 ("' fT"(; To- "' j'r T) 
dt 'v'~~ 'v'~ 
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(1) 

(2) 

(3) 

(4) 

For the temperature one obtains 

(5) 

We can now define the natural units of the problem 

In these units, the three differential equations read 

.!!!!. = (l - vT*) 
dT 

(6) 

din v = _ 

dT n 
(7) 

dT* = .1_ [ 2- T*( l. + l. Vfi) + l. v2 J 
dT 3n 2 2 2 

(8) 

The full solutions of equations ( 6), (7), and (8) 
are shown in Figs. 1, 2, and 3 for various values of the 
initial velocity. Fig. 1 shows that the fragment B 
experiences a temperature pulse, which is of course 
larger for larger values of initial velocity, which decays 
almost completely within one relaxation time for the 
velocity. Conversely, Fig. 2 shows a dramatic drop in 
particle number as a function of time. Fig. 3 shows 
the time dependence of the velocity, which is not 
rigorously exponential. 

In conclusion, the model shows that 1) the small 
fragment becomes hotter than the heavy fragment (in 
this case the heavy fragment, being infinitely massive, 
does not warm up); 2) the temperature increase occurs 
early in time and is quickly checked and reduced by a 
diffusion imbalance; and 3) the temperature contain
ment is achieved at the expense of the particle number 
of the small fragment. 

Footnote 
*Condensed from Z Phys A 310 (1983) 61. 
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Fig. 1. Dependence of temperature on time for 
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Deep Inelastic Reactions: 

A Probe of the Collective Properties of Nuclear Matter* 

L.G. Moretto and R.P. Schmittt 

The general features of deep inelastic heavy-ion 
reactions are reviewed. The most prominent collective 
degrees of freedom excited in these reactions are dis
cussed within the framework provided by the natural 
hierarchy of their characteristic relaxation times. Both 
the quanta! and classical aspects of these modes are 
described. The limitations of the lagrangian treatment 
of heavy-ion reactions are pointed out, and a more gen
eral approach using transport theory is outlined. This 
latter approach is illustrated by the Langevin, Master, 
and Fokker-Planck equations. The four most widely 
studied collective modes are then described in detail. 
The damping of the relative motion is dealt with first. 
The general features of the energy loss spectra are 
described along with the energy dissipation mechanisms 
that have been suggested. Evidence for the thermaliza
tion of the dissipated energy is considered. Next the 
discussion focuses on the mass asymmetry degree of 
freedom. It is shown that the complex experimental 
features associated with the charge distributions of the 
fragments can be interpreted as evidence for a diffusion 
process. Transport theory is applied to the charge 

transfer process. The coupling between the charge 
transfer process and the energy damping is also 
described and empirical prescriptions for deducing tran
sport coefficients are discussed. Simultaneous measure
ments of the charge and mass of deep inelastic frag
ments are then considered. The roles of isospin fluctua
tions and giant isovector modes are analyzed. Last, the 
various rotational degrees of freedom excited in heavy
ion reactions are described in connection with measure
ments of gamma-ray multiplicities and anisotropies and 
with the angular distributions of light particles and 
fission fragments. Both the magnitude ·and the align
ment of the transferred angular momentum are 
explored. 

Footnotes 

*Condensed from Rep. Prog. Phys. 44 (1981) 

tDepartment of Chemistry and Cyclotron Institute, 
Texas A&M University, College Station, Texas 77843 

Multifragmentation and the Partition of Angular Momentum. 
A General Statistical Theory 

L. G. Moretto 

In deep inelastic scattering it has been found that 
the spin of each fragment is well described by a com
ponent aligned with the entrance channel angular 
momentum arising from rigid rotation and by a random 
component along the three cartesian axes. These exper
imental results are well reproduced by a statistical 
model introduced by Moretto and Schmitt. 1 The suc
cess of the statistical model applied to deep inelastic 
processes suggests that a similar approach may be use
ful in describing the fate of angular momentum in colli
sions leading to the formation of more than two large 
fragments. 
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In a collision leading to the formation of n frag
ments, let us assume statistical equilibrium is main
tained in the "expansion" phase until a critical shape is 
reached. Beyond the critical shape the fragments 
decouple and the equilibrium at the critical shape 
remains frozen in. Let us further assume that the criti
cal shape of the system is spherical and that the shape 
of the fragments is also spherical. We can write the 
Hamiltonian of such a system as follows: 



H = ~Hi = ~ ·{ If +If + Ii + _!]___ 
2J 2mr2 

+ 2~ (p; + p;) } . 
The sum is over the fragments; I , I , and I are the 

f h f 
.. x.y l z 

components o t e ragment mtnns1c angu ar momen-
tum; J is the fragment moment of inertia; tz is the Z
projection of the fragment orbital angular momentum; 
Pr and pz are the other two generalized momenta in 
cylindrical coordinates. The partition function is 

i.n elwlT 
v21r .fl e 2 Y21rffiT2T e 2 

The total angular momentum T = ~(I + t) is con-! z z 
served on the average through the Lagrange multiplier 
IJ.. From the partition function, by suitable 
differentiation one obtains: 

E = [1. nT) + (1. nT) 
' 2 rotational 2 ' translational 

From this one notices that each fragment has two 
sources of angular momentum, a thermal source whose 
presence and magnitude is independent of h. and a 
rigid rotation source, which gives the fragment a share 
of the total angular momentum. It is easy to show that 
u1 = uf = u;. Consequently, the components of the 
polarization tensor for each fragment are 

Pxy ex: u1 - u; = 0 

Pu = -------r~~-------T~ 
1 + 3 .fll u( J ;Tmr2) r 

The quantity that needs to be determined is ~ ( J + 
mr2). As we have no a priori knowledge of it, we can 
hope to turn the problem around and, after having 
found satisfactory signs of thermalization, we can infer 
it from the measurement of the fragment spins. 

Reference 

I. L.G. Moretto, and R.P. Schmitt, Phys. Rev. C21 
(1980) 204. 

Statistics at Work in Heavy Ion Reactions* 

Luciano G. Moretto 

In the first part special aspects of the compound 
nucleus decay are considered. The evaporation of parti
cles intermediate between nucleons and fission frag
ments is explored both theoretically and experimentally. 
The limitations of the fission decay width expression 
obtained with the transition state method are discussed, 
and a more general approach is proposed. In the second 
part the process of angular momentum transfer in deep 
inelastic reactions is considered. The limit of statistical 
equilibrium is studied and specifically applied to the 

estimation of the degree of alignment of the fragment 
spins. The magnitude and alignment of the transferred 
angular momentum is experimentally determined from 
sequentially emitted alpha, gamma, and fission frag
ments. 

*Condensed from LBL-14563. Presented at the Enrico 
Fermi International School of Physics on Nuclear 
Structure. and Heavy Ion Dynamics, Varenna, Italy, 
July 27-August 6, 1982 
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The Effect of Statistical Fluctuations on the Measurement 

of the Total Energy and the Multiplicity of -y-Rays 

Following Deep-Inelastic Reactions* 

A.J. Pachecot and LG. Moretto 

The simple relation between the spin and the 
energy is a well known property of the rotational states 
in nuclei. This fact provides the rationale for the use 
of total ')'-ray energy detectors ("sum spectrometers") 
to investigate high-spin states of evaporation residues 
following compound-nucleus and deep-inelastic reac
tions.1·2 

Whereas sum spectrometers can be used 
effectively as spin-selecting devices, the extraction of 
more quantitative information based on the measured 
total energy is hindered by several uncertainties. In 
the case of deep-inelastic reactions a fundamental 
source of uncertainties is associated with fluctuations, 
statistical or otherwise, introduced by the reaction 
mechanism. The most significant problem in this 
regard is the distribution in both magnitude and orien
tation of the spins of the emitting population. 

The purpose of the present paper is to evaluate 
the contribution of spin fluctuations to the distributions 
of the ')'-ray sum energy and ')'-ray multiplicity. Our 
analysis will be restricted to the case of binary reac
tions between heavy ions in which the detection of one 
of the two fragments determines a reaction plane with 
the orbital angular momentum perpendicular to it. The 
calculations have been performed in the framework of 
an equilibrium statistical model that considers the ther
mal excitation of angular-momentum-bearing modes of 
the dinuclear complex, assumed to be formed by two 
touching rigid spheres. 3•

4 

If one considers a system with temperature T = 

0, the average intrinsic rotational energy is given by the 
simple expression 

where I is the total angular momentum in the system, r 
is the fragment spin arising from rigid rotation, ~ is 
the fragment moment of inertia, and the subscripts H 
and L label the heavy and light fragment respectively. 
In addition, we define 
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where JL is the reduced mass and d is the distance 
between centers. 

If T =1=- 0, the following integral must be 
evaluated: 

Here, {~} represents the set of angular momenta associ
ated with a rotational configuration, which is thermally 
excited with a probability given by P( { m. 

It is convenient to express the analytical result of 
the integral ( eq. 2) in units of the intrinsic rotational 
energy at T = 0 (eq. 1): 

(3) 

The variable Z depends on the total mass, temperature, 
and total angular momentum of the system 

~ z = I (4) 

The constant a is a function of the mass asymmetry 
only. 

The expression in eq. (3) is plotted as a function 
of Z in Fig. 1 (dark solid line). As an example, let us 
consider the system 165Ho + 165Ho at 8.5 MeV Ju. We 
estimate a total angular momentum I ! I = 350h and 

assume a temperature T = 2.5 MeV; therefore, Z ::::::: 
0.038. From the figure we see that the statistical 
fluctuations introduce a 20% increase of the average 
internal rotational energy over the rigid-rotation predic
tion. Figure 1 also illustrates the individual contribu
tions from the normal modes (dash-dot, long-dash, and 



short-dash curves). The dependence of the average 
reduced rotational energy on mass asymmetry, at con
stant Z, is shown in Fig. 2. As larger asymmetries are 
considered, the effect of the fluctuations decreases due 
to the progressive suppression of some of the normal 
modes. The rotational energy (extracted from the sum 
energy) and the sum of the spin magnitudes (extracted 
from the multiplicity) are not related by eq. (3) as 
might at first appear. This is so because the average 
spins are also affected by the fluctuations, as shown by 
the following relation: 

1.1 

0 

6 modes 
Tilting 
Bending or twisting-
Wriggling 

(~~If <lsHI+IsLI> 

( 6 modes) 

Fig. I. Reduced average intrinsic rotational ener
gy (dark solid curve) and average sum of the spin 
magnitudes (light solid curve) as a function of the 
parameter Z, for a mass-symmetric reaction. The 
three lowest curves illustrate the contribution to 
the rotational energy from the individual modes. 

XBL 8112-12073 

In complete analogy with eq. (3), Z is defined by eq. 
( 4), and (j depends only on the mass asymmetry. The 
expression in eq. (5) is also plotted in Fig. I (light 
solid curve). 

In summary, fluctuations in the spins imparted to 
the nuclei in a deep-inelastic reaction represent a sub
stantial contribution to the observed average values of 
physical quantities having an angular momentum depen
dence. Under the assumption of thermal equilibrium of 
the normal modes of the dinuclear complex, it has been 
shown that the average rotational energy may be, typi
cally, 20% or 30% higher than the rigid-rotation predic
tion for a system with zero temperature. The magni
tude of the effect decreases with increasing mass asym
metry as a consequence of the increasing stiffness of 
some of the rotational modes. A similar, although not 
so strong, effect is predicted for the average sums of the 
magnitudes of the spins. Second moments of the distri
butions have also been calculated, and the results indi
cate that the thermal excitation of the rotational modes 
of the complex may contribute significantly to the 
observed widths. 
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Fig. 2. Reduced average intrinsic rotational energy as 
a function of mass asymmetry for a fixed value of the 
parameter Z. 
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3. High Energy Collisions 

Calculation of Complete Multi-Fragment Events in a 

Statistical Model for Nuclear Disassembly* 

J~rgen Randrup and George Fal 

We have developed a practical method for gen
erating samples of multi-fragment distributions within 
the framework of a statistic model for nuclear disassem
bly. While the method is quite general and may have 
wide applicability, the realm of physics we have in 
mind is that of medium-energy nuclear collisions. In 
such collisions a highly excited transient system may be 
formed and subsequently disassemble into many nuclear 
fragments. This problem has been addressed in refs. 
[I-2], which study the one-fragment inclusive distribu
tions within a statistical model. Recent developments 
in detection technique demand that the exclusive distri
butions be considered, and it is of interest to calculate 
complete events on the basis of a statistical model. 
This amounts to assuming that all multi-fragment states 
compatible with the overall conservation laws are 
equally probable. The practical task is then to generate 
a sample of multi-fragment events distributed statisti
cally in accordance with the appropriate exclusive 
microcanonical distribution function. This undertaking 
is rather cumbersome, particularly when many different 
fragment species are included. It is therefore desirable 
to develop a suitable approximate method. Below we 
formulate the mathematical task, describe our approxi
mation, and discuss its validity. 

In the statistical model, the disassembly depends 
only on the conserved quantities of the system, which in 
the present case are the total baryon number Ao, the 
total charge number Zo, and the total four-momentum 
Po = (Po.Eo). The disassembling system (which shall 
often be referred to as the source) is thus characterized 
by the quantities Aoz.oP0, denoted collectively by i0 for 
notational convenience, and we seek the probability dis
tribution p(i~f) for arriving at various final states f. 
The statistical assumption is that all final states compa
tible with the conservation laws are equally· probable. 
Hence 

(1) 

where i[f] = AcZrPr are the values of the conserved 
quantities for the specified final state f. The normaliza
tion constant is determined from the condition that p be 
normalized, 

.J{io) = ~(io-i[f]) 
f 

(2) 

The exclusive distribution p pertains to the situa
tion where the specification of the final state is com
plete, corresponding to an exclusive measurement. 
When only partial specification of the final state is 
made, as is most often the case, the relevant quantity is 
the corresponding inclusive distribution P. This quan
tity can be obtained from the exclusive distribution by 
integrating over the unobserved quantities. In particu
lar, when the partial measurement is such that complete 
information is obtained for some of the fragments, the 
inclusive distribution is given by 

(3) 

Here the observed partial event is denoted by f and the 
summation is over all final states f that encompass the 
specified observation f. It is simple to express the 
inclusive distribution in terms of the phase space 
integrals (2): 

P(ioiO = ~Oolf +f) = .J{io)-1 .Jt:io-i[f]) (4) 
f 

i.e., the inclusive probability for the partial event f is 
equal to the corresponding complementary phase space 
integral J(i0 - i[f]) divided by the total phase space 
integral J(i0). 

By combination of (2) and ( 4) it is possible to 
factorize p(i01 f) into simpler quantities: 

p(ioiO = .Jt:iot1 o(io-i[f]-i[f]) 

= P(iol 0 p(io-i[f] I f) (5) 

where f + f = f. This relation expresses the fact that 
the exclusive probability for obtaining the event f is 
equal to the inclusive probability for obtaining a part of 
the event, f < f, times the exclusive probability for 
obtaining the complementary event f = f-f, given that f 
has already been obtained. 
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By repeated use of the above relation (5), it is 
possible to factorize the exclusive probability p into 
one-fragment inclusive distributions: 

Of ' Of 

p(iol f = ~fJ = flP(ik-tl fJ·p(inl 0) ( 6) 
k-1 k-1 

Here we have defined ik = ik_1-i[fk] for k E (l,nr). The 
exclusive factor POnl 0) vanishes unless the quantities 
specified by in all vanish, thus guaranteeing that the 
event f is in fact accessible by the disassembling system 
characterized by i0• 

The factorization ( 6) of the exclusive multi
fragment distribution p into inclusive one-fragment dis
tributions is particularly convenient when one seeks to 
generate a statistical representation of p, i.e., a sample 
f of multi-fragment events which are statistically dis
tributed in event space according to the probability 
density p(i~f). However, to accomplish this task, some 
degree of approximation is therefore necessary. For
tunately, one-fragment distributions, which are the only 
ones required in the procedure, are much easier to 
approximate than more exclusive quantities. It is there
fore possible to turn the mathematical procedure into a 
practical method. The key lies in employing the grand 
canonical approximation separately for each of the 
inclusive factors in ( 6). The grand canonical approxi
mation is accurate for one-fragment distributions as 
long as the fragment considered is only a small part of 
the system. This condition is reasonably well fulfilled 
for most of the factors in the product ( 6), although it is 
substantially violated for the last few factors. This idea 
has been implemented and its quantitative validity of 
the approximation has been demonstrated. 

Footnotes and References 
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Fig. 1 The mean multiplicity of nuclear fragments 
with a specified baryon number A, for the 
disassembly of a system characterized by Ao = 40, 
Zo = 20, Eo = 40 MeV. The solid histogram is the 
result of the present model while the dashed histo
gram displays the corresponding grand canonical 
approximation. The calculations include the nu
clear levels described in ref. 2. 
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Fig. 2 Total disassembly of a system characterized by Ao = 40, Zo = 20, and Eo == 40 MeV into nucleons. The mean 
kinetic energy <t> = <E - mc2> and the associated dispersion u1 ·are plotted as functions of the sequence number 
k (see text). The results for two samples with 1000 events each' are shown. ·The exact overall values of <t> and ir1 

(as given by the grand canonical approximation) are indicated bu the horizontal lines while the arrow indicates the 
actual calculated overall u1• · 
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Statistical Simulation of Complete Events in Energetic Nuclear Collisions*. 

George Fait and Jprgen Randrup 

In recent years the theoretical and experimental 
activity in medium and high energy nuclear collisions 
has increased rapidly. Previous theoretical studies (as 
well as earlier experiments) mostly focused on inclusive 
observables. In addition to statistical calculations 
based on the grand canonical approximation, several 
dynamical models have been put forward; they enjoy 
considerable (and comparable) success in reproducing 
certain features of inclusive data in the relativistic 
regime. However, it is now possible to detect electroni
cally practically all charged fragments emerging from a 
collision, and thus good quality, nearly exclusive data 
on multifragmentation processes can be obtained. 1 This 
fact calls on theory to address exclusive quantities. 

