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FOREWORD 

The Workshop was held to explore the range of physical phenomena 

and processes that can be studied using beams of relativlstic nuclei 

at energies > 10 GeV/nucleon, in both fixed target and colliding beam 

experiments. To do this, we brought together a group of scientists 

from around the world, whose interests spanned the spectrum of particle, 

nuclear and astro-physics, to discuss these problems. Necessarily, 

a large part of the Workshop was devoted to reviewing what is presently 

known about high energy nucleon-nucleon and nucleon-nucleus collisions, 

before we could discuss the more complex nucleus-nucleus case. 

The organizing committee, which planned this meeting, included 

Alan Axelrod, Rudolph Bock, Hans Gutbrod, Mlklos Gyulassy (co-chairman), 

and Arthur M. Poskanzer. The Workshop . ould not have been possible 

without the hard work put in by Eileen Eiland, Maureen Jeung, and 

Peggy Little. Our many thanks go Co them. Also, Cathy Webb has done 

an excellent job in editing these Proceedings. 

Please note that only the invited talks are reproduced here. 

Although Dr. Gulamov was unable to attend, we are pleased that he 

was able to send his manuscript. 

Lee S. Schroeder 
Co-chairman of the 
Organizing Committee 
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Coherent Processes and Hultiparticle Production in Hadron-Nucleus 
* Collisions at High Energies 

T. Ferbel 

University of Rochester 

Rochester, N.Y. 14627 

He review basic phenomenology and currently available data on 

inclusive particle production -nd coherent inelastic processes on 

nuclear targets at energies of several hundred GeV. 

•Research supported by the U. S. Department of Energy under contract 
No. EY-76-C-02-3065. 
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The use of nuclear targets in particle physics is generally 

regarded with a certain degree of suspicion. This is, of course, 

mainly due to the prejudices of our theoretical colleagues. Many 

hadronic production .".xocesses can be studied as effectively, and 

as unambiguously, using nuclei as with hydrogen targets. In 

addition, nuclei provide a number of unique physics opportunities 

that are not easily attainable in the case of "elementary" hydrogen. 

From nuclear targets we can learn, for example, about properties of 

hadrons at the time of their production, and examine the space-time 

development of hadronic processes; we can also use the nuclear 

Coulomb field to prole hadron-photon incident channels, and thereby 

measure radiative decay widths of unstable elementary particles. 

Inelastic hadron-nucleus collisions can be divii.ed into two 

broad categories. Namely, into coherent processes in which 

the nucleus"remains intact (these are collisions 

that involve very little momentum transfer between the hadron and the 

nucleus) i and into incoherent processes, which involve sizeable 

momentum transfers, in which both the hadron and nucleus break apart. 

In either case, subsequent to the initial collision, newly created 

hadronic matter propagates throagh the rest of the nucleus which then 

serves ti sample the properties of the nascent hadronic system. In 

this lecture I will review the nomenclature, the data on high-energy 

collisions between hadrons and nuclei, and summarize what has been 
(1) learned f̂ -om such investigations -

Coherent Reactions 

From studies <..-- electron-nucleus and hadron-nucleus elastic 

scattering it has been learned that nuclear radii can be expressed 
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1/3 

approximately as R = i.lA Fn, where A is the tiucleon number of the 

nucleus. Consequently, if an inelastic reaction is to take place in 

which the nucleus remains intact (in its ground state or in some low-

lying excited state), the momentum transferred to the nucleus must be 

small. In fact, using the uncertainty principle, we expect momentum 

transfers (q) to be restricted to values corresponding to dimensions 

of >R, namely, q < r-?r- = —r7, GeV/c. If we assume that the dis-
1.1A / J A 1 / J 

tribution of nuclear matter can be represented by an absorbing disk of 
radius R, the diffraction pattern for coherent (non-flip) scattering 

(2) 
from such a nucleus would be characterized by a shape of the form: 
dO -*&2 -8A2/V „ „. 
—=• = e = e . From this expression we see again 
dq 2 

that, for a reaction to proceed coherently, we must keep q < '. GeV/c, 

which is consistent with the previous restriction obtained 

for q. 

Whereas the minimum value of the momentum transfer (q ) for 
o 

elastic scattering can be zero, this is not the case for inelastic 

production. To calculate q let us consider the coherent reaction 

IT + A -• IT* + A* (1) 

where IT* is some excited hadronic state of rest mass M. The minimum 

value of q occurs, clearly, for production at 0°. Because the process 

is coherent, we expect the value of o t o be small. Consequently, 

imposing energy conservation, we can ignore the kinetic energy of the 

recoiling nucleus and assume that the energy of the incident IT will 

equal the energy of the ir*. in terms of the collinear momenta of 

the IT and IT* in the laboratory frame we can write; 



E^ « »fc2 + • - Jp*2 + M 2 « E w # 

For production at 0* r the momentum transfer (p-p*) is just the minimum 

value of the momentum that must be imparted to the nucleus in the pro

duction of any IT*. (For angles other than 0*, q has a contribution from 

a transverse as well as from this longitudinal component (q ) to the 
-2 _ 2 

momentum transfer.) Solving for q •» j- - p* at 0*,we obtain q = — r 

Here w e have set p - p*> assuming that M « p*; this condition 

holds exceedingly well at high energies. In terms of the square of 
2 

the four-momentum transfer 't), the minimum value of t is just q : 

t «= o 
M 2 - * 2 2 

2p 

Consequently, we see that the higher the incident energy, the smaller 

becomes the value of t for producing a particular object of mass H, 

and the smaller, therefore, is the damping effect of the nuclear form 

factor on the process in question. In fact, if we require a to be 

far smaller than typical values of q that characterize coherent pro

duction, we can obtain the following restriction on the incident 

momentum: 

p » 2(M2 - m 2 ) R 1 / 3 

Consequently, to produce a massive excited state of M = 3 GeV on a 

lead nucleus requires incident momenta in excess of t>100 GeV/c. 

Before turning to the data, let us first discuss in somewhat 

more detail the kind of mechanisms that mediate coherent production. 

At high energies, the coherent conversion of an incident hadron into 

another hadron, or into a system of hadrons, is mediated either through 

the well understood process of Coulomb excitation or through the 
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not-so-well understood process of diftractive excitation. 

Coulomb Excitation 

Production in the Coulomb field of a nucleus of charge Z, (the 

reaction a + Z •* b + Z) is calculable through a generalization of the 

Primakoff formula', "which in the high-energy limit yields (see Fig. 1): 

_£ ^ V fc-fc

0 

- V *n 2 2 
<to azl V 

n d t • •=;-»; t 
i»-««ia 

where a is the fine-structure constant; r) equals 1/2 if the incident 

particle is a photon, otherwise n. « 1; m and m. are the masses of the 
2 

incident and the produced objectsj C (mr) is the total cross section 

for the reaction a + f * b, at a y-a center of mass energy E • nv; 

P (t) is the electromagnetic form factor of the nucleus. When the 
em 

final-state system b is a single particle of spin J , and of radiative 

width T (b -• a + y), the exp-ession for the cross section becomes: 
*,_ Bioz2 < 2 Jb + 1> f °- I 3 *"*-
dt J) (2J + 

1) I \ ]3 t-t 

Finally, if particle b is unstable, the above expression should be 

folded in with a Breit-Wigner term (normalized to unity), and T 

replaced by a mass-dependent partial width that depends on the orbital 

waves present in the final-state decay products of particle b. 

From the above formulae we see that electromagnetic production occurs 

largely at impact parameters corresponding to momentum transfers of several 

times a , namely, distances = — - = 2 ' P
2 . Thus, for an incident^-pion 
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aooentum of 200 GeV/c, and a produced mass of M •»< 1 Gev, the impact 

parameter is typically ***40 Fm. Because of this fact, inelastic pro

duction in the nuclear Coulomb field tends to be rather insensitive 

to the shape parameters that are used to describe the form factor. 

Finally, because t decreases with increasing energy, the in

tegrated cross section for Coulomb-excitation at fixed m, increases 

with energy. This increase is quite rapid in the energy range in which 

a is comparable to values of q that are typical of nuclear radii 
0 2 (q *»• -* . , ) ; at sufficiently high energies the increase becomes 

h ' 

logarithmic in incident laboratory momentum. Figure 1 displays the 

rough energy dependence of -^r expected for fixed BL . Because cross 

sections for "exclusive" hadronic reactions (that is, for definite 

fully specified channels) do not increase with increasing energies, 

it is safe to speculate that, eventually. Coulomb excitation will 
(4) dominate all coherent processes at small values of t. 

Dif tractive Excitation 

A number of years ago Good and Walker suggested -hat scattering 

of hadrons on nuclei might generate new coherently-produced states of 

hadronic matter. To buttress their arguments, they provided the 

following analogy with scattering of polarized light. 

When light polarized along the y axis is passed through a polaroid 

rotated by 45° relative to y, the transmitted wave (now polarized at 

45°) contains, in effect, a y polarization as well as a generated 

polarization along it. Good and Walker then argued that, just as the 

selective filtering of light can generate states orthogonal to the 

incident wave, so can the selective filtering in nuclei of the various 
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virtual states of a hadren cause a minor rearrangement of the incident 

wave to one that is closely related but orthogonal to the incident 

•tate. Although processes of this kind were observed and studied at 

low energies during the 1960's and are presently being investigated 

in the several-hundred GeV regime, there is at present still no 

fundamental theory for the diffractive excitation of hadrons. Optical 

models have been utilized to parameterize the features of coherent 

excitation, which are, in fact, very much akin to those for scattering 

of light from an absorbing disk. 

Features of processes such as Reaction (1) can be summarized as 

follows: (1) There is very little energy dependence to the production 

cross section. (2) The observed angular distributions are peaked 

steeply at small angles, and have shapes that are characteristic of 

nuclear dimensions. (3) The internal structure of coherently produced 

hadronic states does not appear to differ in any essential way from the 

internal structure of the incident object; by this I mean that the isotopic 

spin (I) of the produced system is the same as that of the incident 

hadron (unlike the case of Coulomb excitation where both 1=0 and 1-1 

exchanges are possible), as is the strangeness, G-parity, baryon number, 

etc. In fact, even the masses of the diffractively produced systems 

tend tD peak at low values, close to the mass of the incident hadron. 