· Therefore, we have undertaken to develop a model for 
calculating complete multifragment events in medium
energy nuclear collisions. (We have in mind an energy 
range from a few tens of MeV to energies where parti
cle creation becomes important.) The goal is to estab
lish a reference model that invokes as few assumptions 

as possible about the specific dynamics of the collision 
process. Such a model may find several applications: 
i) it can provide the theoretical background against 
which subsequent, more refined and specific calculations 
can be judged, ii) it can be of help in analyzing the 
data, in particular in the search for peculiar structures 
in the individual event patterns, and iii) it can be of 
value in attempts to assess the bias introduced in the 
data by the acceptance criteria associated with a partic
ular detection system. 

The model developed can be briefly described as 
follows. The collision system is divided into a few sub
systems, sources, each of which is assumed to disassem
ble in a statistical manner. For the subdivision we use 
the participant-spectator geometry supplemented with a 
prescription to share energy and momentum between 
subsystems. In this way we define one participant 
source and up 'to two spectator sources, each character
ized by its number of nucleons, charge, and total four-
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momentum. Those sources that have an excitation 
energy sufficient for complete disassembly into free 
nucleons are said to be above the disassembly thres
hold. They are assumed to "explode" quickly into a 
number of pions, nucleons, and composite nuclei that 
are generally excited and particle unstable. Sources 
below the disassembly threshold are assumed to de
excite by sequential light particle evaporation; the same 
is assumed for the particle unstable explosion products. 

We introduce two parameters governing the shar
ing of energy and momentum among the participants 
and spectators. By varying these parameters many 
different physical scenarios can be encompassed in the 
model. The explosion of a sufficiently excited source is 
assumed .to populate the accessible multifragment chan
nels according to their statistical weight, as obtained by 
summing over the available phase space. This picture 
has been used to study the one-fragment inclusive quan
tities in medium-energy nuclear collisions by employing 
the grand canonical approximation. 2•3 However, the 
focus of the present study is on exclusive quantities, 
and the conservation laws must be obeyed event by 
event. We have therefore developed an approximate 
microcanonical treatment of the disassembly process 
(see other contribution by the same authors in this 
report). The evaporation process is treated in a way 
rather similar to that of ref. 3. 

As illustrations of the use of the model, we show 
in Fig. 1 the fragment multiplicity as a function of 
impact parameter and in Fig. 2 a sphericity-coplanarity 
contour plot for the global event shape in velocity 
space. 

We anticipate extended use of the model in the 
time ahead, partly for systematic theoretical studies and 
partly for aiding in the analysis. of data. 

Footnotes and References 

•condensed from LBI.rl5044, submitted to Nuclear Phy
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Fig. 1. Multiplicity of fragments as a function of 
impact parameter in reactions of experimental in
terest. The dashed curve corresponds to the 
schematic acceptance criterion that only charged 
fragments with kinetic energies above 20 MeV be 
considered. 
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schematic acceptance criterion has been applied as 
in Fig. 1. 
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Formulation of the Coulomb Effects of Spectator Fragments 

on Pions from Heavy· Ion Collisions* 

Hafez MA. Radi/ J. 0. Rasmussen, J.P. Sullivan, 
K.A. Frankel, and 0. Hashimoto 

Coulomb effects on heavy-ion pion production 
cr<>Ss sections are formulated in terms of weighted 
averaging over various projectile fragments. Satisfac
tory fits to zero-degree pion data are found for Ar + C 
and Ne + C systems. The fragment distributions of 
excited compound nuclei before nucleon evaporation 
must be used. Average charge .left' values are determined 
and compared with, those from an experimental paper. 
In the heavy-ion energy range of the 0° pion studies. 
(300 MeV < E/A < 600 MeV) it is clear that target
projectile factorization for fragmentation cross sections 
does not hold; that is, the relative yields of projectile 
fragments are not target-independent. 

The strong 1r- peak and 1r+ depression near beam 
velocity for heavy-ion-produced pions 1 is qualitatively 
understood as a Coulomb effect of projectile spectator 
charges. The theoretical studies of refs. 2-4 all show 
this effect. Libbrecht and Koonin3 approximated the 
Coulomb field after the ·collision by spreading part of 
the proton charge along a line between nuclear centers 
with the remainder continuing with unaltered velocities 
in the original Gaussian distributions. 'In ref. 4 various 
approximate analyticai expressions were derived for 
thermally expanding charge distributions. In· particu
lar, the 1r-;1r+ ratio at its peak is very sensitive to the 
temperature· assumed for the spectator source, a tem
perature of -4 MeV appearing reasonable for the data of 
ref. 1. 

The collaborators of ref. 1 meanwhile upgraded 
their zero-degree pion spectrometer with wire chambers 
to measure double differential cross sections at higher 
resolution than before. The resulting new data5 with 
more closely spaced points in the 1r- peak region are no 
longer consistent with an expanding spectator tempera
ture of 4 MeV.· 

In Sullivan, et al., 5 pion data fits gave tempera
tures of the order of 1 MeV when the spectator tem
perature was used as a free parameter. The theoretical 
expressions of ref. 4 are based on unbound, free-gas 
expansion of the spectator source with the characteristic 
temperature. Here there is an inconsistency, for if the 
projectile spectator protons began to evaporate with 
characteristic temperature of 1 MeV the nucleus would 
soon cool to a bound fragment containing most of the 
original charge. 

Since production of bound projectile fragments at 
near-beam velocity is known to be appreciable,6 these 
bound fragments ought to be taken explicitly into 
account in pion-production Coulomb effects. We shall 
see that the velocity dispersion of projectile fragments 
plays the role of the mean expansion velocity of the 
free-gas source. 

The Coulomb correction to the pion production 
cross sectio~.,depends on the regular Coulomb function 
F t (71±• Ps±), where 11 is the Sommerfeld parameter, 
71± = ± Ze2/fz 1 v 1. v is the velocity of the produced 
pion relative to the spectator, and Z is the charge of the 
spectator. For the cases of interest/ the s-wave term is 
predominant in the expansion, and it is a good approxi
mation to write the cross section as 

I 
Fo(77±.Ps±)

2 I 
qr± CX: = G(71±) (1 + Ps±71± + .. _)2 (1) 

Ps± 

where 

(2) 

anqthe +,-signs stand for 1r+ and 1r-, respectively. 

For comparison with inclusive pion data we 
should calculate an average value of Eq. ( 1) over all 
products and relative velocity of pion and fragment 
rather than for one set of A, Z, v. The velocity disper
sion formula obtained by Greiner, et al.,6 is used and it 
has the form 

·.·· P ex: exp[- ~f J, (3) 

where flF = vf/c is the fragment velocity in units of c, 
arid the velocity dispersion width aF is given as 

aF = [uo/(mNC)] [ (A-~)~/(Ao-1)] . ( 4) 

Iri eq. ( 4) the constant Uo has been found to be about 86 
MeV f c by experiment, mNC2 is the nucleon rest mass 
energy constant, Ao is the projectile mass, and ~ is the 
mass of fragment und'er consideration. 
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Furthermore, the averaging technique requires 
weighting with respect to the cross section of forming a 
fragment of mass ~ and charge ZF, u(~.ZF) before 
evaporation of protons and neutrons, and also with 
respect to the differential cross section (before Coulomb 
correction) of forming a pion simultaneously with a 
fragment of mass ~ near beam velocity, which is 
assumed to be a function of the mass loss, F(Ao- ~). 

It is now straightforward io integrate over fJF and 
have the analytical formula for the average value of 71± 

in terms of an error function as 

[ 
z~l J erf[fJ .. ±/( V2 trF)] 

<77±>, = ± --
F fzc fJ .. ± 

(5) 

It is a good approximation to replace the average 
over fJF in the pion cross section by the average over the 
Sommerfeld parameter and get the grand average of the 
pion cross section as 

~ N~u(~,ZF)F(Ao-~)G( <77±>~) 

<u > = N .-~;_'...::~------------
.. ± .. ~ NAru(~,ZF)F(Ao-~) 

~~ 

{1 + ~oC f1 .. ±<11±>~PJI3 r {6) 

where N~ = ..,ff;r a~ . 

To employ our code for averaging pion Coulomb 
effects over projectile fragments, we must have cross 
sections for fragments as input. 

Thus, we used the theoretical firestreak code 8 for 
fragmentation cross sections. 

Since the pions should move out many nuclear 
diameters during a mean life of compound nuclei, it 
seems more correct to use the primary fragment distri
bution as u(~,ZF) rather than the final distribution in· 
Eq. ( 6). Figure 1 shows the results of our theoretical 
code compared to 40 Ar + C experimental pion data of 
Sullivan, et al. 5 The firestreak code fragment yields at 
533 MeV /N were used as input. Here we made the 
simplest assumption for the pion production factor, 
namely, purely linear dependence on fragment mass 
loss (A- ~). A momentum dispersion constant of u0 

= 60 MeV jc and a radius constant r0 = 1.5 fm were 
used in eq. (6). The theoretical curve was corrected by 
folding in the experimental resolution. The agreement 
seems quite satisfactory. In ref. 5 this Ar + C case 
could not be fit well using Coulomb factors for a single 
effective ZF fragment charge. Since the momentum 
dispersion of primary fragments before particle evapora
tion is unknown, we did not constrain the calculations 
to the experimental constant for inclusive fragmentation 
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measurements,6 u0 = 86 MeV jc but left u0 as a free 
parameter. The somewhat smaller value of 60 MeV jc 
seems favored for fragmentation associated with pion 
product. 
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Fig. 1. The 1r- spectrum at 0° calculated by eq. 
( 6) and compared to data of Sullivan, et al. 5 The 
solid curve is the theory after folding with experi
mental resolution. The abscissa is pion momentum 
in the projectile frame. 

XBL 816-10170 

Footnotes and References 

*Condensed from Physical Review C2S (1982) 1518 

tPhysics Department, Kuwait University, Kuwait 

30 

1. W. Benenson, G. Bertsch, G.M. Crawley, E. 
Kashy, J.A Nolen, Jr., H. Bowman, J.G. Inger
soll, J.O. Rasmussen, J. Sullivan, M. Koike, M 
Sasao, J. Peter, and T.E. Ward, Phys. Rev. Lett. 
43 ( 1979) 683 

2. G. Bertsch, Phys. Rev. CIS ( 1977) 713 

3. KG. Libbrecht and S.E. Koonin, Phys. Rev. Lett. 
43 (1979) 1581; J. Cugnon and S.E. Koonin, 
Nucl. Phys. A355 (1981) 488 

4. M. Gyulassy and S.K Kauffmann, Nucl. Phys. 
A362 (1981) 503 

5. J. Sullivan, et al., Phys. Rev. ClS (1982) 1499 

• 



6. D.E. Greiner, P.J. lindstrom, H.H. Heckman, 
Bruce Cork, and F.S. Bieser, Phys. Rev. Lett. 35 
(1975) 152 

7. J.O. Rasmussen, H.M.A Radi, J. Sullivan, 8. 

K. Frankel, and 0. Hashimoto, LBL-12623, also 
in Proceedings of 5th High Energy Heavy Ion 
Study (May, 1981), LBL-12652 

P. McGaughey, Ph.D. Thesis, U.C. Berkeley, 
LBL-15325 (Nov. 1982) unpublished 

Calculation of Muon Final Probabilities After 
Muon-Induced Fission in Four-State Basis* 

Zhong-yu Ma/ Xi-zhen Wu/ Jing-shang Zhang/ 
Yi-zhong Zhuo, t and J. 0. Rasmussen 

Our earlier theoretical work1 on the relative muon 
capture between heavy and light fission fragments is 
extended by including 2pu states as well as 1su. We 
calculate about 0. 8% population of the 2p state in the 
heavy fragment with negligible change from our earlier 
two-state basis regarding the 1s population of light and 
heavy fragments. 

We first solve the stationary problem of a muon in 
the Coulomb field of two centers by the LCAO method. 
We have chosen four nonorthogonal basis functions, 
i.e., the wave functions from equations of 1s and 2p 
states for light and heavy fragments. The Hamiltonian 
matrix in this basis set can be obtained analytically. 
Then the generalized eigenvalue problem is solved 
numerically. The eigenvalue as a function of the 
separation distance R between the two charge centers 
for the most probable asymmetric case is shown in Fig. 
1. When R -+ oo, the four energy levels and wave func
tions correspond to the one-center asymmetric solutions 
for heavy and light fragments. The dashed line in the 
figure is for the case of two 1s basis states. The energy 
levels for the two cases almost overlap except for the 
region of R < 20 fm. 

We then solve the time-dependent Schroedinger 
equation numerically. We assumed that the two parts 
of the fissioning nucleus move with uniform speed (3 x 
108 cmjsec) from saddle point to scission point. Our 
starting point is chosen as 11 fm, at which point the 
muon is assumed to be lying entirely in the ground 
state. The two parts of the fissioning nucleus are 
accelerated in a pure Coulomb field from scission at 18 
fm. This distance was chosen in order to match the 
final kinetic energy to the experimental 170 MeV. 

The results for the most probable asymmetric case 
are shown in Fig. 2. The solid line represents the final 
occupation probability of the muon on the light 

Separation Distance (fm) 

Fig. 1. Calculated four lowest energy ( lsuh, 1su t, 
2puh, and 2pu tin increasing order of energy) lev
els of the muon for most probable fission asym
metry. The dashed line shows the earlier result1 

for the two-state basis. An exponential nuclear 
charge distribution matching experimental rms 
charge radii was used. 

XBL 8012-13581 

fragment; the dash-dot line is for the case of the 2-state 
basis. The lowest line shows the probability of the muon 
lying in the 2p state of the heavy fragment. It shows 
that the final occupation probability of the muon on the. 
light fragment is about 3.5 and the probability for the 
2p state of the heavy fragment is about 0.8%. The 
population of the 2p level in the light fragment is negli
gibly small, and the dominant 1sh population can be 
determined by difference. 
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The results show that the inclusion of the two 2p 
orbitals along with the Is did not make much change 
for final Is populations of fission fragments, compared 
with the case of two Is states as basis. 1 

We should comment about the oscillation on the 
2p

4 
probability of large separation distance. This oscil

lation is not physical and represents a small numerical 
instability in the calculations giving transitions between 
Is and 2p states in the separated fragment. 

Our result of 0.8% for the heavy fragment 2p final 
state probability is a bit lower than· that of Maruhn, et 
al., 2 who found 1.7-2% probability. Given the many 
differences in assumptions and methods between our 
calculations and theirs, the agreement seems satisfac
tory. The percentage of p state unfortunately seems so 
low as to make experimental detection unlikely. 

Footnotes and References 

*Condensed from Physics Letters 106B (198I) 
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Fig. 2. Calculated muon orbital occupation proba
bilities as a function of fission fragment separation 
energies. The upper curves refer to the Is level of 
the light fragment, the solid curve being present 
results for the 4-state basis and the dash-dot line 
for the 2-state basis. The lowest (dashed) line is 
the probability for being in the state that correlates 
with the 2p level of the heavy fragment. The sys
tem shown is 98Zr + 1~e. 
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Deuteron Formation in Nuclear Collisions* 

M. Gyulassy, K. Frankel, and E.A. Remtert 

We have completed calculations begun last year. 
The Cugnon cascade code was supplemented by 
Rernler's theory to obtain results shown in Fig. I. The 
basis for these calculations is the formula 

"ud" = l. ~ < ll(E.-P.,..Pp) D (rn-rp, (Pn-Pp)/2)> (1) 
4 np 

where Dis the deuteron Wigner density, 

D(r,q) = 8 exp(-rljd2 - q2d2),d::::::l.7fm 

The momenta p ,p and coordinates r ,r appearing in 
n p n n 

eq. ( 1) are deterrruned from the dynamical calculation 
and correspond to the coordinates of the pair immedi
ately a.fter the last collision of either nucleon with a 
third one. There is thus no ad hoc freezeout time or 
density in eq. (1). There are no free parameters in the 
calculation. Nevertheless, the exact theory includes a 
correction term lluo. which is related to the sensitivity 
of "u0 " to the deuteron wave function. In fact, we 
showed that 

ll {a! ... , }~ __!!E... _ n ITO · 

"uo" a In d2 
(2) 

In our calculation we found llu0f"u0 " < 0.5 over several 
decades of inclusive cross sections. This, by the way, 
justifies the generalized coalescence formula given by 
eq. {1). 

Footnotes 
*College of William and Mary preprint submitted to 
Nuclear Physics A 

tPermanent address: Physics Department, College of 
William and Mary, Williamsburg, VA 23185 
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Fig. I. Sum charge inclusive data compared with 
Cugnon cascade results. The primordial deuteron 
yields are predicted in parts B and D. The data 
are represented by triangles; the dots refer to deu
teron spectra alone. 
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Global Flow Analysis of Nuclear Collisions* 

M Gyulassy, K.A. Frankel, and H. Stockert 

We proposed the kinetic flow tensor 

Fii = ~Pi (11) Pi (11)/2 mN (1) 

to study the flow characteristics of nuclear collisions in 
the 100-1000 AMeV domain. Extensive cascade calcu
lations using the Cugnon cascade code were made for 
systems up to 238U + 238U. In addition, results were 
compared with fluid dynamic calculations. The flow 
plot for U + U collisions at 400 AMeV is shown in Fig. 
1. 

From Fig. 1 we conclude that there are consider
able differences between the flow characteristics of 
hydrodynamic and cascade models. For light (A < 
100) systems we found that finite number fluctuation 
effects wash out this difference. Global analysis such as 
this will be vital in searching for hydrodynamical 
effects. 