The only apparent change that occurs in the transition is an orbital 

excitation of the incident hadron, that is, only momentum is exchanged 

between hadron and nucleus. Thus for incident pseudoscalar mesons 

(spin-parity J "=0~), the excited states can have J = 0 , 1 , 2 etc. 

Such production processes are thought to be dominated by the exchange 
C6) of vacuum quantum numbers, 1. e. , by the Fomeranchukon. 

In the context of an optical model, the cross section for processes 
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tuch as Reaction (1) can be written schematically as* 

dor £ - |fH(t ) R F(t)M 

where f„(t) is the amplitude for the reaction on a hydrogen target, 

and F(t) is the nuclear form factor convoluted with the absorption of 

the incident and outgoing system in nuclear matter. It has been customary 

in the past to parameterize the form factor using an eikonal approxima

tion, and from the A-dependence of •gr to extract parameters of the 

optical model and interpret these in terms of physical cross sections 

for scattering of the unstable ir* systems on nucleons. Although this 

program has met with a degree of success (particularly for photon 

induced reactions), the interpretation of the e-^racted cross sections 

is somewhat controversial. The difficulty stems from the classical treat

ment of the propagation of h^drons in nuclear material. That is, if 

time scales and distances involved in the production process are very 

large, then it may not be meaningful to separate initial production 

from the subsequent rescattering of the hadronic system within the nucleus. 

In fact, in the context of a Good-Walker model, it has been argued that in

dependent of the detailed nature of-the diffractively produced states, their 

attenuation properties should be essentially indistinguishable from those 
(8) 

of the incident hadron. 

The closest thing that we have to a theory of diffractive 

excitation of hadrons is based on Drell-Hiida-Deck processes of the 

kind illustrated in Fig. 2. Models of this type have been utilized 
(9) with some degree of success to interpret various aspects of the data. 

The essential features of the model provide, through the propagators : 
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and through the "elastic" scattering of the virtual exchanged objects, 

steep t distributions and the kind of decay characteristics that are 

similar to those observed in the data. The predicted normalizations 

tend to be too high. It is felt, however, that additional absorption cor

rections might help bring agreement between theory and data. 

Data on Coherent Production 

To illustrate the experimental features of coherent production I 

will rely on data from the Rochester-Northwestern-Fermilab-SLAC 

Collaboration which has investigated neutron dissociation between 

50 GeV/c and 300 6>V/c in the reaction: 

a + A •* (plf) + A (2) 

the (pTT~) system will, for convenience, be referred to as H*. In 

addition, I will use the more recent results on meson dissociation 

from the Rochester-Minnesota-Fermilab Group. 

Figure 3 provides a dramatic illustration of the emergence of the 

importance of the Coulomb contribution to coherent production at high 

energies. (The data are shown in terms of the variable t' = t - t .) 

The A(1236) has a large radiative width, as a consequence of which the 

electromagnetic process dominates Reaction (2) at small t, even on a 

low-Z target such as Carbon. 

The cross section for yn-*-pTT has been measured previously and the 

rise observed in -yz near t=0 in Fig. 3 is consistent with expectations 

from the Primakoff formula. (The rise does not correspond exactly 

to the -=• term because of experimental resolution.) The "background", 

which has the form exp(-75t), is substantially steeper than what might 
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have been expected for the angular distribution for diffractive pro
duction on a carbon nucleus. This increased steepness can be accommodated, 
however, in an optical model because the absorption of the inelastically 
produced hadron states at small impact parameters will result in an 
effective distribution for nuclear matter that will be ring-like in 
character. For a fixed nuclear radius, a ring provides a distribution 

(2) that is far steeper than that from an absorbing disk of same size. 
Figure 4 shows typical fits to data of Reaction (2) that have been 

used to extract N*-nucleon total cross sections ( a t ) . The typical 
values of (?„*„ are equal to or smaller than the known total N-N cross 
section of 'MO tub. The sensitivity of t":2 data to this parameter of 
the optical model loV,*.,) *-s indicated in the graph, as are the 
contributions from electromagnetic production. (Experimental resolution 
has also been folded into the calculations.) The measured coherent 
production cross section for fixed M,,, rises somewhat with increasing 
energy, as esspected from contributions due to the Primakoff formula.' ' 

Figure 5 presents results of a measurement of the dissociation of 
— — o — o 

IT mesons into JT ir systems. Because IT TT systems can only be in 
J " 1 ,3 ,5 ,... states, they cannot be produced through the exchange 
of quantum numbers of the vacuum. Two-pion states can be produced, 
however, through photon exchange or through the exchange of mesons such 
•s the l-0,r«=l~ tt°. At 150 GeV/c the contribution from ti)° exchange 
is expected to be small, and, because of the helicity-flip nature of 
the process, must vanish linearly with t at 0". Strictly speaking, the 
Coulomb contribution also vanishes at 0° (except for a small "longitudinal" 
term, ignored in the Primakoff formula), but the peak of the cross 
section is at t « 2t , which for p~ production is at M O uradf 
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Using the Primakoff formula, and the data in Fig. 5, cross sections 

for the reaction yir •* TT IT can be obtained as a function of IT IT mass. 

Alternately, radiative widths can be extracted for unstable resonances 

in the IT IT system (e.g., p ). The Rochester-Minnesota-Fermilab Col

laboration has embarked on a series of experiments to measure radiative 

widths of vector and tensor mesons. Such measurements provide excellent 
(12) 

tests of symmetry schemes and of quark models of elementary particles. 

Table I provides the latest results from this series of experiments. 

Although according to the prevailing orthodoxy pseudoscalar mesons 

cannot diffractively dissociate into two pseudoscalar particles, they 

can dissociate into three. A reaction of this kind that was studied at 

lower energies is: 

7T~ + A •* (TT~ir+lr~) + A' 

The three-pion mass distribution for small values of t, at 150 GeV/c 

incident momentum, is shown in Fig .6. The usual A (U -p low-mass 

enhancement) at V1100 MeV, the analog of the 1*1300 BeV peak in the pir" 

system for Reaction (2), is observed in the data. There is, possibly, 

in addition, some structure near the A,(1310) resonance. Distribu

tions in t for the low-mass region are shown for several target nuclei 
2 

in Fig. 7. The rise in the cross section for t < 0.0005 GeV is due to 
Coulomb production. This is the first experiment in which direct evidence has 

been found for the process yir~ •+ IT-TT IT". About half of the Coulomb 

signal is due to the A,, but there is also a definite additional signal 

for the A (the broad low-mass peak). Although this corresponds to 

first evidence of a finite A.Try coupling, the data do not necessarily 

imply that the A x is therefore a resonance. This is because 
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non-resonant ir-y scattering could ostensibly provide such a signal (see 

the distinguishing graphs in Pig. 8) . A spin-parity decomposition of 

the 37T system, through an Ascoli-type of analysis, is underway to ex

tract phase shifts as a function of mass at small t; this will hope

fully provide information on the detailed nature of the signal. 

T".e exponentials drawn in Fig. 7 are just to guide the eye. Again, 

for inelastic production, the slopes in t are larger than expected from 
2/3 

the naive exp(-8A ' t) behavior. These slopes are smaller for dis

sociation for incident pions than for incident neutrons. For the Cu 

target, for example, the slope in Fig. 4 for neutron data is about 

25% stfceper than for the data in Fig. 7. This difference in slopes 

presumably reflects the fact that, at high energy, nuclei are not 

opaque to hadrons. Total Tt-Cii and n-Cu cross sections differ by similar 
. . (14) factors. 

The last point X wish to discuss regarding coherent production 

is the attempt to understand the dynamics in the context of a Drell-

Hiida-Deck (DHD) formalism. As with all things in strong interactions, 

the degree of success has been of a mixed nature. Osland, in trying to 

understand the transparency of nuclear matter (e.g., small values of 
a «,„) from the viewpoint of DHD, has come to the conclusion that the N*N 
model cannot provide the experimentally required transparency and 

consequently cannot be a major factor in coherent production. 

The most recent conclusions from the Rochester-Northwestem-

Fermilab-SIAC experiment, although in essential agreement with Osland 

that the DHD model has serious flaws, are that the model works sur

prisingly well for nuclear data. In fact, it appears that the model 

describes the nuclear data about as well as it described diffractive 

dissociation on a hydrogen target. Figure 9 displays the decay 
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polar-angle distributions of protons in the H* rest frame (quantization 

axis being given by the direction of the incident beam in the K* frame, 

i.e., 8 is the polar angle in the Gottfried-Jackson frame), As might be 

expected, the decay spectra depend on the masses of the (PIT ) systems. 

Higher masses correspond to larger internal momenta and consequently 

can provide systems having larger angular momenta. As I indicated 

previously, although the predictions of the unabsorbed model (Fig. 2, 

replacing incident proton p by nucleus A) yield far too high normalizations, 

the predicted shapes are in reasonable agreement with the data. 

Figure 10 displays the dependence of t-distributions on the decay 

angles of the N*. A correlation between t and 6 might certainly have 

been expected because, even for a fixed N* mass, different regions of 

9 correspond to differing contributions from the angular momentum states 

of the pir systems, and therefore to differing amounts of helicity-flip 

contributions to the production amplitude. What is surprising is the 

unusual"y dramatic dependence of dc/dt on 8 and especially the fact that 

the DHD model bears some semblance to reality. (I should point out that 

the Coulomb contribution in Fig. 10, as shown in Fig. 4, is restricted 
2 mainly to t < 0.002 GeV . Hence, the comparison of DHD with data should 

exclude that region of t.) 