Footnotes 

*Condensed from Phys. Lett. 103B (1981) 269 

tPermanent address: Physics Department, Michigan 
State University, East Lansing, Michigan 
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Spacial Gradients in the Fragmentation Regions at ATeV Energies* 

M Gyulassy 

Using the inside-outside cascade scenario, the spa
cial gradients of the proper energy density deposited in 
the fragmentation regions were estimated. The basic 
formula derived is that the energy density deposited at 
depth z into the target nucleus is given by 

y(z) 

~ 
dN E(z) = Po < m..L > cosh y - dy , 
dy 

(1) 

where y(z) = sinh-1(m..Lz/2). In addition, there is a 
recoil energy per nucleon E,. = lilN cosh !lyr where the 
recoil rapidity shift !lyr ~ -In( 1 - 17) with 11 ~ 1/2 being 
the inelasticity. Including the energy deposited 
because of secondary particle cascading, eq. (1), and 
nuclear recoil, we obtain the results of Fig. 1. Note 
that only on the far side of uranium is the proper 
energy density> 2 GeVjfm3• Therefore, any signature 
of the quark-gluon plasma in the fragmentation regions 
will be contaminated by a background because of ordi
nary hadronic processes occurring in the front half of 
the nucleus, where E < 1 GeVjfm3• Figure 1 also 
demonstrates that not much is gained from increasing 
the nuclear mass from A - 100 to A - 200. For this 
discussion only curves 3 and 4 are relevant. 

Footnote 
*Condensed from LBL-14512 (1982), to be published in 
Proceedings of Bielefeld Workshop, May 1982 (ed. H. 
Satz). 
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Fig. 1. The maximum comoving frame energy den
sity (a) and compression (b) are shown vs the 
depth into the target. The flow rapidity Yr(z) and 
the stopping rapidity Yc(z) are shown in (c) and 
(d). Curves 3, 4 correspond to the inside-outside 
cascade predictions for v'S = 30 and 100 GeV, 
respectively. 
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Maximum Baryon Densities at 10 GeV /nucleon* 

M Gyulassy 

One of the fascinating questions is how far up in 
energy can we pursue the goal of extracting the equa
tion of state of nuclear matter, P(p,T). Clearly, an 
upper bound is given by the energy at which nuclei can 
no longer stop nucleons in the midrapidity frame. That 
energy, E.top, has been estimated1 to be E.top - 50 GeV 
for uranium. For E1ab < E.top• heavy nuclei have enough 
stopping power so thermal equilibrium could be esta
blished at least in parts of the nuclear volume. A 
natural question is how high a baryon compression p 

could be achieved in this energy domain. 

Three simple estimates of p for E < E.top can be 
made: (1) lower bound, (2) upper bound, and (3) rela
tivistic quantum bound. 

(1) Consider two colliding nuclei, each with 
thickness Rhcm• touching at tan = 0 in the em frame. 
If R is thick enough to stop a nucleon of rapidity 
Ycm = cosh-1'Ycm in the em frame, then the nucleons stop 
within R/2'Ycm of the origin. Therefore1 
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2A 
P > = 2'YcmPo . (1) 

(vo/'Ycm) 

This is the Goldhaber lower bound on the average 
baryon density achieved assuming instantaneous recoil 
of nucleons. 

(2) The upper bound consistent with baryon and 
four-momentum conservations follows from the 
Rankine-Hugoniot equation. This equation gives the 
density of shocked matter and is valid as long as the 
shock front thickness dab is less than the nuclear dimen
sions (R/2'Ycm in the em). For an equation of state P = 
aE, we get2 

P/Po <a·' + ( 1 + a·1
) 'Ycm . (2) 

For the softest equation of state possible a = 1/3. 

(3) Relativistic quantum considerations lead to a 
finite recoil time -r0 - 2/m.l.- 1 fmjc in the nucleon rest 
frame. Therefore, in the em frame it takes at least 
-ro'Ycm to stop a nucleon. Hence, -ro'Ycm must also 
correspond to the minimum thickness of any shock part. 
Since eq. (2) is valid only as long as dab < R/2'Ycm. we 
are led to the conclusion that shock formation can no 
longer be maintained for energies 

E.ab > &:b = ~ IDN- 10 GeV . (3) 
-ro 

At E•, p reaches its maximum value and hence, 

P!Po < 3 + 4 ... nr < 14 . (4) V 2-ro 

The actual maximum density may be considerably less 
because of a stiffer equation of state or viscosity effects. 
Nevertheless, these considerations show that &ab - 10 
GeV /nucleon marks a turning point beyond which the 
proper baryon density does not increase. 

Footnote and References 

*Condensed from LBL-15175 

1. M. Gyulassy, LBL-15175 (1982), to be published; 
AS. Goldhaber, Nature 275 (1978) 114 

2. H. Stocker, M. Gyulassy, and J. Boguta, Phys. 
Lett. 103B (1981) 269 

Energy Densities in Te V /nucleon Nuclear Collisions* 

M Gyulassy 

To produce a quark-gluon plasma, an energy den
sity E - 2 GeV jfm3 is required. To see whether such 
high values of E can be generated in nuclear collisions, 
I have analyzed cosmic-ray data using the inside-outside 
cascade model. The basis of this model is the observa
tion that the uncertainty principle together with rela
tivistic kinematics leads to longitudinal growth of the 
reaction volume at high energies. Specifically, particles 
are produced along a trajectory 

t(y)} = _l_ {cosh y (1) 
z(y) m.1. sinh y ' 

where y is the rapidity and m.1. = (m2 +pi)~- 0.3 GeV. 
Since eq. (1) provides a one-to-one connection between 
rapidity and distance, we can compute the energy loss 
per unit length dEjdz, knowing the rapidity density 
dNjdy of produced particles. Thus, 

dE = m.1.coshy dN ~ = ml dN (2) 
dz dy dz 2 dy 
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The energy density follows by dividing by the effective 
area of the beam. Taking into account that the max
imum energy density in a simple geometrical model is 
3/2 times the average and using <m.1.>- 0.3 GeV, we 
obtain 

E.nax:::::: (o. 1 GeV) K2/3 dN , (3) 
fm3 dy 

where A is the mass number of the lighter nucleus. 
With eq. (3) we can convert measured dNjdy in 
cosmic-ray events to an estimated energy density at 
proper time .,. = 1 in the rnidrapidity frame. Figure 1 
shows this analysis based on 16 events I could find. 
The theoretical curves are based on the· color neutraliza
tion model of Brodsky, which predicts dNjdy using eq. 
(3). 

The obvious conclusion from Fig. 1 is that above 
100 GeV /nucleon, energy densities E > 2 GeV jfm3 can 
indeed be reached with nuclear collisions. Further
more, the events studied are consistent with conserva
tive theoretical expectations. Thus, the prospects of 



studying the quark-gluon phase of hadronic matter 
using nuclear collisions in the TeV /nucleon region seem 
very promising and I have suggested a novel signature 
of the plasma transition. 

Footnote 

•Condensed from LBL-15175 ( 1982), to be published 
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Fig. I. Maximum energy density achieved in low 
baryon density regions (midrapidity). Equation 3 
was used to convert measured multiplicities into 
proper energy densities. Diamonds correspond to 
Si + Ag, square to Ar + Pb, open circles to 
"light" (a, B, C, N) + Ag collisions. Theoretical 
estimates for various systems are also shown. 
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Anomalous as Pineuts Bound to Nuclear Fragments: 

A Possible Explanation* 

Wm. C. Me Harris' and J. 0. Rasmussen 

"Anomalons" is the name given to certain rela
tivistic projectile fragments from high-energy heavy-ion 
collisions, those fragments that have anomalously short 
reaction mean free paths (mfp's) immediately following 
their formation. 

We propose here a possible explanation of 
anomalons. It falls within the framework of "conven
tional" nuclear physics and requires no exotic or eso
teric additions. 

Anomalons could well result from a nuclear halo 
of "pineuts", 1 hadronically bound states of a 1r- and a 
few neutrons surrounding a nucleus. Thus, the possibil
ity exists that neutron-rich nuclei (or nuclei with 
locally neutron-rich domains, such as the neck in a 
fissioning system) might have a sufficiently attractive 
velocity-dependent potential to allow 1r--xn hadronically 
bound "polyneutron" systems. This rssibility was first 
considered by Ericson and Myhrer, who noted that a 
finite piece of nuclear matter might bind a 1r- at lower 
than normal nuclear density; however, their deeply 
bound inner solutions based on a parameterization of 
the optical potential showed extremely short lifetimes. 
We believe their solutions bear reinvestigation here for 
the case of especially neutron-rich projectile fragments. 
The true absorption process is not allowed in neutron 
matter, since a 1r- must transform a proton into a neu
tron in an orbital not already occupied. It thus has an 
energy threshold equal to the !3-decay energy, which 
can easily exceed 10 MeV for neutron-rich light nuclei. 
Also, for a 1r- bound by greater than m,..c2 - IQBI, neither 
true absorption on a pair nor charge exchange on a pro
ton can occur. For 1r-'s bound somewhat less strongly, 
the final states available for absorption will still be 
severely limited. 

Following the prescriptions of Mandelzweig, Gal, 
and Friedman, 3 we have made illustrative calculations 
for neutron-rich Na of inner pionic states with the 
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values of Carr, McManus, and Stricker-Bauer (CMS)4 

for the pion optical potential, considering the pion to 
build up the local neutron density. The lowest L = 4 
and 5 solutions are bound by more than 100 MeV. Our 
proposal then is that anomalons are deep 1r- inner bound 
states. 

However, just as it is appropriate in light nuclei 
to consider a-particle clusters in the surface region, so 
also do our model calculations make appropriate the pic
ture of a pineut orbiting in the nuclear surface region, 
since the 1r- wave function could extend the outside and 
convect-neutron density. 

Note added in proof: Garcillazo5 has recently published 
theoretical estimates of stability of clusters of neutrons 
and negative pions. 
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Centauro as a Superftuorescence Phenomenon* 

G.N. Fowler/ E.M. Friedlander, and RM Weiner* 

One of the most recent challenges of cosmic-ray 
high-energy physics is the observation of Centauro 
events. These events were observed by means of a two
layer detector and appear to originate in the air above 
the detector; the photons from 1r0 decay close to the pri
mary interaction should be detected by the upper layer 
(visual threshold Et ~ 1-2 TeV) while the longer-lived 
("quasi-stable") hadrons are efficiently recorded by the 
lower layer. The Centauros are distinguished by the 
fact that practically no photons traceable to the primary 
interaction are observed in the upper detector layer. In 
the assumption of isotopic spin conservation this is 
equivalent to the absence of pions since the most impor
tant source of photons are w»'s. In "normal" events, on 
the other hand, pions dominate. Furthermore, the aver
age transverse momentum (Pr) of hadrons in Centauros 
is of the order of <Pr> ~ 1-1.5 GeV, which is a fac
tor of > 3 larger than the value observed in "normal" 
events. 

We suggest that present physics knowledge might 
be sufficient to explain Centauro events provided this 
knowledge is not restrained to the narrow domain of 
what is called usually "theoretical high-energy physics" 
and includes also some recent advances in atomic phy
sics. In particular, we connect the appearance of Cen
tauro events with the phenomenon of superftuorescence 
and with the energy threshold for photons of the 
measuring device used for the detection of these 
events. There are important consequences that follow 
from this interpretation for present and future experi
ments at the CERN-pp collider and with cosmic rays. 

We are faced with a system in preequilibrium, 
i.e., a succession of equilibrium states characterized by 
a time-dependent temperature T(t). To each value of 
T(t) corresponds an equilibrium configuration of 
different particle species governed by the statistical 
function 

where gi is the statistical weight factor corresponding to 
species i, and lllj the respective mass. From the form of 
this function it follows that the higher T( t) the more 
important the contribution of large masses to the spec
trum of produced particles at a moment t. The contri
bution of higher masses will eventually be cut down 
because of energy conservation. It is useful to distin
guish now "primary" pions from "secondary" pions. 

The former arise directly from the fireball while 
the latter are decay products of baryonic and mesonic 
resonances. At a sufficiently high energy, if particles 
could be produced from the outset when the tempera
ture is maximum, most primary particles would be not 
pions but heavier particles. 

We make the hypothesis that Centauros are events 
in which, as a consequence of superftuorescence, the 
primary fireball decays "immediately", i.e., before 
cooling down to T ~ m_.. From the argument given 
above it follows that the higher the temperature, the 
less energy will be left for primary pions. The energy 
carried by secondary pions will always be much 
smaller. 

It follows that if one could in a few events inhibit 
the expansion and let the system decay completely at an 
early stage of its history, at the very high energies at 
which Centauro events are found, nopions (and, a for
tiori, photons) with energies exceeding the experimen
tal threshold of 3000 Ge V would be seen. Further
more, because of the higher decay temperature the 
average Pr of particles produced would be much higher 
than in "normal" Pomeranchuk-like events. 

Such a precocious decay can be understood in 
analogy with the optical superftuorescence phenomenon. 
It consists in the cooperative emission of particles from 
a coherently excited system. Coherence in the quantum 
optical sense has become recently a subject of current 
interest for high-energy physics. It may manifest itself 
in identical particle correlations and may explain the 
absence of cascading in nuclear matter at high energies 
in terms of self-induced transparency, which is a non
linear effect. Another nonlinear effect is 
superftuorescence, and its relevance to Centauro con
sists in the fact that in this effect fluctuations play a 
major role, inducing the decay of an unstable equili
brium state. The results of our calculation for a certain 
range of values of interest show that, in the range of 
multiplicities Nh seen in Centauro events, i.e., 60-70 
quasi-stable hadrons, out of -20 emitted ~·s only 1-2 
1r0's exceed the threshold 2Et of the upper detector 
(taken as 3 TeV). 

The mean transverse momentum of the quasi
stable hadrons lies then in the vicinity of <Pr> ~ 1. 7 
GeV jc, a value reported by the discoverers of the Cen
tauro events. Energy conservation requires the mass 
spectrum to be cut off at M = 1.4 GeV. 
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Particle Multiplicities at the p-p Collider and the s1/ 4 Law* 

E.M Friedlander and R.M Weinert 

In two recent papers1
•
2 the authors of the CERN 

UA5 collaboration report on the first results from the 
CERN P-P collider concerning the mean multiplicity of 
produced particles as well as their (pseudo) rapidity 
distribution. 

In Ref. 1 the mean charged multiplicity <ncb> is 
found to have reached a value of -27, which "excludes 
an s114 behavior of <ncb> in going from ISR to col
lider energies" .1 

Since the only theoretical models predicting an 
s114 behavior of <ncb> are of the thermo
hydrodynamical family, the collider result would seem 
to contradict the predictions of such models. 

However, in Ref. 2 the same authors find that the 
spread of the central rapidity plateau is smaller than 
would be allowed by kinematics; they discuss this fact 
in the framework of a cylindrical phase-space Monte
Carlo calculation and suggest that the data require an 
increase of the mean transverse momentum <t>r> to a 
value of -soo MeV jc. 

No correlation between these two new and impor
tant results has been proposed so far. 

In this note we suggest that the two results, con
sidered together, cpnfirm, rather than contradict, the 
hydrodynamical model. 

Within the context of this model, an essential 
ingredient in the calculation of the mean particle multi
plicity <n> is the inelasticity K of the collision 

K =(Total energy of created particles)/Vs (1) 

The hydrodynarnical model predicts that 

<n> ~ K3f4s!f4 (2) 

It is this s114 law that follows from hydrodynamics and 
any energy dependence of K will reflect in the energy 
dependence of <ncb>· 
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The findings of Ref. 2 concerning the width of 
the rapidity distribution are equivalent to the observa
tion that the mean inelasticity K has decreased by 
-40% between vS = 53 and vS = 540 GeV fc. This 
follows from the integration of the rapidity distributions 
presented in Fig. 1 b of Ref. 2, assuming factorizable 
rapidity and I>r distributions, .as well as an increase of 
<t>r> to 500 MeV fc at the higher energy (these 
assumptions are consistent with the particle density 
observed· in Ref. 1 and the transverse energy flow seen 
by the UA1 collaboration. 

Using eq. (2) at vS = 540 GeV we predict a 
mean multiplicity of 25.4, which lies within -1 stan
dard deviation of the experimental findings. 

Thus, there is no contradiction with the s114 law, 
as long as the complete physical picture, which includes 
inelasticity, is taken into account. Furthermore, the 
substantial increase in <t>r> is also consistent with the 
predictions of the hydrodynamical model3 since this 
model allows for "leakage" of "high-t>r" secondaries 
from the early stages of evolution of the system, and 
this leakage effect increases with energy. 
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' 'Mass Scaling'' Phenomena in Heavy Fragment 

Production in Relativistic Heavy Ion Collisions* 

Fumiyo Uchiyamat 

Scaling phenomena in inclusive reactions in which 
a single particle in the final state is measured for 
hadron-hadron collisions (A + B -+ C + anything) 
have been known and studied for a long time1. The 
scaling is derived by assuming the existence of a 
momentum distribution function for the free and struc
tureless constituents of the hadron in the high energy 
limit for the impulse type of interaction. The scaling 
variable that is used to describe the distribution 
depends on both the specific reactions and the kinemati
cal regions of interest. One kind of scaling tested 
widely in hadron inclusive reactions is that the longitu
dinal momentum distribution of the observed hadron is 
independent of the beam momentum. 

Since the nucleus consists of nucleons that play 
the role of constituents, a similar situation may occur 
for the inclusive nucleus-nucleus reaction in which a 
nuclear fragment in the final state is measured. 
Indeed, that was observed in the first high energy heavy 
ion reaction done by the Greiner-Heckman group2 in 
1974. They observed that both the inclusive cross sec
tions and the momentum distributions of heavy nuclear 
fragments of charge Z and neutron number N in the 
forward direction are independent of incoming heavy 
ion energies of 1.05 or 2 GeVjnucleon (of 12C and 120 
beams). Considering the fact that the nucleons are 
loosely ( -10 MeV /nucleon) bound inside of the 
nucleus and can be treated as structureless in the 
kinematical region of peripheral interactions, 1 and 2 
GeV /nucleon beam momentum is high enough to satisfy 
the assumptions for the scalings mentioned above. 
Furthermore, since the observed secondary nucleus 
fragment is nothing but a bunch of constituent 
nucleons, there may exist a different type of scaling 
unique to the nucleus fragmentation. 

In this paper, we point out that there is a new 
scaling called "mass scaling", which connects the 
different inclusive channels. We find that the momen
tum distribution of the secondary nucleus C in the for
ward direction can be described by a universal function 
of the scaling variable that is the momentum K where 

K is defined to be equal in the "beam rest" system to 

( ) 

1/2 mdms-mc) 
K = Pc 

m~ 

where me and P c are the mass and the momentum of 
the observed fragment C respectively and m

8 
is the 

mass of the beam nucleus B. We proceed with the 
argument as follows: First, we briefly review the two
step kinematicalrodel

3
•
4 

to sl n'Pere the mass scaling 
. me( ms-md 0 0 

and the factor 
2 

. ongmate. Then we 
rna , 

investigate whether the model of composite hadrons5 

can accommodate the mass scaling under some assump
tions unique to nuclei in the kinematical region of our 
interest. We find that it does and that the observation 
of heavy fragments in the peripheral regions of both 
projectile ions and the target may be related directly to 
the major cluster structure inside the nucleus. 
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Subthreshold K--Production by Coherently Produced 

cJ>-Mesons in Heavy Ion Collisions* t 

K.-H. Muller* 

The enhanced subthreshold K-production found 
recently in the reaction 28Si-28Si at 2.1 GeV1 is assumed 
to be due to the decay of coherently produced cJr 
mesons. We calculate the differential K-production 
cross section by treating the source term of the cjrmeson 
field, which is the nucleon current, as an external c
number source. This current is parameterized by 
assuming a diving-, a compression-, and an expansion
stage during the nucleus-nucleus collision where the 
results of the intranuclear cascade calculations serve as 
a reference. Assuming a reasonable time for building 
up three times nuclear matter density, agreement with 
the experimental data is obtained. 

In a relativistic quantum field theory the strongly 
interacting nucleon system is described by a Lagrangian 
where the interaction Lagrangians are assumed to be 
due to 7r,TJ,u,p,w,¢ ... meson exchange. The equations 
describing the space and time behavior of the 
corresponding meson fields are inhomogeneous Klein
Gordon-Poca-equations, respectively. In the case of a 
relativistic heavy ion collision where the nucleons are 
decelerated these equations not only describe the virtual 
mesons inside of the colliding systems but also the pro
duction and emission of real mesons. While emitted 
7J,u,p, and () mesons decay mainly into photons or pions, 
which might be difficult to detect in the background of 
photons produced by decaying 1r

0 's and pions produced 
via decaying d's, the cjrmeson has the advantage to 
decay into a K+K pair. At bombarding energies far 
enough below the NN-+ NNK+K threshold, the K
meson produces a background-free signal from 
coherently created cjrmesons assuming that the K-
production due to the processes 1rA-+NK- and 7r~ .... NK
are already sufficiently small. 

In the measurements of ref. 1 the K- production 
threshold is 210 MeV above the available nucleon
nucleon centre of mass energy. If an attempt is made 
to explain these data solely in terms of individual 
nucleon-nucleon K-production taking Fermi motion in 
form of double Gaussian momentum distributions for 
projectile and target into account, the K-yield is 

240 

underestimated by about a factor of 20. 

The aim of this paper is to show that the surpris
ingly large number of subthreshold K-mesons observed 
might be due to coherently produced cjrmesons during 
the nucleus-nucleus collision where the participant 
nucleons contribute cooperatively3. The picture pro
posed here is that the nuclear matter distribution of the 
participant nucleons is surrounded by (virtual and real) 
~mesons in a similar way as a moving single nucleon. 
In analogy to photon-bremsstrahlung where a decelera
tion of a charged current produces real photons, in this 
model, the deceleration of the baryonic current during 
the nuclear collision leads to the creation of real ~ 
mesons. A similar picture for the pion cloud surround
ing the projectile nucleus was recently proposed by B. 
Hiller and H.J. Pirner4 to describe coherent pion pro
duction. 
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A Saturating Cbiral Field Theory of Nuclear Matter* 

J. Boguta 

Relativistic quantum field theory approach to the 
study of nuclear matter and finite nuclear structure can 
account for a large number of data in terms of a few 
phenomenologically determined parameters. 1 These 
parameters can be adjusted so that relevant nuclear 
matter properties, such as nuclear matter saturation, its 
compressibility , and the effective nucleon mass in the 
media have reasonable values. In the mean field 
approximation, the model is constructed to describe 
these essential properties reasonably well. Clearly, 
such an approach must be phenomenological in its very 
nature, since quantum corrections, pion contribution, 
two body correlations are known to be important. 

The phenomenological approach yields a Lagran
gian that in fact does not have a lower bound for the 
energy. The best fits are obtained when the scalar 
meson quartic self interactions are attractive and not 
repulsive, as they should be. A related problem is that 
pions, in the linear realization of chiral symmetry, can
not be introduced into the theory without spoiling 
nuclear matter saturation in an essential way. It was 
shown by AK Kerman and L.D. Millerl and indepen
dently by the author that the usual chiral theory of 
pions leads to a theory of nuclear matter that does not 
have a saturating normal matter ground state if the 
theory is solved in the mean field approximation. The 
reason for this is that the sp<)ntaneous breaking of 
chiral symmetry requires the potential functional to 
have a double minimum as a function of the fields. 
This leads to the well-known cusp catastrophe. 3 The 

field solutions bifurcate. The aim of this work is to 
show a simple and elegant solution to this problem. If 
an isoscalar vector field is introduced into the theory 
via the Higgs mechanism4

, these bifurcations disappear 
and a saturating equation of state can be obtained for a 
potential functional having a double minimum. Physi .. 
cally, the Higgs mechanism in this case amounts to the 
statement that the mass of the vector field is not static, 
but dynamically determined. Thus a chiral theory of 
pions can be constructed, in which not only the mass of 
the nucleon and the scalar meson are spontaneously pro
duced, but also the mass of the vector field. 
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PART V: INSTRUMENTATION 



• 

1. Detectors and Techniques 

Ion Sources for Cyclotrons* 

David J. Clark 

This paper describes cyclotron ion sources for 
light and heavy ions. Sources of polarized ions are not 
included, since there are recent good reviews of this 
subject. 

The cyclotron ion source has the responsibility for 
producing well collimated intense beams of various 
charge states of many atomic species, polarized and 
unpolarized. The source should have high reliability, 
long lifetime and quick change time. The first sources 
were "internal sources", designed to fit within the few 
centimeters of space inside the first orbit of acceleration 
in the central region. The approximately uniform mag
netic field in this region was a great asset in producing 
intense ion source arcs. 

With the advent of more advanced sources of 
heavy and polarized ions, a space of 1 m3 or more was 
required for the source, so it had to be placed outside 
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Fig. 1. Charge to mass ratio, Q/ A, obtained when 
atom of number Z is bombarded with 10 keV electrons 
with ionization factor Jr. 
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the cyclotron as an "external source". Injection sys
tems were developed to transport the beam to the cyclo
tron center region, either axially or radially. 

To create singly or multiply charged positive ions 
we must remove one or more electrons from atoms and 
ions. This ionization process is accomplished by elec
tron bombardment, in which the maximum electron 
energy is 2-3 time the ionization potential. 

For the production of high charge state ions we 
need bombardment with electrons of sufficient energy, 
E, and density n (electronsfcm3) or current density J 
(:rnps/cm2) for a sufficient time T (sec) to reach the 
high charge state. Fig. 1 shows the charge/mass ratios 
produced for values of electron bombardment parame
ters JT and nT, neglecting charge exchange and recom
bination. 

Fig. 2 shows the operating regions of several high 
charge state ion sources for a range of Ee and nT values. 

Fig. 2. Operating regions of ion sources used in 
present accelerators. 

XBL 8211-3261 
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The PIG source is the standard cyclotron heavy ion 
source. External ECR (electron cyclotron resonance) 
sources are being installed on several cyclotrons to 
increase their energies. Although the EBIS (electron 
beam ion source) produces the highest charge states, it 
is a pulsed source with lower average beam intensity, 
and is not as well matched to the cyclotron. The princi
ples and performance of these sources are described in 
more detail in this paper. 

Footnote 

*Condensed from Proc. Ninth Inti. Conf. on Cyclotrons 
and their Applications, Caen, France, September 7-10, 
1981, pg. 231 

The Plastic Ball Spectrometer: 
an Electronic 4r Detector with Particle Identification* 

A. Baden, H. H. Gutbrod/ H. LOhner,* MR. Maier,* A.M Poskanzer, T. Renner, 
H Riedesel, HG. Ritter/ H. Spieler/ A. Warwick/ F. Weik/ H Wiemant 

GSI-LBL Collaboration 

A concept of a 411' detector consisting of many 
individual ~-E and time-of-flight telescopes was 
chosen that promises fast data analysis~ For the cover
age of most of 411' the Plastic Ball was built, completely 
surrounding the target except for the very backward 
angles, where the beam enters the system, and the 
extreme forward angles. These forward angles of 0°-9° 
are covered with a multielement time-of-flight system 
(called the Plastic Wall) taking into account the large 
fragment velocities at forward angles. The following 
gives a detailed description of the whole system, as it is 
schematically shown in Fig. 1. 

The SLAC Crystal Ball design was adopted, 
which is based on the geometry of an icosahedron: a 
20-faced solid figure in which each face is an equila
teral triangle of the same dimensions. Each face is 
divided into 36 triangles, resulting in the division of the 
surface into 720 triangles, with only 11 different two
dimensional shapes. For the Plastic Ball modifications 
were made in details of the entrance and exit ports. 
Modules in the backward cone between 160° and 180° 
and in the forward cone between 0° and 90° had to be 
omitted to allow room for the beam pipe and prevent 
the beam halo from hitting the detector modules. 

A further modification was necessary for the 
region between 10° and 30° to guarantee good particle 
identification despite the high multiplicities expected at 
forward angles. This region (known as the Mall) is 
subdivided into 160 modules instead of the 40 in the 
original design and positioned at a larger radius from 
the target position. The central spherical cavity of the 
ball has a radius of 25.4 em; the outer radius is 61.4 
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em. The aforementioned surface division scheme is 
applied to both the outer and inner surfaces. For 
assembly and aecess to the target, the ball is divided 
into two half-spheres along the e = 90° plane. A thin 
sheet of 1.2 mm steel with a hole 50 em in diameter 
forms the baseplate of each hemisphere. 

Individual Detector Modules 

Each of the 815 detector modules represents a 
particle identifying telescope with a aE and E detector 
using a slow and a fast scintillator read out via one pho
tomultipler. _The aE counter is a CaF2(Eu) crystal with 
a characteristic decay time of 1 IJ.S for the emission of 
the scintillation light. Unlike Nai, the CaF2(Eu) is not 
hygroscopic and therefore needs no bulky canning, 
which would have jeopardized the system goal of a total 
coverage of 47r of solid angle. Each module is wrapped 
with only a double layer of aluminized mylar foil as an 
optical separator between adjacent modules. 

The thickness of the aE CaF (Eu) crystal was 
chosen to be 4 mm with 35.6 em as tte length of theE 
plastic scintillator. This allowed good aE signals even 
for minimum ionizing particles and also a minimum low 
energy cutoff for particles stopping in the AE counter. 
To obtain clean proton spectra up to 200 MeV, the 
detector length was chosen to stop 240 MeV protons. 
This length represents a physical upper limit for parti
cle identification for stopped particles due to the onset 
of reaction losses. 

The readout of the AE-E module is done via a 
conically shaped lightguide (lucite), which couples to a 
2-inch, 10-stage photomultiplier. The phototube was 
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selected for good gain and high linearity up to the high 
currents that are necessary for the subsequent pulse 
shape analysis. The gain of the phototube is monitored 
by a light pulse fed into the light guide via an optical 
fiber from a pulsed Xe-light flasher. 

Pion Identification 

In designing the Plastic Ball, special care was 
taken to detect the positive pions. Since the yield of 
the 1r + is only about 10% of the proton yield at beam 
energies well above the pion production threshold, in a 
pure aB-E identification scheme the pions would be 
overshadowed by the background produced by heavier 
particles. Therefore, the 1r + are additionally identified 
by their delayed decay. Stopped 1r + decay into a J.t + 
and a neutrino with a mean life of 26 ns and a <}value 
of 4.12 MeV. The J.t + subsequently decays into a posi
tron and two neutrinos with a mean life of 2.2 J.&S. In 
this decay the e + is emitted with an energy of up to 53 
MeV and therefore produces a signal that is easily 
detectable in the plastic scintillators. A discriminator 
in the electronics detects the occurrence of this second 
spike and a TDC measures the delay time. The TDC 
covers the ran!e between 250 ns and 1 OJ,tS so about 90% 
of all 1r + -+ "' -+ e + decays can be recorded, provided 
the e+ deposits an energy greater than 1 to 2 MeV in 

PLASTIC BALL 
655 modules + 160 

Signal 
HV 
Bose 
PM 

the scintillator. This method can not be used to detect 
negative pions because the 1r· are promptly absorbed by 
a nucleus in the detector and the 140 MeV rest mass of 
the pion is released as kinetic energy. 

The Plastic Wall 

The Plastic Wall (Pilot F) covers an area of 192 
em x 192 em and provides fine position resolution cover
age of the angular region between e = 0° and the 
forwardmost sections of the Plastic Ball (9 - 10°). It 
comprises two sections of scintillators, the outer Wall 
and the inner Wall (Fig. 1). 

The outer Wall serves to extend the acceptance of 
the Ball-Wall system from 9 = 10° to 9 = 2. 5°, 

. detecting particles in the same range of mass and 
charge as the Ball itself, but measuring velocity and Z 
instead of energy, and Z and A as in the Ball. The 
inner Wall extends the angular measurement to 0°. In 
addition, the center region of the inner Wall makes up 
the event trigger. 

The outer Wall region consists of 60 pairs of 
counters, each 72 x 8 x 3. 8 em, providing coincidence 
units sensitive to charged particles passing through both 
bars of a pair. Neutron and gamma background is 
rejected by this coincidence requirement. A time 

PLASTIC WALL 

60 pairs of counters 
each 72X8X3.8cm 

~s··1 r- ctnttlator 

Collimator 
Lightguide 

Beam Counter 

1+----------llj---SIOcm--------n 

Fig. 1. Schematic view of the Plastic Ball and the Plastic Wall. 

4 counters, 
0.64x8x8cm 

16 counters, 0.64 x 8 x 16 em 

XBL 792-329A 
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resolution of 350 psec (FWHM) was achieved for 
minimum ionizing protons. The mean time of the pair 
gives the flight time from the target and hence the par
ticle velocity. 

Each scintillator signal is fed to an ADC, and Z 
identification is achieved (as suggested by the Bethe 
~lock equation) by generating a function v2~, where v 
1s the measured particle velocity and ~ is one of the 
two ~ signals. 

The inner Wall covers the region within 2° of the 
beam and is finely divided because of the high multipli
city of fragments near the beam. Its main purpose is to 
form the fast trigger with the upstream beam counter 
and collimator to decide which events are to be 
recorded. Of course, it also gives nuclear charge and 
velocity information for the particles it detects and can 
be used for centering the beam on the Wall. 

The inner Wall consists of a 6 x 6 array of 36 
thick scintillators 8 x 8 cm2 each, 3.8 em thick. In 
front of each is a 0.64 em thin scintillator. For the 
center four counters the thin and thick scintillators are 
of the same area and in one to one correspondence, but 
for the remaining 32 thick scintillators, only 16 thin 
scintillators are used, each 8 x 16 cm2 in area and cov
ering a pair of thick detectors. The 56 scintillators 
have light guides and phototubes coupled on one edge. 
In addition, in front of the center four pairs of scintilla
tors is placed one 16 x 16 cm2 "Bull's Eye" scintillator, 
only 1 mm thick. The purpose of the hull's eye is to 
reject beam particles, and it was made thin to minimize 
nuclear interactions in the detector itself. The Bull's 
Eye has light guides and phototubes coupled onto two 
opposite edges. · 

Upstream Beam Counter 

The upstream counter is a thin plastic film scintil
lator with a projected diameter of 2. 5 em and together 
with an active collimator 3 m upstream defines the 
beam acceptance of the ball detector system. This 
counter establishes the timing reference for the fast 
trigger and also the start signal for the TOF measure
ment in the Plastic Wall. It was designed to have very 
low mass and also for optimal light collection in order 
to achieve good time resolution while minimizing the 
background from material in the beam. A film with a 
thickness of roughly 3.6 mgjcm2 is supported in the 
beam at 45° on a stretched film of 0.275 mgjcm2 (2.5 
JLm) hostaphan. The frame for this is a cylinder of 
aluminized mylar (125 JLm), which doubles as a 
reflector. Two Phototubes (RCA 8575) view the scintil
lator from each end of the cylinder. A coincidence 
requirement between the two tubes eliminates a small 
background caused by beam halo striking a photo
cathode. The timing reference is extracted from the 
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analogue sum of the two phototube signals with a con
stant fraction discriminator. The time resolution 
achieved between this detector and the inner Plastic 
Wall is 350 ps. A large area (30 em x 30 em) active 
collimator, which is sensitive to minimum ionizing par
ticles, largely rejects nuclear interactions in the 
upstream thin film beam counter, which would other
wise be confused with target interactions. Although the 
rejection of beam in the active collimator is done on
line with hardware, the rejection of minimum ionizing 
particles is done using its TDC off-line so as not to 
reject particles corning backward from the target. 

Signal Processing 

The event trigger is derived from the beam start 
counter and from the inner Plastic Wall detectors. 
Presently, the Plastic Ball is not involved in the trigger 
decision. Therefore, the signals from all 815 Ball 
modules are delayed via 70 m cables (RG 58) to allow 
time for the trigger decision, whereas the other counters 
have the shortest possible cables (RG 58) with a length 
of only 20m. 

A passive split generates three input signals for 
the E, ~ (short LlE), and LlE ADCs and one for an 
amplifier. 

5 
The first three signals are fed via 25 fold 

50-ohm ribbon cables to LRS 2282B ADCs. The fourth 
amplified signal is given to a discriminator and via 
twisted pair cables to LRS 4291 TDCs with a 10 JLS 
range. The Wall signals are split in the octal constant 
fraction discriminators, and both analogue and logical 
outputs are given via 50 m long 8 fold 50 ohm ribbon 
cables to ADCs and 100 ns full-scale TDCs. The Inner 
Wall discriminator outputs are also used in the trigger 
logic described below. The Wall discriminator signals 
to the TDCs are regenerated just before the TDCs 
because of attenuation in the long cables. 