Inclusive Processes 

Even more so than in the ca^e of hydrogen, the variety of incoherent 

reactions on nuclear targets at high energy surely forms an innumerable 

setl It is therefore not surprising that the character of specific 

reaction channels is generally not regarded with great interest, but 

that rather the inclusive approach has been adopted in trying to ascertain 
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the nature of hadron production on nuclear targets. One crucial issue 

in this field pertains to the space-time development of hadronic processes. 

Measurements of inclusive hadron-nuclear collisions have been used to 

extract information on the constituent structure of hadrons, on cumulative 

or pseudo-coherent effects of nucleons within a nucleus, and on the 

dynamics of multiparticle production. Because the major part of this 

workshop is devoted to details of these subjects, I will spend the rest 

of this paper reviewing the more general ideas i>nd just address the gross 

features.! of the data. 

nomenclature 

Before proceeding to the data, it is worthwhile to define some of 

the terms that come up regularly in describing inclusive processes. To 

start off, we must first define the invariant single-particle inclusive cross 

section. For the reaction 

C + D •+ G + Anything 

the invariant differential cross section for emitting a particle G, of 

momentum p and energy E, into a Lorentz-invariant differential element 

of 4-momentum space d p/E, is defined as d(T/{d p/E). If polarization can 

be ignored, the invariant cross section can depend only on the incident 

momentum, and on the longitudinal and transverse values of the momentum 

of particle G, Transverse momenta (p} of particles produced in hadronic 

reactions tend to be small, and essentially independent of incident energy. 

Two kinds of longitudinal-momentum (p.) variables have been found to be 

particularly useful in describing inclusive reactions. These are; 

(1) The peynman x variable, x = p,/E , where p, is the longitudinal 

momentum of particle G and E* is the total energy in the collision, both 
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expressed in the center of mass frame:and (2) the rapidity variable 

y « 1/2 fcn[(E + p«)/(E - Pj^)]- The range of x is limited to between 

-1 and +1, while the allowed range of y values grows logarithmically 

with E*. T 
Quite often, particularly when momentum measur -tents are not 

available, the pseudorapidity variable r\ = -£n tan(8/2) is used in 

place of y. Here 9 is the production angle of particle G in the 
P T laboratory, and therefore tanO = — . He can rewrite y in a manner 
pt 

an&iogous to that used for defining i): y = -In tan($/2), where $ 
2 2 Js 

is an angle defined by tan$ « "n/Pj,' aB^ •% = 'PT
 + m ' * s t h e 

"transverse" mass of a particle of mass m. Consequently, we see that 

the angles $ and (, and therefore the rapidity and the pseudorapidity, 

approach each other only at large p . It is therefore important to 

distinguish results obtained for r\ and for y, particularly at small 

transverse momenta. (The x variable is also expressed at times in 

terms of laboratory momenta as x = Po/P- < where p. is the incident 

momentum. This expression,clearly, holds only for large x.) 

The invariant cross section can be written in terms of the x and 

y variables as follows: 

E30 _ E dCT _ 1 d a _ E* dg 
.3 i f - , 2 if , , 2 ~ Tip* , , 2 
d p dPi dP T

 d v d P T
 l n a x * T 

The multiplicity in some region of momentum s£<ice is defined as the 

inclusive cross section in that region divided by the total inelastic 

cross section. For example, the total inelastic multiplicity of 

particles G would be given by: 



-16-

.. s ! f _ <KT . d 3p 
<n> » -— E -y • -g11-

C D .11 possible d p 

momenta of 6 

It is common to parameterize the dependence of inclusive differential 

cross sections on atomic mass in terms of the form A , vhere a may de-

nucleus total cross sections la. ) ircrease with X approximately as A * , 

pend on both p, and p , as well as on p. . Because inelastic hadron-

the variation of the differential multiplicity can be expressed as A . 

The multiplicity is independent of nuclear size for those regions of 

phase space where a = 0.7. In addition to using a, another popular way 

of describing the A-dependenca of inclusive cross sections or of multi

plicities involves measurements normalized to data on hydrogen. In par

ticular, the ratio of the inelastic charged-particle multiplicity in 

hadron-A collisions to that in hadron-p collisions is termed R , where 

R can br either the ratio of the integrated (total) multiplicities: 

or a differential quantity, eg., 

V n ) H r A = ~r 
^ ( d o / d n ) 
hp 

Because the A parameterizations do not appear to extrapolate smoothly 

to hydrogen, it is sometimes difficult to relate, with precision, a to 

V 
Finally, a parameter that reflects the nuclear thickness, and at 

the same time takes account of the differing opacities for different' 
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incident hadrons (h) is V, defined as: 

v = a C Thp / a l * 

V can be thought of as the average number of inelastic collisions that 

a projectile h would undergo in tranversing a nucleus A. (The value 

of v is = 0.65 A " for proton projectiles, and = 0.65 A " for pions. ) 

Data for Inclusive Production on Nuclei 

One simple way to examine the kind of time scales that characterize 

hadronic reactions is through studying produced-particle multiplicities 

as a function of target material. If, for example, elementary hadron-

hadron interaction times were short, that is, if the formed asymptotic 

states that we measure evolved on time scales of the order of nuclear 

tranversal times, then multiplicities on large nuclei would be expected 

to be far greater than on hydrogen. This is because an increase 

in multiplicity would result from multiple interactions of secondary 

particles produced within the nucleus. Such cascading would not be 

expected to be important at low incident momenta but should certainly 

occur at high energies, provided that characteristic collision times 

were < 10 sec. 