Trigger 

The simplest trigger for high energy heavy ion 
studies is to require that the beam particle undergo a 
reaction between the beam counter and the Wall 
counters. This so-called "minimum bias trigger" is of 
great importance since all more restrictive trigger selec
tions are normalized to it. After detecting a beam par
ticle in the start counter, one demands that the projec
tile lose at least one charge.· The "central trigg~r" 
used requires that no beam velocity particles of proton 
pulse height or higher were recorded in the inner Wall. 

On-Line Data Handling 

The torrent of information coming from the Plas
tic Ball and the Plastic Wall requires sophisticated 
early inspection and selection in order to restrict the 
data flow to the significant data. "Smart" readout 
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processors are applied in the Camac branch and a 
microprocessor is used for other Camac modules. One 
PDP-11/50 processor is dedicated for data collection 
and writing on tape, while a second PDP-11/44 is used 
for on-line analysis of the data. All data produced by 
an event are converted and read out by Camac modules. 
There are a total of 2631 ADC channels, 817 long-range 
TDC channels, and 188 high resolution TDCs. 

The quality of the particle identification for the 
655 modules between 30° and 160° is shown in Fig. 2. 
The dashed curve represents the raw data after gain
matching, while the solid line shows the particle separa
tion after all particles scattered out have been recon
structed by taking into account up to 12 neighboring 
modules that surround a center module and that contain 
only E but no dE information. Windows were selected 
along the valleys of those distributions, allowing one to 
assign a mass and charge value with high confidence. 

The performance figures allow one to draw a 
figure for the response as a function of fragment 
momentum and rapidity. Figure 3 shows the response 
of the Ball and the Wall for protons. 

Footnotes 
*condensed from Nucl. Instr. and Meth. 203 (1982) 
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A Method for Precise Charge Measurements of Relativistic 

Nuclei Z < 3 in Nuclear Emulsion* 

M.A. Bloomer, HH Heckman, and Y.J. Karant 

We have developed a technique for the precise 
charge determination of particle tracks in nuclear emul
sion based on measurements of the lacunarity, i.e., frac
tional transparency, andjor the fractional opacity in the 
linear track structure. The method yields estimates of 
charge for relativistic Z = 1 and Z = 2 nuclei to a pre
cision of - ±0.05 charge units, in agreement with Bar
kas' theoretical model of track structure. 1 This method 
of charge measurement complements a variety of tech
niques that extract similar information from an ioniza
tion track. The method is not applicable to tracks of 
particles whose rates of ionization are so high as to pro
duce completely saturated, i.e., opaque, tracks. In this 
case, methods of charge analysis commonly used are 
those that measure ~-ray densities and track widths. 

Beginning with the experimentally observed fact 
that the gap-length distribution for a track of an ioniz
ing particle in emulsion is exponential, we show that 
the charge of a particle is related to the lacunarity L of 
its track by the relation 

Z = ko v'- lnL (1) 

where ko is a proportionality constant determined 
empirically. 

The precision ~Z with which the charge Z can be 
determined is (see Ref. 1, Sec. 9.7): 

kJ [2a [ 1-L ) l/2 

~z = 2Z A - L lnL -l J ' (2) 

where a is the mean diameter in microns of the 
developed grains and A is the path length (microns) 
over which L is measured. 

Given that ko - 3.3 for liford G-5 electron
sensitive emulsion, Eq. (2) predicts that for Z < 4, 
charge measurements can be made to an accuracy ~Z -
0.05 units in A ;$ 1 mm. 

In our measurements, an observer determined the 
lacunarity L for a minimum of 16 cells (cell length = 
62 #LID), terminating the measurement of L when the 
observed rms deviation of mean charge Z, Sz < 0.045 
was satisfied. For Z = 2 nuclei, this condition was met 
by the time 16 cells were measured in about 70% of the 
measurements. 
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Figure 1 shows the charge distribution of He frag
ments emitted from 1.9 AGeV Fe interactions in emul
sion. The charge distribution is a composite of meas
urements of three different observers, the data of each 
observer being normalized to Z = 2.00 after corrections 
for depth gradients in the emulsions and time variations 
of the scanner-dependent value of ko- Also shown in 
Fig. 1 are values of Z obtained by each observer 
assuming ko = 3.1, the average value of ko for all 
observers. 
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Fig. 1. Measured charge distribution of He (Z = 

2) projectile fragments of 56Fe at 1.9 AGeV. 
XBL 834-9469 

Footnote and Reference 
*Based on Senior Thesis, Undergraduate Honors Pro
gram, Department of Physics, University of California 
(MAB) 

1. W.H. Barkas, Nuclear Research Emulsions, Vol. 
1, New York: Academic Press, 1963, 518 pp 



Observation· of Large Deviations from the Bethe-Bioch Formula for 

Relativistic. Uranium Ions* 

S.P. Ahlent and G. Tartet 

Footnotes and Reference 

*Condensed from Phys. Rev. Lett. 50 (1983) 1110 
t Also at Space Sciences Laboratory 

By measuring the range deficit of 955 MeV famu 
238U ions in copper, we have identified the largest devi
ation ever observed of the stopping power of fast ((3 
>> a) heavy ions from the Bethe-Bloch formula. We 
show that the most likely explanation of this 
discrepancy is the existence of higher order terms in 
the Mott cross section. The significance of this result 
with regard to several high-energy astrophysics experi
ments is discussed. 

1. W.H. Barkas, W. Birnbaum, and F.M. Smith, 
Phys. Rev. 101 (1956) 778 
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Fig. 1. Deviation of energies calculated from measured ranges, from those determined using time-of-flight methods. 
Data for 600 MeV famu Ne, Ar, and Fe were obtained from ref. 1 while the 955 MeV famu Fe and U data are from 
this work. In all cases most of the range was in Cu. Large deviations from the Bethe theory are evident for U. 
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Calculation of the Stopping Power of Very Low Velocity Magnetic Monopoles* 

S.P. Ahlent and K. Kinoshitat.t 

One cannot interpret dynamic searches for very 
slowly moving (v < 10·2 c) grand unification magnetic 
monopoles without knowing both their stopping power 
and the response of the detector as a function of stop
ping power. In this paper we consider the first ques
tion. We calculate the electronic stopping power of 
slow magnetic monopoles in condensed materials and 
find that, for {3 ;S 0.01, dEfdx is proportional to the 
monopole velocity. For monopoles with g = ± 137e it 
is found that the monopole stopping power is at least as 
large as that for a proton with the same velocity. Fig
ure 1 shows the results of our calculations for a Dirac 
monopole in silicon. The results presented here are not 
directly relevant to the evaluation of the response of 
excitation and ionization sensitive particle detectors to 
slow, super massive monopoles. However, it is hoped 
that the techniques presented will be a useful guide in 
thinking about such problems. 

Footnotes 

*Condensed from Phys. Rev. 027 ( 1983) 688 

t Also at Space Sciences Laboratory 
:j:Now at Department of Physics, Harvard University, 
Cambridge, Massachusetts 
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Can Grand Unification Monopoles be Detected with Plastic Scintillators* 

S.P. Ahlent and G. TarJef 

Numerous groups throughout the world, including 
our own group, are preparing experiments to search for 
grand unification monopoles using large arrays of plas
tic scintillators. Such experiments require for their 
interpretation an understanding of the light output as a 
function of monopole velocity, in the region of very low 
velocities. By drawing upon results from work dealing 
with the interactions of slow protons with matter, we 
have estimated the light yield of GUT monopoles from 
organic scintillators. Figure 1 shows the results. We 
conclude that monopoles having velocities as low as 6 x 
1 o·4 c can be detected. 

Footnotes 

*Condensed from a paper submitted to Physical Review 
Letters 

t Also at Space Sciences Laboratory 
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Fig. 1. Estimates of scintillation yield for magnet
ic monopoles. 
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The Maximum Likelihood Method Applied to Decay During 
and Mter Accumulation of a Sample of Radioactive Nuclei 

L.P. Somerville* 

The maximum likelihood method is a very old 
method1 that has been used to determine the half life 
from a list of decay times for a sample of radioactive 
nuclei. In a previous publication the method was 
extended to multi-component decay. 2 In this report the 
method is applied to systems in which the decay rate 
first increases with time, as nuclei are accumulated in 
the sample, for example, by production from an 

' accelerator bombardment, and later decreases with time 
after the accumulation has stopped. Experiments of the 
"flipper" type described by J.M. Nitschke, et al. in this 
report initiated the development of this half life 
analysis code. One approximation to the flipper situa
tion is used, namely that possible decays after the total 
observation time T are not observed during the next 
accumulation period. Figure 2 of the report by J. M. 

Nitschke, et al., is an example of how one of the decay 
curves is analyzed with this method. 

During the time 0 to to of accumulation or pro
duction at rate R the number of nuclei N( t) in the sam
ple must obey the differential equation 

N = R-XN, 0:5t:5to . (1) 

wr.ere X is the usual radioactive decay constant 

>..=In( 2) ) . Since after the accumulation ceases at 
T112 

time to the accumulation rate R is zero, solution of this 
equation for all times yields 
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(2) 

The decay rate for the entire sample of nuclei is 
given by >.N(t), or, alternatively, >.N(t)/R is the decay 
probability at time t for each nucleus in the sample. 
Since some nuclei decay during accumulation and oth
ers decay after the accumulation ceases, the likelihood 
function for a set of decay times consists of a product 
of the two likelihood functions in the brackets of the 
following equation. 

L' = [rrx(l-e~~i>I IT xo-e~~e-A<t;-to>J 
i-1 j-m+l (3) 
t<to 12::'o 

Each of these likelihood functions is a product of 
the decay probabilities for each of the individual nuclei 
from equation (2): first for the set of decay times 
tl' t~, . . . t during accumulation and second for the set 
of decay times t +I' t +~' ... t after accumulation. 
This total likelih~ fu:ct10n mu~t now be normalized 
so the total decay probability for any observed decay is 
unity over the observation time from time 0 to timeT. 
If the normalized likelihood function L is defined as L 
= AnL', the normalization constant A is required to 
satisfy the following equation: 

A[1>.<t-..""Jdt + !>.<t-.. """>o"....,d• }~ . (4J 

The simplified normalized likelihood function L then is 

xn<e +>-~o_l)-i:ro-e ~~i> IT e~~j 
i-1 j-m+l 
t<to l""'o 

L = ---,[r-x-to-e--~--'T(:...e_+_A'o ___ l )-].,.....::.....__ 
(5) 

This likelihood function is ·now to be maximized with 
respect to A to determine the most probable >.=X or half 

life T 112= lnp> for all the observed decay times. 
>. 

To calculate the standard deviation O'f of T112 1/2 
from the standard deviation u>; of X the likelihood func-
tion can be approximated by a Gaussian, 3 which is valid 
for a large number of events n, or 

L = l$xp[-(X->:J2ef)J . (6) 
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The standard deviation O'f in T 112 is then given .by 
1/2 

O'fl/2 = 1'1/2 ( ~>:) = -r-,----':.::.>.;~-.,.,., 
>,2 

(7) 

The rate of accumulation or production R is given 
by requiring that the integral of the decay rate >.N(t) 
over the observation time 0 to T equal the total number 
of decays n observed. From equations 2 and 4 

R = nX _ 
- +A'o Xto-e-AT(e -1) 

(8) 

The standard deviation u(R) of R is given by 

u(R) = (u;(aR) 2 

_ +u([aR] 2 

_).1/
2 

an A-A a>. A-A 

A computer code has been written to determine 
the most probable half life 1'112, the accumulation rate 
R, and the standard deviations of these quantities. The 
code was tested by using an artificially generated data 
set with a 5-s half life. A half life of 5.03 s was deter
mined by the code, in close agreement with the 5-s half 
life used in generating the data. The code bins the 
events with a constant number of counts per bin2 for 
plotting decay curves and for calculating the chi square 
per degree of freedom of the fit. 

Future developments of the maximum likelihood 
method will include the effect of a constant back
ground, the determination of asymmetric half life error 
bars, and application to parent-daughter growth and 
decay. 

Footnotes and References 

*Present address: Physics Division, Argonne National 
Laboratory, Argonne, IL 60439 

1. R.A Fisher, Messenger Math. 41 (1912) 155 

2. R.C. Eggers and L.P. Somerville, Nucl. Instr. 
Meth. 190 (1981) 535 

3. E. Segre, Nuclei and Particles, W.A Benjamin 
Press (1965) 176; 2nd edition (1977) 



Time of'Fiight Detector for mss 
Ryoichi Wada 

A time-of-flight detector for HISS is designed to 
measure velocity and charge of scattered particles that 
are produced in relativistic heavy-ion collisions. To 
cover the large solid angle of the HISS magnet, this 
detector is just like a big wall. 

The time-of-flight wall detector of phase I (2m x 
3m) and phase II (3m x 4m) was completed. The new 
wall for phase II consists of 40 pieces of 3m x 10cm 
pilot F plastic scintillators. All slats have XP2230 pho
totubes at both ends. Actual attenuation length of the 
scintillator is 2.4m and actual light propagation time 
for 3m is about 20ns (lScmfns). 

All H.V.s are supplied by a LeCroy 32-channel 
power supply (model 4032A) and controlled by a PDP 

TDC Resolution for Carbon Beam 

;o~---------------.---------------. 

of<> 

i ........................ jl 
l 
.! ................. . 

'40 0 770 0 800 0 

TDC Channels (lch=50ps) 

Fig. 1. Time resolution of 1 GeV /n 12C beam. 
Start signal was taken by 0. Smm x Smm x Smm 
scintillator. True flight time was obtained by 
averaging two flight times from both ends of a 3m 
scintillator. All corrections for the dependences of 
amplitude and charge were done by software. 

XBL 834-9096 

11/ 4S through a CAMAC module. Bases are specially 
designed to be very stable for a high current load. Two 
anode outputs are used for a TDC and an ADC. 

Timing is determined by a LeCroy 6200 leading 
.edge discriminator located in the cave (experimental 
area) and a 12-channel TDC module (2226A) in the 
shack (control area). The ADC signal is directly con
nected to a 48-channel ADC module (2282). 

Time and charge resolution are measured by a 12C 
beam (1 GeV /n) and its fragments. Time resolution 
DT(FWHM) is <2SO ps for Z = 6 and <4SO ps for Z 
= 1, using O.Smm x Scm x Scm scintillator for the start 
signal (Fig. 1). Charge resolution DZ(FWHM) is 0.4 
for Z = 6 and 0.2 for Z = 1 (Fig. 2). 

Charge Distribution 

2. oE..----.----.r----,----.---r----.-----, 

"' ... 
c 
:l 

~1 OE 

Charge 

Fig. 2 Charge resolution of projectile fragments 
from 1 GeV fn 12C beam. An empirical formula 
was used to calculate the charge of each particle. 
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MUSIC Ionization Olamber 

H. Sann 

To be able to determine experimentally the 
charges (Z > 6) of the projectile fragments produced 
in relativistic heavy-ion reactions, we built a large Mul
tiple Sampling Ionization Chamber (MUSIC). 

The detector measures the energy loss of a rela
tivistic heavy ion 64 times in a gas ionization chamber 
and will enable us to determine the charge of the parti
cle in the final state to a very high accuracy ( <10% 
misidentification). In the last year we finished the 
detector and took the first data. 

To cover the total area in which the HISS magnet 
deflects the charged particles with Z > 6 at 4 m dis
tance, the active area of the detector has to be 1 m x _ 
m. 

The detector (Fig. 1) consists of a stainless steel 
barrel with a diameter of 3.2 m and a length of 2 m. 
The vessel can be evacuated and then refilled with the 
detector gas, so the required gas purities ( <10ppm 
0 2,H20) can be reached. After removal of the vessL 
heads the detector is operational. The entrance and 

Fig. 1. The picture shows the detector just before mounting the endplates with the entrance window. In the 3.3 
m diameter stainless steel vessel , the field cage with an active area of 1 m x 2 m and the high-voltage cathode on 
top is shown. Below the field cage one can see a frame that contains the Frisch grid and the anode structure. 

BBC 82111-0073 

254 



exit window for the particles consists of two com
pounded polypropylene-aluminum-mylar foils that are 
separated by a 1.5 em gas gap. A clean gas (Ar) is 
purged through this gap to maintain the high gas purity 
in the detector volume. 

The sensitive volume of the detector consists of a 
field cage with a sensitive area of 1 m x 2 m and a 
depth of 1.6 m. The field cage consists of a 1mil mylar 
foil onto which horizontal copper stripes are evaporated. 
These stripes are connected by a resistor chain (20 
MO/cm), which divides the negative cathode voltage 
( <80kv) down to the grounded Frisch grid. 

The anode structure is mounted 2 em below the 
Frisch grid and is operated at positive voltage (750 
volts). It consists of a right and a left part, each of 
which contains 60 em x 2 em and 4 em x 6 em divi
sions. The 128 preamplifiers are mounted outside the 
tank. 

The detector is positioned under very small angles 
and normally has to digest the high flux of elastically 
scattered particles; therefore the readout system has to 
be capable of multiple track recognition. That is why 
we copied the complete TPC system (preamplifier, main 
amplifier, CCO's, and digitizers). 

The multiple ( 64) en·ergy loss signals shown in 
Fig. 2 allow us to determine the energy loss distribution 
for each detected charge. As expected from the energy 
deposited in the detector, the distribution of the energy 
loss signals resemble an asymmetric Gauss function. 
For Fe the energy loss distribution shows a width of 
about 13%, whereas Tanata, et al., give a value of 8%. 
The difference can easily be attributed to the 
difficulties in the data extraction because of the elec
tronics used. The present TPC readout system is 
designed for a very special purpose with a much smaller 
dynamic signal range and is thus not adequate in all 
details for our use. We need a better calibration, 
readout of the momentary CCO baseline, and adjust
ment to a dynamic range of (1/150). 

In the far future it seems necessary to avoid all 
the problems connected with the analog signal storage 
in the CCO part of the TPC electronics. Each amplifier 
channel should have its own digitizer and the data 

should be stored in a digitized form. ·So we could build 
an ADC system with a quadratic response function, the 
best way to handle the big dynamic range of >1/150 
(carbon, uranium). 