Figure 11 displays the ratio (R^J of the total inelastic charged-

particle multiplicity in proton-emulsion collisions (average A "V 73) to 
(18) that in pp collisions as a function of incident momentum. Prom this 

compilation of data we see that, to VL5% accuracy, IJ does not exceed 

a value of M . 8 , even for energies beyond several TeV. It appears, therefore, 

that there cannot be any substantial amount of cascading in nuclei. Thus, 

nuclei are rather transparent to the hadrons produced within nuclear 
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matter, which implies that hadronic tine scales must be substantially 
-23 longer than M.0 sec. 

The A-dependence of total charged-partide multiplicity has been 
(17) 

measured recently by the HIT-Permilab Group. For p-A collisions in 
the several hundred GeV range of energies, for example, they obtain: 

R A = 0.72 A 0 " 2 3 

This result, again, confirms that there is very little intranuclear 

cascading. A number of alternate models have been suggested for ex-
fl.9) plaining this nuclear transparency. I will present just one simple 

hand-waving idea to indicate that such transparency is in keeping with 

what we know about multiparticle production processes at high energies. 

There is a wealth of evidence suggesting that particles emitted 
(16) 

in hadronic collisions are strongly correlated at production. Such 

correlations stem partially from the presence of low-lying multiparticle 

resonances in the final states, but also from other dynamic clustering 

effects. Independent of the origin of such correlations, there is the 

phenomenological fact that multiparticle mass distributions peak at 

umall values of invariant mass, and that these mass spectra have 

apparent widths that are comparable to the typical mass values. Such 

a dynamic localization of masses can be translated into an uncertainty 

in the time scales for the production of these masses. If a typical 

hadronic cluster consists of about three pions, and *.i the effective 

mass of the cluster (M) is *»> 1 GeV, then the time scale appropriate to 

the production (that is, for the full development) of such a cluster in 

the laboratory frame would be ^ -*- . (For a total produced-particle 

multiplicity of "W.2, there will be, typically, 3-4 clusters per event.) 
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The values observed for Y are about 1 GeV.and the Lorentz factor for the fastest 

clusters is about 50-200, in the several-hundred GeV domain of energies. 

Thus, on the basis of these simple arguments, characteristic production 
-23 

times would be expected to be "^ 7 x 10 sec, corresponding to hadron-

formation distances of *>* 20 Pm. Consequently, a cluster of particles 

created in a collision, can travel as a single unit of hadronic matter 

for distances of 1*20 Fm prior to breaking up into asymptotic remnants. 

Just from this picture alone (which does not nearly represent the whole 

story), we would therefore expect a drastic diminution in intranuclear 

cascading. 

Having established the fact that interaction time scales in hadronic 

collisions at high energies are about an order of magnitude greater 

than traversal times, I would now like to proceed to certain interesting 

but more detailed features of the data. The energy dependence of the 

differential multiplicity for fixed V, and the V dependence of the dif-
(IV) 

ferential multiplicity, both as a function of T), are displayed in Fig. 12. 

The energy variation is quite similar to that observed for reactions on 

hydrogen targets - this is, of course, not surprising because we noted 

already that IL hardly changes in this range of energies. In particular, 

the multiplicity (and the inclusive cross section) appears to be 

essentially independent of energy (it "scales") in the region of target 

fragmentation (n, < 1), it is also independent of energy in the region of 

projectile fragmentation. The latter can be ascertained by examining 

dN/dn in the rest frame of the incident projectile and not in the 

laboratory frama. This can be done simply by subtracting from n the 

quantity &n(2p. /m. ) to take account of the boost from the lab frame 

to that of the projectile. Tnus, to obtain the correct comparison. 
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the 50 GeV spectrum must be shifted left by =4.67 units of T), the 100 GeV 

spectrum by 5.36 and the 200 GeV spectrum 6.06. The resultant distribu

tions are displayed in Fig.13. The results for p-p data from the same 

experiment are shown as the solid curves on the distributions, lrrom 

these results we conclude that the hypothesis of limiting fragmentation 

(HLF) is in substantial agreement with the data. (There is, nevertheless, 
(21) good evidence for a small violation of HLF at high energies •> 

The V dependence displayed in Fig. 12 indicates that the increase 

in multiplicity with increasing A occurs mainly for central (y™, - 0) and 

for backward production in the center of mass (region of target fragmen

tation) . In the forward region of large r\ the production is essentially 

independent of nuclear size. ' hus nuclei appear particularly transparent 

for forward rapidities (production of fast particles). This result 

is consistent in spirit with expectations from our trivial cluster 

model: The faster the produced particles the larger is the y factor of 

the cluster and the longer the formation time scale and the less chance 

for cascading. 

Figure 14 displays the results obtained from extracting a as a function 

of T). The data are again from the KTT-Fermilab experiment, to which the 

Rochester-Northwestern-Fermilab data on n-A collisions have been added 
C2) 

for comparison. (The neutron data are from a broad-band beam, whose 

average momentum is i> 300 GeV/c.) Again, there is observed the clear 

trend that substantial multiplication occurs mainly for low-energy 

secondaries. (The value of a « 0.69 for incident protons corresponds to 

no multiplication or, in other words, to "factorization" of inclusive 

cross sections on nuclei.) 
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Figure IS illustrates an important point about inclusive nuclear 

data. Here I display,for positive-particle production in n-A collisions , 

the variation of the a parameter with n (same data as shown in Fig. 14 

for TI < 8), with y and with p,; in all cases the distributions have been 

integrated over p . The value of a « 0.69 is also shown on the figure. 

It is clear that, particularly for rapidities >6, different conclusions 

stay be reached regarding the question of particle multiplication in 

nuclear matter if the small but crucial differences between y and n are 

ignored. Using the more informative variables y and p,, which do not 

mix different regions of production the way T) can, we see that a falls 

below 0.69 in the region of large particle momenta (projectile fragmen

tation) . From Fig. 15 we can conclude that the multiplicity decreases 

with increasing A for x > 0.5 (or for y > 6). As it will surely be 

emphasized by the other speakers at this workshop, this kind of result 

is not consistent with the simplest kinds of models such as the Energy-

Flux-Cascade, or single parton-chain exchange, or the single ladder 

multiperipheral model. More complicated contributions, e.g., multiple 

ladders, or cuts, are required to understand the attenuation of particles 

in nuclei in the forward direction. Our simple cluster picture would 

certainly allow for some attenuation in the forward direction; this is 

because the fastest cluster would be degraded somewhat in energy in its 

reinteraction within the nucleus. 

The dramatic rise in a for n > 7 can be attributed, at least 

partially, to contribution from coherent Coulomb production in the data. 

A similar effect has been noted by the Michigan Group for neutron pro

duction in p-A collisions (see Fig. 16) (. 2 3kt present, data at high 
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energies are not precise enough to confirm the possible presence of the 

exciting cumulative effects observed at the edges of phase space in 
(24) collisions at lower energies. I will therefore not comment on such 

phenomena at this time. 

There is a weak p dependence to inclusive production on nuclear 

targets. This is displayed by the n-A data, integrated over p., in 

Fig. 17. The curves on the positive- and negative-particle data are 
2 

drawn just to guide the eye. The small rise in a at small p has been noted 
(25) 2 

previously, and the rise at large p , not so clear in these data, 
(26) 

was discovered several years ago, and will undoubtedly be interpreted 

in terms of hard-parton scattering later during this workshop. 

A fascinating result obtained by the MIT-Permilab group pertains to 
(27) 

the projectile dependence of multiplicity. This group has observed 

that multiplicity on nuclei becomes essentially independent of the nature 

of the projectile when data are examined as a function of V rather than 

of A. In Fig. 18 I have reproduced their differential measurements of 

r(H) at 100 GeV/c, as a function of T) for incident Tr , K and p, all 

extrapolated to an equivalent target thickness of V = 3. This lack of 

dependence of multiplicity on projectile implies that, subsequent to the 

initial collision, the rate for all secondary interactions is determined 

by the nature of the incident particle rather than by the many secondary 

pions produced. *.n the first encounter. From a different vantage point 

(and probably a more incisive one) this result can also be interpreted 

to mean that the entire interaction on a nucleus takes place at one time -

that is, several nucleons in the nucleus are hit by the same incident 
(28) hadron (via its quark-parton chains) during tne duration of the col] ision. 

I might mention that this sort of picture can lead very naturally to a 
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small attenuation of the most energetic particles produced on nuclear 

targets. (Distribution of the incident energy among the simultaneous 

collisions of the projectile with several nucleons would yield such an 

effect.) 

The results of Figs. 15 and 18, and other data, certainly point to 

the involvement of several nncleons in hadron-nucleus collisions. A 

question of immense importance is whether t" * hadron, in its simultaneous 

interaction with several nucleons in the nucleus, experiences a cumulative 
(241 kind of collision (with a "coherent tube" or fluctuon) or whether in 

effect the nucleons colliding with the projectile behave as independent 

entities. If the collision involves a pseudo-coherent process then 

the effective energy in the center of mass will be far larger than that 

for a projectile-nucleon collision at the same incident momentum. On 

the other hand, if the projectile interacts independently with several 

nucleons, then the energy per colliding nucleon will be smaller. I 

have examined data pertaining to this question but have not been able to 

reach a definite conclusion. I will present arguments for both inter

pretations and argue that new specific kinds of measurements can provide 

a clear answer to this fascinating problem. 
(29) The Seattle Group has examined negative-particle production in 

n Ne reactions at 25 GeV and at 50 GeV. Figure 19 displays the correla-
Pr tion between <N >, the average number of "produced" negative particles 

(using data for 5 2 negative tracks in the final state), and (9 , the 

number of identified protons in the final state. Yuldashev et al., 

interpreted these data assuming the validity of the coherent tube model 

(CTM) t namely, they assumed that the collision occurs between the 

IT and a coherent tube of nucleons located in the path of the ir , and 

th it the produced multiplicity is determined solely by the effective 
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energy in the center of mass of the bean and an effective mass (m ) of 

the coherent tube. Comparing known from ir~p data to <N P r> for 

Neon (for different values of H ) , they extracted a value of m __ as a 
p erf 

function of N . Their result, showing that m „ *»• (N +l)m , , is p eff p nucleon 
displayed at the bottom of Fig.19} this result is certainly consistent 

in spirit with expectations from the CTM. 