We believe that the MUSIC detector is in a state 
where it has shown that it is possible to build a large 
surface detector for the determination of the charge of 
the fragments in relativistic heavy ion reactions. 
Together with the proposed gas (CF4) it will be possible 
to determine the complete charge range from carbon to 
uranium with a misidentification level below 10%. 

MUSIC- EVENT 

Fe track 

,J 

= 

1===1:\j 

30 20 10 
t (fLsec) 

Fig. 2. The time dependence of the signals ob
served by the 64 anode amplifiers is shown for an 
Fe event. 12 p,sec after the trigger the signal from 
an Fe particle arrives at each amplifier. This 
corresponds to an electron drift distance of 0. 5m. 
At 30 p,Sec a pulser connected to all amplifiers is 
seen. The energy loss distribution must be extract
ed from the area under the signals. 

XBL 834-9025 

0 

255 



Investigation of the Operation of Wire Cbambers 

in the Self Quenching Streamer Mode* 

T. Mulera, V. Perez-Mendez, A. Del Guerra.' and G. Schwartz 

The production of anomalously large pulses in 
wire counters with thick anodes has been reported since 
the very early work with multiwire proportional 
chambers'. These signals have comparatively fast 
{-I On sec) risetimes and short (-I OOnsec) durations 
and are not followed by the large dead times typical of 
the Geiger-Muller mode of operation. Recent work 2.3 

reveals that these pulses do not arise from some "lim
ited Geiger" mechanism but from another phenomenon 
in which narrow (15~200~m thick) streamers propagate 
orthogonally away from the anode for several ·millime
ters and then quench themselves in a well-controlled 
way. This phenomenon has thus come to be referred to 
as "self quenching streamer" (SQS) behavior. The 
large (typically 50 mV into 500) pulses would allow the 
building of very inexpensive wire chambers as low 
noise, high gain amplifiers would not have to be pr<r 
vided to read out the wires. 

Our investigations reveal that SQS behavior takes 
place in many noble gas-complex molecule gas mix
tures. To achieve good timing characteristics fairly 
high concentrations of the quenching gas are required. 
Figure l shows the signals produced in various mixtures 
of argon and carbon dioxide. The shape of the pulse is 
strongly affected by the quencher concentration. 
Besides argon-carbon dioxide, we observed SQS 
behavior in AR-C2H6, Ar-CH4, Ar-CF 4 and Ne-C02• 

a 

' 

The signals varied in amplitude but were all large 
(>40mV-500) and were more or less saturated 
(independent of the initial amount of charge deposited). 

The effects of gas pressure, anode wire size, and 
anode cathode geometry were also investigated in hopes 
of providing input to the design of detectors employing 
this mode of operation. 

Footnotes and References 

*Condensed from LBL 14003 and Nucl. Instr. and 
Meth. 203 (1982) 609, and LBL l44I2 and IEEE 
Trans. Nucl. Sci NS-30 ( I983) 355 

tPermanent address: Istituto di Fisica, Pisa, I-56IOO, 
Italy 

I. R. Bouclier, et al., Nucl. Instr. and Meth. 88 
(1970) 149 

S. Brehin, et al., Nucl. Instr. and Meth. 123 
(1975) 225 

2. G.D. Alekseev, et al., Nucl. Instr. and Meth. 177 
( I980) 385 

3. M. Atac, A Tollestrup and D. Potter, IEEE 
Trans. Nucl. Sci. NS-29 ( I982) 388 
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Fig. I. Effect of carbon dioxide concentration on pulse shape: (a) 10%, (b) 33%, (c) 50%, (d) 66%, (e) 90%, balance 
argon. Operating voltages were chosen to give comparable pulse heights. 20 mv fdiv. into 500, 50 nsecfdiv. 

XBB 824-3120 
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HISS Phase II Drift Chamber Electronics 

Fred Bieser 

The HISS Phase II drift chamber system includes 
3000 channels of time digitizers (LeCroy 4291B), 1000 
channels of pulse height digitizers (LeCroy 2282) and 
3000 channels of front-end amplifier f discriminators. 
All the TDC's and ADC's have been purchased and 
1500 channels of second generation front-end circuits 
have been built during 1982. 

The new front-end design offers the following 
improvements over the older version: 

(1) Improved delta-ray rejection due to greatly 
increased dynamic range; 

(2) Increased- sensitivity to ensure high efficiency for 
charge one particle detection; 

(3) A delayed analog output for pulse height analysis; 

( 4) On-board steering of test pulses for computer con
trolled system testing. 

The basic concept of using a peak detector and 
delay line to pick off the largest pulse within a drift cell 
is still employed; the enhanced performance comes from 
using discrete component amplifiers rather than the 
MVL-100 chips used before. The minimum threshold 
can now be set as low as 5% of the average proton pulse 
height. 

Fast Trigger Processor for HISS Experiments 

J. Carroll/ J. Geaga/ S. Abachi/ T. Mulera and V. Perez-Mendez 

To obtain a statistically adequate data sample for 
our program of studying particle correlations in the 
mid-rapidity region we have found it necessary to have 
some means of rapidly selecting events which have the 
proper number of reconstructable tracks. Otherwise the 
dead time incurred in digitizing and recording the data 
associated with false triggers is too large. To solve this 
problem we are constructing a modular, CAMAC-based 
system designed by Nash, Barsotti and others at Fermi
lab. 

For our application the processor will receive, for 
each event, the hit patterns (in bit-parallel) from the 
x-measuring planes of 3 drift chambers mounted down
stream of the HISS magnet. The processor will search 
the hit patterns for three-points-in-a-line tracks, check 
that the tracks that are found have a slope/intercept 
combination that corresponds to a particle coming from 
the target with an acceptable momentum, and then 
count the number of such tracks in the event. In paral
lel with this process, the full information concerning 
the event is being digitized in standard CAMAC 
modules (ADC's, TDC's). If the event has an appropri
ate number of good tracks, the signal is given to 
read/record this event, otherwise a "fast clear" signal 

is issued to the CAMAC modules and the system is 
readied for the next event. This whole process occurs 
within about 10 microseconds for a rejected event, per
mitting us to handle about 105 triggers/sec. The proces
sor modules have been assembled and are being tested 
in their CAMAC operating environment. Interfaces to 
connect the processor to our specific signal sources are 
being constructed. 

Two of the drift chambers used as input are the 
existing HISS drift chambers. For the third chamber 
we have constructed an inexpensive, coarse resolution 
wire chamber which operates in the "self quenching 
streamer" 1 mode of operation. 

Although we have described a particular applica
tion, the modularity and CAMAC based control of sys
tem function permit the apparatus to be re-configured 
and expanded to meet a variety of trigger processing 
needs. 

Footnote and Reference 
tUniversity of California Los Angeles, Los Angeles, CA 
90024 

1. Described elsewhere in this report 
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IDSS Cryogenic Control System 

C. McParland* 

The cryogenic HISS magnet requires a large phy
sical plant to compress, cool, and recirculate liquid 
helium and nitrogen within two solenoid coils. Instru
mentation of this large physical plant was found neces
sary to achieve both better control of operating parame
ters and greater efficiency in use of liquid nitrogen 
coolant. 

Monitored parameters include temperatures at key 
locations of the support cylinder and liquid helium sup
ply system, settings of critical flow control valves, and 
compressor speed controls. In addition, status and 
vacuum levels of the magnet's four vacuum systems and 
their associated gate valves are monitored. In all, 96 
analog and 48 digital parameters are encoded and moni
tored. 

The above monitoring is accomplished with an 
LSI 11/23 microcomputer system interfaced to a single 
CAMAC instrumentation crate. The CAMAC standard 
was chosen for the wide variety and availability of 
measurement and interface modules. The LSI 11/23 is 
connected to the HISS VAX computer via DECNET 
network software and in turn appears as the node 
"COLDBX'' on the LBI.rwide network. This has 
allowed program development and debugging on the 
larger and better equipped host (VAX) with few 
changes required for program execution on the target 
system (LSI 11/23). The monitoring system was 
designed to be quite independent of the VAX. Once 

running, the LSI 11/23 should provide monitoring, 
display, control, and feedback functions without refer
ence to the host. It was found necessary, however, to 
curtail some display functions when the HISS VAX was 
not available. 

One novel feature of this monitoring system is the 
presence of a touch-sensitive screen on the system's 
display CRT. This screen replaces the normal keyboard 
for all program input. This touch screen is used for the 
usual display selection and menu-selection functions. 
In addition, the program responsible for closed-loop 
feedback control of several parameters can be "tuned" 
(i.e., time constants and response functions adjusted) 
by use of this display and screen. Future plans include 
the use of this touch screen along with its 512x512 bit
mapped display CRT to edit various feedback and 
response curves on-line. 

All monitored data and a representative sample of 
computer-generated feedback control commands are 
sent to the HISS VAX via DECNET. They are then 
available for a facility status display program. Future 
plans will have these data included in the HISS 
engineering data base on a daily, weekly, and monthly 
basis. 

Footnote 

*Space Sciences Laboratory and U. C. Berkeley 

Design of a Drift Collection Calorimeter with a Combined 
Radiator and Field Shaping Structure of Lead Glass Tubing* 

V. Perez-Mendez, A. Del Guerra/ H Hirayama,U 
T. Mulera and W. Nelsont 

The list of attractive features of calorimeters as 
particle detectors includes their sensitivity to neutral as 
well as charged particles; the fact that the longitudinal 
size of the detector scales as log E rather than v'j), as is 
the case for magnetic spectrometers of equal resolution; 
and the capability of exploiting their differences in 
response to electrons, muons, and hadrons as a means of 
particle identification. The advantages of gas sampling 
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calorimeters over devices based on sampling with scin
tillators or terenkov radiators are the easily achieved 
higher degree of transverse segmentation, allowing pre
cision measurement of the angles of incidence and posi
tions of the detected particles, and the avoidence of the 
problems associated with photomultiplier tubes in awk
ward geometries and high magnetic fields. Collecting 
ionization electrons over long drift paths on a relatively 



small number of sampling wires (ala ISIS, TPC, or 
many other "image readout" schemes) alleviates the 
disadvantageous need for finer longitudinal sampling to 
overcome the inherently poor resolution of gas filled 
devices. 

We are investigating an economical and con
venient scheme, adopted from some of our past medical 
instrumentation work1, for drifting electrons over long 
distances. This scheme combines radiator and drift field 
shaping structures in the form of lead glass tubes hav
ing a resistive metal coating obtained by surface reduc
tion of the lead oxide. This allows construction of a 
self-supporting structure having high density, very fine 
sampling geometry, and smooth drift field shaping. 
Various lead glass configurations are being studied 
using the SLAC Monte Carlo routine, EGS2 and proto
type calorimeters are being planned. 

Footnotes and References 

*Condensed from LBL-15149, to be published in Nucl. 
Instr. and Meth. 

tPermanent address: Istituto di Flsica, Pisa, I-56100, 
Italy 
*Stanford Linear Accelerator Center, Stanford, CA 
94305 
§Permanent address: National Lab. for High Energy 
Physics (KEK), Tskuba, Japan 

1. G.K Lum, et al., IEEE Trans. Nucl. Sci. NS-27 
(1980) 157 

2. R.L. Ford and W.R. Nelson, SLAC-210 (1978). 

A Threshold Cerenkov Counter for Isotopic Identification of 
High-Energy Heavy Ions* 

J. Stevenson, t J. Musser, and P.B. Pricet 

We have developed an apparatus for isotope 
identification of heavy-ion projectile fragments with 
energies from -330 to 600 MeV /nucleon. The "detec
tor" uses a Cerenkov intensity measurement in conjunc
tion with a measurement of magnetic rigidity to deter
mine mass. An advantage of this technique is that it 
allows isotope identification of projectile fragments with 
higher energies than are possible for "stopping type" 
detectors. Higher fragment energies allow the use of 
much thicker targets and, therefore, provide higher sen
sitivity to rare isotopes. In a recent test of the 
apparatus using a 670 MeV /nucleon l<Ne beam and a 
30 gjcm2 aluminum target a mass resolution of q A = 

0.2 amu was obtained for projectile fragments with 
charges 5 < Z < 9. 

Figure I shows a schematic of the detector. The 
detector elements each have a 6" x I2" active area with 
the I2" dimension being in the focal plane of the spec
trometer. The detector elements, labeled SCI and SC2, 
are 3/8" thick plastic scintillators made of NEIIO. 
Two Cerenkov counters, labeled CKI and CK2, are 
located between the scintillators SCI and SC2. The 
Cerenkov counters are I/2" thick Nuclear Enterprises 
Pilot 425. Following the second scintillator is a pair of 
wire chambers, each containing a set of orthogonal wire 
planes. The final element in the detector is a 1/ 4" 
thick NEIIO scintillator, which is used as a trigger. 

Figure 2 shows mass histograms for carbon and 
nitrogen isotopes from the test run. The mass resolu
tion is typically u - 0.2 mass units. The mass resolu
tion is dominated by Cerenkov photon statistics and 
may be improved by making more efficient or thicker 
radiators. For example, a 2" radiator with the same 
collection efficiency would have a resolution of -0.15 
ll1ass units for the same data. The mass resolution of 
the detector is expected to degrade to 0.3 mass units at 
mass 50, due entirely to the limitations of the focusing 
of the spectrometer~ 

Footnotes 

*Condensed from a paper submitted to Nuclear Instru
ments and Methods 

t Also at Space Sciences Laboratory 
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CK1 CK2 

Trigger 

Fig. 1. Exploded view of detector: elements SCl and SC2 are 3/8" thick NEllO scintillators; CK1 and CK2 are 
1/2" thick Pilot 425 terenkov counters. WC1 and WC2 are wire chambers, each consisting of a pair of orthogo
nal planes. The trigger is 1/4" NEllO scintillator. The active area of each detector is 6" x 12". 

XBL 835-9613A 

200 

Carbon 

100 

.l!l c: 
::I 

8 
0 0 ... 
Q) 
.0 
E 300 
::I 
z 

200 Nitrogen 

100 

o~--~--~--~_.~----~-=~--~ 
10 11 12 13 14 15 17 

Mass 
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2. Computers 

Performance of the MIDAS Prototype 

Creve Maples, Daniel Weaver, William Rathbun, and Douglas Logan 

The goal of the MIDAS project is the develop
ment of a computer system specifically targeted to deal 
with the problems associated with the reduction and 
analysis of scientific data. The system was designed to 
provide a highly interactive, graphics oriented, mutli
~ser environment capable of handling relatively large 
data bases for each user. The architecture was organ
ized in such a fashion that multiple users could operate 
independently and simultaneously, without any 
significant effect on the speed of individual data pro
cessing. 

For those classes of problems involving sequential 
data analysis, it is anticipated that the proposed parallel 
processor approach should provide each real-time user 
with a processing power an order of magnitude greater 
than is currently available on our best upper mid-range 
computers (DEC VAX or ModComp Classic). This 
should roughly be equivalent to one CDC7600. The 
design is capable of supporting at least five such distri
buted processing subsystems, if required. The total 
processing power of a full system should therefore be 
equivalent to approximately 50 of the best of our 
current mid-range computers. It would be possible to 
dynamically allocate to either many users or fewer users 
with more demanding analyses. c If necessary, the total 
resources of the facility could be used on a single prob
lem. 

An important design goal of this facility is the 
creation of a highly modular hardware and software 
environment. In such an environment the high technol
ogy devices could be isolated in a manner to facilitate 
their relatively low-cost replacement as need and future 
technological advances dictate. In this way it would 
appear possible to create a system, in the rapidly chang
ing areas of computer and peripheral development, 
which is capable of planned growth, both with technol
ogy and with the needs of the user community. 

Architecture 

As described previously, 1-4 the MIDAS design is 
based on a hierarchy of multiple, high-level processors, 
which permits the high-speed parallel analysis of experi
mental data. The basic structure of data, discrete 
events packets, makes its analysis ideally suited to 

parallel processing. In this parallel framework events 
are analyzed simultaneously and asynchronously by 
multiple CPU's, as opposed to the serial, one-event-at
a-time approach of conventional computers. Such a 
design is now practical because of the commercial avai
lability of high-level CPU's at relatively modest cost. 
The system would combine interactive graphics capabil
ity, high-speed computation, and large mass storage 
capacity to guarantee a rapid response time to each 
user. For a currently typical data-analysis problem, a 
turnaround time of under 1 minute foe every magnetic 
tape equivalent of data processed would be a desirable 
goal to reach. This requires that each user have avail
able, on demand, a processing power approaching that 
of the CDC7600. The system design is intended to pro
vide a highly effective interface between the computer 
and the scientist, thereby minimizing the real time 
necessary to complete a given analysis problem. The 
key features this data analysis facility is designed to 
provide are as follows: 1) highly interactive perfor
mance, 2) high-speed processing; 3) optimized I/0 
operations; 4) modular construction, and 5) ease of use. 

The basic philosophy of the architecture involves 
three independent levels of computer processing in a 
general tree structure, integrated with an independent 
intelligent mass storage system. The first processing 
level has a single multi-tasking computer referred to as 
the "primary computer". The main function of this 
level is to handle all user interaction and to manage all 
resources of the system. The problem of interactive 
analysis is conceptually divided at this level into 
interactive requirements, handled by the primary com
puter, and a batch analysis phase handled by level two, 
the "secondary computer" system. 

This secondary system may consist of up to five 
computers, which, although dynamically allocable, are 
independently devoted to the solution of only a single 
analysis problem at a time. The function of the secon
dary computer is to receive a specific batch analysis 
problem from the primary, to break the problem into 
components (e.g., input, output, arithmetic transforma
tion, spectrum generation, etc.), and to load the prob
lem into the elements of a third processing level, known 
as the "multiprocessor array". Having set up the prob
lem and started the processing, the secondary computer 
will constantly monitor and, if necessary, control the 
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operation of the multiprocessor array as well as main
tain contact with the primary computer. 

A multiprocessor array (which exists for each 
secondary computer) consists of at least eleven some
what specialized, high-speed processors, a multi-bussed 
memory area for data, and a local storage area for 
results. The assumption is that once an analysis prob
lem is specified data events are all analyzed in a paral
lel fashion, rather than serially as would be done in a 
conventional computer. At least eight of the eleven 
processors would be powerful, pipelined CPU's whose 
function is to perform mathematical transformations of 
the data base. Each of these CPU's would have a pro
cessing capability equivalent to the most powerful com
puters currently used by the Nuclear Science Division. 
Thus, a general system containing five distributed or 
secondary systems would have at least 40 processors of 
this type in multiprocessor arrays. 

Separate from these three processing levels, the 
design also incorporates an intelligent, multi-bussed, 
parallel processing storage environment. At least five 
intelligent controllers would oversee the storage and 
retrieval of user data and results from various mass 
storage devices. Initially these devices would consist of 
magnetic tapes, large disks, and bulk histogramming 
memory. 

Development 

The development of the MIDAS Project was 
planned in three stages: Phase 1, the development of a 
working prototype; Phase 2, the creation of a fully 
operational model; and Phase 3, an expansion of the 
architecture into a complete multi-user system. Con
struction of the Phase 1 MIDAS prototype was begun in 
May 1980 and, after passing all tests, became opera
tional in January 1982. The hardware cost of this ini
tial system was approximately $110K This prototype 
used three commercial mid-range CPU's, as shown in 
Fig. 1, to demonstrate the feasibility of the basic 
parallel-processor approach. The central processing 
units of commercial mid-range computers, which 
includes floating-point and pipeline hardware, can be 
obtained at about one-tenth the cost of a complete com
puter system using the same CPU. A major advantage 
of using powerful commercial CPU's is the availability 
of software support, particularly in the form of support 
for high-level languages such as FORTRAN. 

In the prototype system, shown in Fig. 1, user 
programs are compiled and assembled in a standard 
manner by the secondary CPU. Complete binary copies 
of this program are then downloaded by the secondary 
into each parallel CPU (Programmable Arithmetic Pro
cessor) for execution. During execution, a special pro
cessor, the input formatter, independently directs the 
incoming information into separate blocks of external 
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memory (the data area). A hardware switching unit, 
the conductor, supplies new information to each CPU, 
on demand, by switching a new block into its memory 
map. Calculational results are collected from the "com
pleted" memory blocks by the output formatter and 
stored in a common bulk memory unit, the storage 
memory. All these processors operate simultaneously 
and asynchronously. Results of the analysis are avail
able to the user from the secondary computer by means 
of a second access port on the storage memory. 

In January 1982, benchmark tests were conducted 
on the prototype system to compare its performance 
both with our current computers (ModComp IV /25) 
and with performance predicted by our software 
models. Based on results of software simulations, the 
performance of the system was expected to be depen
dent on the relative amounts of 1/0 versus CPU use of 
each problem. For this reason, testing was conducted 
using several (very different) existing codes under 
different calculational conditions. This involved con
verting several existing large-scale programs to run in a 
MIDAS environment. These included EVA, an event 
analysis language originally developed in Copenhagen; 
ORDER, the analysis portion of the MINUS3 system 
running at the SuperHILAC and 88-inch Cyclotron; 
SATURN, a Monte Carlo fission simulation code; and 
an analysis program used to reduce data taken by the 
Bevatron's Plastic Ball apparatus. To assist in using 
MIDAS, sophisticated program translation and debug
ging tools have been created to facilitate program 
conversion and development. These include a general
ized translator program that converts higher level, free
form FORTRAN or RATFOR-type codes into 
ModComp-standard FORTRAN, which can then be 
compiled and run on MIDAS. Substantial program 
simplification occurred in the course of converting these 
programs because of the architecture of MIDAS, which 
permits some operations (particularly those involving 
1/0, such as event unpacking) to be performed by spe
cialized hardware devices rather than by software. 

Performance was, therefore, tested under three 
classes of conditions. The first class of problems 
involved programs-with heavy 1/0 demands; the second 
set of problems included calculations with relatively 
balanced 1/0 and CPU requirements; and the third 
class of problems involved completely CPU-bound cal
culations, with minimal 1/0 operations. Table I sum
marizes the results of the benchmark tests. These tests 
were first run on the prototype consisting of three paral
lel CPU's (Programmable Arithmetic Modules). A 
fourth CPU, incorporating new memory that enables 
this CPU to perform fetches from local memory 20% 
faster than the three original CPU's, was later added, 
and the benchmark tests were repeated. The EVA pro
gram was used as representative of I/O-intensive 



operations; the ORDER program was run with two 
different analysis conditions - one case incorporating 
basic histogram building (moderately I/0 intensive) 
and another case including extensive gated-spectra and 
pseudo-parameter creation (mostly CPU intensive). 
The SATURN code was included as a completely CPU
limited program. Table I indicates that in a CPU
limited environment MIDAS performance shows approx
imately linear increase in speed with number of CPU's, 
as would be expected. In I/O-intensive problems, how
ever, the increase is far more dramatic, showing a pro
cessing throughput more than 50% greater than would 
be predicted by a strictly linear increase with the 
number of CPU's. The comparison tests were per
formed by analyzing real experimental data on both the 
prototype facility and existing computers. 

Work on the Phase 2 model began in February 
1982 and is expected to be completed in early FY83. 
To accomplish this, the existing prototype is being 
expanded to incorporate ten active processors. To this 
end a fourth CPU was added to the prototype in March 
1982 and a fifth in May. Projections of the perfor
mance of a Phase 2 system running an "average", or 
class 2, program are shown in Table II. These projec
tions are based on an emulation of the system using the 
measured benchmark performances. A projection based 
on a CPU-bound problem run on both the CDC7600 
and the MIDAS prototype indicates that the processing 
power of a single Phase 2 subsystem should be the 
equivalent of about 85% of a 7600. Total estimated 
capital equipment cost for the completion of Phase 2 is 
$390K (inclusive of Phase 1). This working system will 
support one or two interactive users performing CPU
intensive operations. The Phase 2 model will ultimately 
constitute a single distributed subsystem within the 
Phase 3 facility. By using additional distributed sub
systems, the Phase 3 system is capable of considerable 
expansion, both in terms of processing power and the 
number of simultaneous users supported. 

Summary 

Computers continue to assume an increasingly 
important role in scientific research. The MIDAS Pro
ject represents state-of-the-art research into the fore
front of computer architecture and its specific applica
tion in a scientific environment. In the decade of the 
60's computing speeds increased by a factor of about 
100. During the 70's, however, only a factor of 10 
increase in speed was realized. Traditional serial com
puters are approaching their theoretical limit - the 
transmission time of signals are being limited by the 
speed of light. Current estimates are that serial com
puters are limited to 109 operations per second, or only 
a factor of 10 better than is currently available. 

To achieve significant improvements in future 
computer processing, it is necessary to develop a paral
lel architecture. This can be achieved in two ways: 
executing instructions in parallel, as in a vector 
machine (e.g., Cyber 205 or CRAY-1), or using parallel 
processors. For certain classes of problems, vector
oriented computers provide assistance. The main 
difficulty here lies in efficiently using these computers 
("Converting problems for efficient execution on the 
new class of highly parallel machines requires an 
almost complete reanalysis and rewrite of the pro
grams." - J.E. Wirsching and T. Kishi, LLL; "Many 
current large-scale programs cannot run efficiently on 
any known high performance machine ... " - Hogan, Jen
sen, and Cornish, Texas Instruments Inc.). 

The use of multiple processors operating in paral
lel, such as employed in the MIDAS architecture, pro
vides an alternative to achieve necessary high-speed 
computation in the future. A recent Livermore study 
on high-performance computers states: "Computers 
incorporating arrays of processors are beginning to 
emerge ... The optimum arithmetic performance of these 
devices is potentially much greater than that of current 
supercomputers." Work at SLAC is currently being 
completed on utilizing multiple specially designed pro
cessors (emulating an IBM 370/168) to analyze experi
mental data. 

Table I: Results of Benchmark Tests on MIDAS Prototype S_ystem 
RunninJ:t Time in Seconds_iRatio) 

1/0 Limited Averae:e Mix CPU Limited 
Single Comfuter 272 (6.3) 612 (5.5) 2314 (4.9) (-4) 
MIDAS(3)a 49 {1.1) 159 {1.4) 673 (1.4) (1.4) 
MIDAS(4)al <43> _(_ll 112_111 472 ( 1) (I) 

a)Indicates number of parallel CPU's 4/16/82 
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Table II: MIDAS Relative Performance 
Problem: Averal!e CPU and 1/0 Mix 

Time 
(sec.) 

1 PAM 480 
2PAMs 241 
3 PAMs 159 
4 PAMsb) 112 
- -- -

(8 PAMs) (53) 

b)lmproved model 4/16/82 

The MIDAS Project is not designed as a general 
purpose computer but rather to fill a specific need 
within the nuclear science community. Experience at 
other research institutions and examination of current 
computer performance suggest that this need cannot 
reasonably be filled by currently available computers in 
any cost-effective manner. Further, given current com
puting trends, research and development into the appli
cation of parallel processing could have broad applica
tions in other areas besides nuclear science. 
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Dynamic Expression Evaluator for Real Time Applications 

Daniel Weaver, William Rathbun, and Creve Maples 

Abstract 

A dynamic expression evaluator1 developed for 
on-line data analysis gives experimenters at the 88-Inch 
Cyclotron and SuperHILAC both flexibility and high 
throughput. It uses standard FORTRAN rules for 
expression, including operator precedence, and allows 
built-in functions such as sine and cosine. Evaluation 
techniques using a combination of FORTRAN and 
Assembly and XPL (a dialect of PL/1) have been com
pared. An XPL evaluator was selected because of 
development time and evaluator speed. It can evaluate 
expressions at approximately 50 J.LSec per operand on a 
ModComp Classic 7870 with 20 J,LSec overhead per 
expression. 

Introduction 

The quadrupole expression evaluator was designed 
to enhance on-line data analysis with the ModComp 
computers at the SuperHILAC and 88-Inch Cyclotron. 
Data acquisition at these accelerators is handled by the 
package, MINUS32 to which the expression evaluator 
was added. Expressions may be evaluated with integer 
or floating point arithmetic. 

A dynamic expression evaluator consists of two 
parts. In the first phase (which is executed only once 
for each new expression) the translator takes the text of 
the expression and converts it to an interpretive 
language. Then the runtime evaluator uses the interpre
tive code to evaluate the expression. This operation 
occurs once for each new piece of data for each expres
sion. Since data are produced in large quantities at 
research accelerators, the second phase is used many 
more times than the first. If the evaluator is to be fast, 
the intermediate code must be designed to minimize the 
evaluation time needed for each use. Definition of the 
code is therefore of key importance. In addition, the 
runtime evaluator should be written in the most 
efficient language available. The language in which the 
translator is written, however, need not affect the 
efficiency of the evaluator since identical interpretive 
code can be produced by translators written in different 
languages. A significant factor in selecting a language 
for a translator is the amount of time needed to write 
the program. 

History 

The MINUS3 data acquisition package provides 
on-line display and analysis of real time events. The 
analysis capability was designed primarily for speed in 
calculation and uses a set of nine general equations 
built into the code. An experimenter may select an 
expression to use, the parameters that are fed into the 
expression, and values for constants. Two primary tech
niques are used to increase speed. First, the limited 
precision of the data (12 bits) permits, in many cases, 
the calculations to be performed using 32-bit integer 
arithmetic without loss of accuracy. The second 
method also capitalizes on this limited precision by 
recognizing that an expression with one input variable 
has a fixed number of results ( 4096) afld all possible 
results may be stored in a table. Table look-up of 
results is significantly faster than actual calculation for 
each use. Although the nine equations were selected to 
give a wide variety of computation, any limitation in 
the number of expressions reduces the scope of calcula
tion available to an experimenter. It became clear that 
a more flexible method was needed, one that each 
experimenter could tailor to his or her needs. The 
method decided on was the addition of an evaluator 
that would permit user selection of expressions and 
dynamic change of expressions during experimentation. 

As a first requirement, the evaluator had to be as 
fast as possible within system constraints. Its second 
requirement was to increase flexibility of computation. 
Third, it had to be relatively easy for new users to learn 
to use and to use at 3 am when they have been running 
for two days straight. Finally, it had to interface with 
MINUS3, to receive input and display results. 

Two different translators using different parsing 
techniques and three different runtime evaluators were 
implemented. The first translator was written in FOR
TRAN with a runtime evaluator also written in FOR
TRAN. After preliminary timing tests, the runtime 
evaluator was rewritten in Assembly, producing an 
increase in throughput of about 30%. The original 
FORTRAN version of the evaluator did not fully meet 
the design criteria. While useful, it suffered because 
operator precedence had to be explicitly stated through 
the use of parentheses. For example, with no 
parentheses, 1 +2*3 would be calculated as ( 1 +2)*3, 
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since all expressions were evaluated from left to right. 
Standard operator precedence would have performed the 
multiplication first. Two solutions presented themselves 
to solve the problem of operator precedence. The first 
was to redesign the existing evaluator to include opera
tor hierarchy. The second was to redevelop the evalua
tor using the XPL language and its automatic compiler 
writing system. This second approach resulted in a 
second translator written in XPL with a runtime evalua
tor also written in XPL. 

XPL Expression Evaluator Design 

The runtime evaluator is stack oriented. Each 
operand is placed on the stack, then an operation is per
formed on the two elements on top of the stack (one if 
unary minus or functions) and the result is returned to 
the stack. 

Example: 

Consider the expression Pl + P2 • 3 - 2 The first 
operation that must be performed is multiply, fol
lowed by add, and then subtract. In reverse
Polish the expression would be Pl P2 3 • + 2 

This is, in fact, how the expression appears to the 
runtime evaluator. It loads Pl, P2, and 3 into the 
stack, then does the multiplication on the top two stack 
elements (P2 and 3). The result is placed on the 
second position on the stack (where P2 used to be). 
The top two elements then are added with the result 
being returned to the stack as its only element. Finally 
the constant 2 is pushed onto the stack and the subtrac
tion is performed. After an expression is evaluated, the 
result is always the last element on the stack. This 
value is then returned to the data acquisition package, 
MINUS3. 

Expression Syntax 

The learning curve for physicists using the 
evaluator was minimized by making mathematical syn
tax basically the same as that found in FORTRAN and 
most other high-level languages. This permits nesting 
by use of parentheses, with multiplication and division 
being performed before addition and subtraction within 
one nesting level. Input expressions may be up to 80 
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characters in length and may contain the following 
standard operator symbols: 

+ - * / ( ) and •• (exponentiation). 

Parameters, pseudo-parameters, constants, and 
built-in functions may be used within each expression. 
A parameter is the data from a given detector. Parame
ters are specified as PI thru Pn where n is the number 
of detectors in a given experiment. A pseudo-parameter 
is the output of some other hard-coded expression or 
dynamic expression. Pseudo-parameters are specified ~s 
Pn + 1 thru P32 where n is the number of detectors m 
the experiment. If desired, the results of a pseudo
parameter may replace the value of a given detector 
input. Constants may be imbedded as part of an 
expression (e.g., PI + 6.3) or given identifier names of 
Cl through Cl6. Identifier names for constants permit 
change of values for "constants" within a run. The 
built-in functions SINe, COSine, TANgent, SQRT 
(square root), EXPonent, LOG (base 10), LN (natural 
log), and ABSolute value are supported. Expressions 
may be evaluated as integer or real, specified by the 
structure of the equation. 

Recent improvements to the evaluator permit the 
use of logical operators and conditional statements. 
The logical operators AND, OR, and NOT permit 
experimenters to process digital and non-ADC type 
data. Conditional statements provide the capability to 
set limits for acceptable data and vary the kind of 
analysis done for each piece of data. In addition, the 
original limitation of SO-character expressions has been 
removed by recognizing a continuation character that 
permits multiple lines of code. 

Editing Expressions 

An editing command was included in MINUS3 to 
permit alteration of expressions without retyping. This 
command can be invoked while an experiment is in pro
gress or during subsequent analysis. In either case: the 
experimenter can retrieve the input source expressions, 
change text (by typing alterations beneath it), delete 
code (by typing an underscore beneath character(s) to 
be deleted), or make additions (by typing an up-arrow 
at the point of insertion). The changed expression is 
processed back through the translator, and the internal 
runtime table is altered. 



Below is an example of defining and editing a 
dynamic expression (boldface denotes user response): 

II 1 ••• FORTRAN EXPRESSION EVALUATOR 
(USE FORTRAN ALGEBRAIC NOT A TION WITH 
SYMBOL PN DENOTING PARAMETER N AND CN 
TO DENOTE A DYNAMIC VARIABLE N) 

*** ENTER EXPRESSION (80 CHAR. MAX) 
l.O+Cl *P2-C2*(2. 7E-4*P2**2 + P2**3)+C2*Pl **4 

***EDIT EXPRESSION (Y /N)? 
y 

***ENTER CHANGE(S) UNDER ORIGINAL EXPRESSION 
(USE & FOR A SPACE; " TO INSERT; AND TO DELETE) 

l.O~l*P2-C2*(2.7E-4*P2**2 + P2**3)~*Pl**4 
p AC3* 4 2 

l.O~l*P2-C2*P2*P2 + C3*P2**3~*P2**4 

Results 

Development time for the FORTRAN evaluator 
was approximately two man months and for the XPL 
expression evaluator about half that. The difference in 
the amount of effort is directly attributable to the use 
of the XPL compiler writing system. 

The XPL evaluator can evaluate expressions at 
approximately 50 microseconds per operand on a Mod
Comp Classic 7870 with 20 microseconds overhead per 
expression. Table I shows the times in microseconds 
for the various evaluators. Hard-coded FORTRAN 
times are included for comparison. 

Timings for the XPL runtime evaluator as it 
currently exists would be improved by rewriting the 
code in Assembly, but this has not been done to date. 
The Assembly language evaluator written for the FOR
TRAN translator cannot be used with the XPL transla
tor because the two packages use different intermediate 
code. 

After initial timing tests showed the XPL expres
sion evaluator to be faster, the XPL system was 
integrated into the data anlysis package of MINUS3. 
The FORTRAN expression evaluator is currently being 
use9 to provide graphics display and modeling. 

The major advantage of a FORTRAN expression 
evaluator is portability. The XPL system is limited to 
machines with an XPL compiler. This is not a major 
disadvantage at LBL because the MINUS3 data acquisi
tion system is only used on ModComp equipment. 

Table I 

Compiled FORTRAJ"l 
EXPRESSION FORTRAN XPL Assembly 

X/A+Y/B+Z 24 305 500 
(X/A+Y)"'*P-Y**P 232 605 804 
A+BX+CX**2+DX**3+EX**4 79 780 1270 
SQRT(X) 34 145 280 

All variables and constants are 32-bit floating point 
numbers. 
Times for the FORTRAN runtime evaluator were 50% 
slower than the Assembly timings. 
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Status of Bevalac Software 

C. McParland* 

Several software and hardware items of Bevalac
wide interest are worthy of note. 

Distribution tapes for the DATACQ1 data acquisi
tion system have been produced. These contain both 
the sources and command procedures for generating the 
DATACQ system. Preliminary documentation on the 
generation procedure and the design philosophy behind 
DATACQ are included. New in this distribution is a 
procedure for building the MBD driver and all its asso
ciated utilities. Copies have been installed on all three 
HISS front-end machines, the GSI Plastic Ball 11 J 44, 
and the Streamer Chamber 11 J 45. 

A CAMAC-DATACQ test module (called a CATS 
module) has been designed and produced. This module 
is a response to the intolerable levels of unreliability 
experienced on CAMAC branch highways by several 
groups at the HISS facility. The CATS module contains 
a 24-bit read/write register used to check the integrity 
of the branch highway data lines. An additional register 
latches the function (F) and subaddress (A) lines on 
each CAMAC cycle. This allows a verification of the 
previous CAMAC cycle. These features are used by a 
new CAMAC test program (current distribution), which 

, locates all CATS modules present in any on-line 
· CAMAC crate and proceeds to exercise them all simul

taneously. Errors are reP<>rted and the offending 
module is dropped from the test. Since this program 
can be run during any pause in experimental data-
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taking, CAMAC branch highway and crate controller 
problems should be diagnosed simply and quickly. 

Non-CAMAC features include a random fre
quency pulse generator and a Bevatron spill simulator. 
When used in conjunction with the DATACQ program, 
a complete data-taking sequence with randomly spaced 
events of random length can be simulated. When per
formed at the end of a DATACQ system generation, 
this facility provides a complete system checkout. 

Planning has proceeded for the purchase of the 
Bevalac-NSD VAX in FY 83. This machine will be a 
dedicated experimental acquisition and on-line analysis 
tool for beam areas not currently connected to either 
the HISS or GSI VAX. The logical connection will be 
the same as that used by both the HISS and GSI 
machines - a large shared disk between front-end data 
acquisition computer and the VAX. It will be housed 
along with the GSI VAX in a building near the Beva
tron A door. Order is anticipated in early 1983 with 
delivery in May-June 1983. 

Footnote and Reference 

*Space Sciences Laboratory and U. C. Berkeley 

1. F. Weik, "DATACQ, a New Data Acquisition 
Program" in Nuclear Science Annual Report 
1980-81, LBL-13366. 
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Nuclear Reaction Studies Via the Observation of Unbound Outgoing Systems 

Alden Newell Bice 

The mechanisms involved in the production of 
fast a-particles in 12C induced reactions have been 
investigated for the 12C + 208 Pb system at bombarding 
energies of E( 12C) = 132, 187 and 230 MeV. Absolute 
cross sections have been determined for the reactions 
208pbezc, 8Be (g.s.)), 208Pbe2c, 8Be (2.94 MeV)) and 
zospb ( 12c , 12C* _, a + 8Be ) by double and triple 
coincidence measurements of the sequential decay a
particles. Inclusive a-particle production cross sections 
were also measured at E( 12C) = 187 MeV for com
parison. It is found that the simple inelastic scattering 
process ( 12C , 12C * -+ a + 8Be ) does not contribute 
significantly to the production of fast a-particles but 
that the production of 8Be nuclei by projectile fragmen
tation is an important source of a-particles. At the 
highest bombarding energy investigated (19 MeV I A) it 
appears that the 12C -+ 3a fragmentation reaction 
becomes more prominent at the expense of the 12C -+ a 

+8Be fragmentation channel. Although qualitatively 
these results are not in disagreement with the incom
plete fusion model predictions of Wilczynski it is con
cluded that projectile spectroscopic properties andlor 
final state interactions are important in fragmentation 
reactions for these bombarding energies. 

In a kinematically complete experiment the direct 
and the sequential breakup channels of 10 MeV I A 7Li 
projectiles have been investigated with 12C and 208Pb 
targets. By appropriate arrangement of detector tele
scopes it was possible to define a kinematical window 
which allowed for the unambiguous observation of both 
the direct (to the a-t continuum) and the sequential 
components of a heavy-ion projectile breakup reaction. 
A semiclassical Monte Carlo type projectile breakup 
calculation was constructed which qualitatively repro
duced the measured a-t coincidence cross section as a 
function of the laboratory angle. 

Zero Field Spin Relaxation of the Positive Muon in Copper 

Carl William Clawson 

The spin relaxation of the J.L + in high purity sin
gle crystal and polycrystalline copper has been meas
ured at tem_rratures between 0.5 K and 5.2 K by the 
zero-field J.L SR technique. In both types of sample 
the experiments show a temperature independent dipo
lar width ~ = 0.389 ± 0.003 J.LS-1 and a hopping rate 
decreasing f'rom -0.05 J.LS-1 at 0.5 K to -0.05 J.LS-1 

above 5 K This is the first direct proof of a dynamic 
effect in the low temperature J.L + spin relaxation in 

1 

copper. 

The relationship between the zero-field and 
transverse-field dipolar widths is discussed, and the 
measured zero-field width is found to be -10% larger 
than expected based on the known transverse-field 
widths. A new J.L +sR spectrometer has been con
structed and used in this work. The spectrometer and 
the associated beam lines and data acquisition facilities 
are discussed. 
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Observation of Anomalous Reaction Mean Free Paths of Nuclear Projectile 

Fragments in Research Emulsion from 2 AGe V Heavy Ion Collisions 

Yasha J. Karant 

From an analysis of 1460 projectile fragment col
lisions in nuclear research emulsion exposed to 2.1 
AGeV 160 and 1.9 AGeV 56Fe at the Bevalac, evidence 
is presented for the existence of an anomalously short 

interaction mean free path of projectile fragments for 
the first several em after emission. The result is 
significant to beyond the 3 standard deviation 
confidence level. 

Recoil Range Studies of Heavy Products of Multinucleon 

Transfer from 180 to 245Cm and 249a 
Rose Marie McFarland 

Recoil range distributions were measured for 
alpha and spontaneous fission activities made in the 
bombardment of 245Cm and 249Cf with 180 from 6.20 
MeV /nucleon down to the interaction barrier. The 
shape of the distributions indicates that transfers of up 
to four protons take place via a combination of quasi
elastic (QEl) and deep inelastic {Dil) mechanisms, 
rather than complete fusion-de-excitation (CF) or mas
sive transfer (MT). Angular distributions constructed 
from recoil range distributions, assuming QET /DIT, 

indicate that the QET component contributes more 
significantly to the heavy product residue cross section 
than the DIT, even though primary cross sections are 
expected to be higher for DIT than for QET. This may 
be explained qualitatively as a result of the high excita
tion energies associated wih DIT; the very negative Qft 
of projectile stripping for these systems combined wit~ 
the lower expected optimal Q of QET compared to rxn 
DIT can give QET products comparatively low excita-
tion. 

Meson Production in Relativistic Heavy Ion Collisions 

Stephen R. Schnetzer 

We have measured the inclusive K+ production 
cross sections at angles from 15° to 80° in collisions of 
protons (2.1 GeV) and deuterons (2.1 GeV jamu ) on 
NaF and Pb, and Ne (2.1 GeVjamu) on C, NaF, KCl, 
Cu and Pb. The kaons were identified by measuring 
the time of flight and the momentum in a magnetic 
spectrometer, and by detecting the particles from the 
kaon decays in a lead-glass terenkov counter. The 
momentum range of the detected kaons extended from 
350 MeV jc to 750 MeV jc. The multiplicity of each 
event was measured bu a set of scintillation counter 

2 

telescopes which were situated around the target. 

The differential cross section of the kaons falls off 
exponentially with center of mass energy in the 
nucleon-nucleon center of mass frame. In addition, the 
angular distribution of the kaons is nearly isotropic in 
this frame even for p-NaF and Ne-Pb collisions. The 
data are compared with a row-on-row model and a ther
mal model. Neither are able to explain all features of 
the data. The row-on-row model does not reproduce the 
near-isotropy in the nucleon-nucleon frame, and the 
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thermal model overpredicts the kaon yield by a factor 
of approximately twenty. 

Analysis of the A-dependence shows that the 
increase in the cross section for kaon production 
between Ne-NaF and Ne-Pb collisions is greater than 
that between d-NaF and d-Pb. This may be an indica-

tion of a collective effect. 

In Ne-Pb collisions the associated multiplicity is 
approximately 10% higher when a kaon is detected in 
the spectrometer than when a proton or pion is 
detected. This indicates that the kaons may come from 
more central collisions. 

light Particle Emission as A Probe of the Rotational 

Degrees of Freedom in Deep-Inelastic Reactions 

Lee G. Sobotka 

The emisston of alpha particles in coincidence 
with the most deep,ly inelastic heavy-ion reactions has 
been studied for 18 Ta + 165Ho at 1354 MeV laboratory 
energy and natAg + 84Kr at 664 MeV. Alpha particle 
energy spectra and angular distributions, in coincidence 
with a projectile-like fragment, were acquired both in 
the reaction plane and out of the reaction plane at a 
fixed in-plane angle. 

The in-plane data for both systems are employed 
to show that the bulk of the alpha particles in coin
cidence with the deep-inelastic exit channel can be 
explained by evaporation from the fully accelerated 
fragments. Average velocity diagrams, a-particle energy 
spectra as a function of angle in several rest frames, 
and a-particle angular distributions are presented. 

The out-of-plane alpha particle angular distribu-

tions and the gamma-ray multiplicities are used to 
study the transfer and partitioning of angular momen
tum between the two fragments. For the natAg + 84Kr 
system individual fragment spins are extracted from the 
alpha particle angular distributions as a function of 
mass asymmetry while the sum of the fragment spins is 
derived from the gamma-ray multiplicities. These data, 
together with the fragment kinetic energies, are con
sistent with rigid rotation of an intermediate complex 
consisting of two substantially deformed spheroids in 
near proximity. These data also indicate that some 
angular momentum fractionation exists at the largest 
asymmetries examined. Out-of-plane alpha particle dis
tributions, gamma-ray multiplicities, fragment spins as 
well as the formalism for the spin evaluation at various 
levels of sophistication are presented. 

Observation of New Spontaneous Fission Activities from Elements 100 to 105 

Lawrence Patrick Somerville 

Several new Spontaneous Fission (SF) activities 
have been found. Their half-lives and production cross 
sections in several reactions bave been measured by col
lecting and transporting recoils at known speed past 
mica track detectors. No definite identification could 
be made for any of the new SF activities; however, 
half-lives and possible assignments to element-104 iso
topes consistent with several cross bombardments 
include 257Rf(3.8 s, 14% SF), 258Rf(13 ms), 259Rf( -3 
s, 8% SF), 260Rf( -20 ms), and 262Rf( -so ms). The 
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80-ms SF activity claimed ~ the Dubna group for the 
discovery of element 104 e 104) was not observed. A 
difficulty exists in the interpretation that 260Rf is a 
-20-ms activity: in order to be correct, for example, 
the SF activities with half-lives between 14 and 24 ms 
produced in the reactions 109- to 119 MeV 180 + 
~48Cm , 88- to 100-MeV 15N + 249Bk, and 96- MeV 180 
+ 249Cf must be other nuclides due to ther large pro
duction cross sections, or the cross sections for produc
tion of 260Rf must be enhanced by unknown mechan-
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isms. Based on calculated total production cross sec
tions a possible -1% electron-capture branch in 
258Lr( 4. 5 s) to the SF emitter 258No( 1. 2ms) and an 
upper limit of 0.05% for SF branching in 254No(55 s) 
were determined. Other measured half-lives from un
known nuclides produced in respective reactions include 
-1.6 s eso + 248Cm), indications of a -47-s SF 
activity (75-MeV 12C+249Cf), and two or more SF 
activities with 3s:5T

112 
<60s e80+249Bk). The most 

exciting conclusion of this work is that if the tentative 
assignments to even-even element-104 isotopes are 
correct, there would be a sudden change in the SF 
half-life systematics at element 104 which has been 
predicted theoretically by Randrup et al. and Baran et 
al. and attributed to the disappearance of the second 

hump of the double-humped fission barrier. This disap
pearance of the second barrier also explains the tenta
tive low hindrance factors compared to lighter elements 
for SF of the odd-mass isotopes 257Rf ( -4x103) and 
259Rf ( -2xl03). On the basis of recent odd-mass 
alpha-decay energy data, the 152-neutron sub-shell 
effect is probably weaker for element 104 than for ele
ment 102, confirming predictions of Randrup et al., and 
not strong enough to significanatly alter the SF half-life 
predictions. This weakening sub-shell effect is in con
trast to the continuing strong effect assumed in the 
Ghiorso half-life systematics. The possibilities of 
enhanced stability against SF with 157 neutrons for 
261 Rf( 65 s) and theoretical arguments concerning the 
SF-mass distribution for element-104 nuclei are dis
cussed. 

Coulomb Effects on Pions Produced in Heavy Ion Reactions 

John Peter Sullivan 

Double differential cross sections for the produc
tion of 11"+ and 11"- near the velocity of the incident beam 
for pion lab angles less than 40 degrees are presented. 
The experimental aroparatus and the techniques are dis
cussed. Beams of <Ne with E/A from 80 to 655 MeV 
and 40Ar with E/A = 535 MeV incident on Be, C, 
NaF, KCl, Cu, and U targets were used. A sharp peak 
in the 11"- spectrum and a depression in the 1r + spectrum 
were observed at zero degrees near the incident beam 
velocity. The effect is explained in terms of Coulomb 

interactions between the pions and fragments of the 
incident beam. Least squares fits to the data using the 
Coulomb correction formulas of Gyulassy and 
Kauffmann and an effective projectile fragment charge 
are made. The relationship between these data and pre
viously measured pion production and projectile frag
mentation data is discussed. · The data are also com
pared to some theoretical models. A simple expression 
is given for the differential cross section as a function 
of the projectile mass, target mass, and beam energy. 

A (p,2p) Study of High Momentum Components at 2.1 GeV 

Robert Neil Treuhaft 

A (p,2p) experiment designed to isolate interac
tions with small numbers of fast nuclear constituents is 
described. Special attention is paid to the experimental 
manifestation and description of a correlated pair of 
nucleons in the nucleus. Phase space calculations are 
presented for the proton-pair three-body final state and 
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for final states with larger numbers of particles. The 
Two Armed Spectrometer System (TASS) is described 
in detail. The data suggest the possibility of isolating 
an interaction with one or two nucleons in the nucleus 
which may have momenta far in excess of those 
described in a Fermi gas model. 
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Decay Studies of the Highly Neutron-Deficient Indium Isotopes 

Jan Marc Wouters 

An extension of the experimentally known 
nuclidic mass surface to nuclei far from the region of 
beta-stabiliy is of fundamental interest in providing a 
better determination of the input parameters from the 
various nuclear mass formulae, allowing a more accu
rate prediction of the ultimate limits of nuclear stabil
ity. In addition, a study of the shape of the mass sur
face in the vicinity of the doubly-closed nuclide 100Sn 
provides initial information on the behavior of the shell 
closure to be expected when Z=N=50. Experiments 
measuring the decay energies of I03-IOSin by ~-endpoint 
measurements are described with special attention 
focused on the development of a plastic scintillator ~
telescope coupled to the on-line mass separator RAMA 
(Recoil Atom Mass Analyzer). Attempts to measure the 
~-endpoint energy of 102In is also briefly described. 

The experimentally determined decay energies 
and derived masses for 103"105In are compared with the 
predictions of different mass models to identify which 
models are more successful in this region. Further
more, the inclusion in these comparisons of the avail-

able data on the neutron-rich indium nuclei permits a 
systematic study of their ground state mass behavior a~. 
a function of the neutron number between the shell clo
sures at N =50 and N =82. These analyses indicate 
that the binding energy qf 103In is 1 MeV larger than 
predicted by the majority of the mass models. 

An examination of the QEC surface and the single
and two-neutron separation energies in the vicinity of 
I03-IOSin is also performed to investigate further the 
above deviation and other possible systematic variations 
in the mass surface in a model-independent way. The 
103In QEC and the 105In s n are shown to diverge seri
ously from systematics. ~cribing these effects to the 
mutual support of shell closures, which would cause a 
strengthening of the proton binding energy with 
decreasing neutron number, requires additional investi
gation. Interestingly, the neighboring even cadmium 
2+ and 4+ excited state systematics indicate that these 
nuclei are becoming more spherical with decreasing 
neutron number as expected near a double shell closure. 

Two-Pion Correlations in Heavy Ion Collisions 

William Allen Zajc 

An application of intensity interferometry to rela
tivistic heavy ion collisions is reported. Specifically, 
the correlation between two like-charged pions is used 
to study the reactions Ar+KC1-+2?r±+X and 
Ne+NaF-+2?r-+X . Source sizes are obtained that are 
consistent with a simple geometric interpretation. Life
times are less well determined but are indicative of a 
faster pion production process than predicted by Monte 
Carlo cascade calculations. There appears to be a sub
stantial coherent component of the pion source, 
although measurement is complicated by the presence 
of final state interactions. Additionally, the generation 
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of spectra of uncorrellated events is discussed. In par
ticular, the influence of the correlation function on the 
background spectrum is analyzed, and a prescription for 
removal of this influence is given. A formulation to 
describe the statistical errors in the background is also 
presented. 

Finally, drawing from the available literature, a 
self-contained introduction to Bose-Einstein correlations 
and the Hanbury-Brown-Twiss effect is provided, with 
an emphasis on points of contact between classical and 
quantum mechanical descriptions. 
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