In many respects h-A collisions do, in fact, resemble h-p collisions 

of higher energy. Figure 20, for example, shows how KNO multiplicity 

scaling, which holds in h-p collisions, also holds true in h-A collisions. 

(It is interesting that the multiplicity spectrum even for neutrino-A 

collisions follows the KNO scaling form!) Other, more detailed, com

parisons have been made of multiplicity distributions in It p collisions 

at high energies with the distributions in ir~A collisions (for a fixed 

value of N ) at lower incident energies. Figure 21,also from r^f,29,provides 

one such check of the CTM; charged-particle multiplicities for IT Ne data 

at 50 GeV/c with N =2 are compared to ;: p multiplicities nt 147 GeV/c 

(corresponding, via the m „ result from Fig. 19, to the proper CTM 

energy) and at 100 GeV/c. The multiplicity spectrum at 100 GeV/c clearly 

disagrees, while that at 147 GeV/c agrees with the IT Ne data. These 

kinds of comparisons have demonstrated a remarkable similarity between 

low energy h-A interactions and higher energy h-p collisions, and 
(32) displayed a surprising predictive power of the CTM. In effsct what 

such results suggest is that hadron-nucleus collisions are equivalent 

to hadron-hadron collisions shifted to higher energies. In addition, 

it appears that by changing N we can change the effective energy of the 

collision. Thus, the emulsion plate or a heavy-liquid bubble chamber 

can provide a way for fine-tuning energies for hadronic reactions. It 

is not clear to me how far a simple model such as the CTM can be pressed 
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for internal consistency, An important test can be provided through an 

extension of the analysis in Fig. 21 to include a comparison of rapidity 

spectra (dN/dy) in Ne for t) =2 with data from ifp interactions at 147 Gev/c. P 
Now I would like to turn to oft-neglected emulsion data to show that the 

(33) 
more naive CTM ideas do not always work. Figure 22 displays a compilation 
of <n >, the average number of shower particles (lightly ionizing 

s 
relativistic particles corresponding essentially to our previously de-* 

fined <n>), as a function of N. , the number of heavily ionizing particles 
n (34] (mainly protons) observed in proton-emulsion collisions. It has 

been known for some time that <N. > (as well as the distribution of N. 1 
2/3 (35) is essentially independent of energy (<"}> "*» A ) I In increasing^ the 

incident energy from 200 GeV to 400 GeV the values of <n > appear to 

scale up by a factor 1.28 (independent of N ). This is suggestively 

close to 1.18, the ratio of multiplicities on hydrogen at these two 

energies. Dsing these data I have tried to extract m __ as a function 

of N. for the three momenta £23 GeV/c, The disappointing results are h 
shown in Fig, 23. Although there are some ambiguities in the comparison 

(34) of <n > to <n>, as well as in the precise correlation between <n > s s 

and m „ (and reading data points from minisculc: graphs introduces some 

error), I do not believe that these uncertainties can in any way account 

for the gross variation of the cumulative m „ with incident energy, 
«tf 

Taking the opposite ("incohe-ent") tack, I have also extracted in 

a rather crude manner an effective number of collisions as a function of 
N „ for the three sets of high-energy data in Fig. 22. The upper part of 

Fig. 23 displays the three sets of valuer of <n > in Fig, 22, each set 

divided by the value of <n> appropriate to pp collisions at the same 

incident momentum. (I have reduced each <n> by 1/2, to account for the 
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trivial difference in total charge between pA and pp incident channels. l 3 4') 

Here the results are somewhat less dependent on incident energy. In fact, 

the value of <n >/<n> appears to approach ̂ 3 for large N.; if this reflects 

the number of participating nucleons, then this result could be interpreted 

as suggesting the presence of 3 quarks in the proton. • The simplest in

terpretation of Fig. 23 would therefore be that models in which the pro

jectile interacts with independent nucleons rather than with a fluctuon may

be more in tune with the data. Judging from the comments at this workshop, 

the proponents of the CTM may be presently on the defensive; 1 suspect, 

nonetheless, that cumulative effects must be present in hadron-nucleus 

collisions (and, hopefully, not only the dullest kind, corresponding to 

multiple-scattering, Fermi motion, or electromagnetic effects). The only 

clear-cut conclusion I can come to at this time is that far more data, 

particularly with measurements of N, , is crucial to settling the question 

of semi-coherence in inclusive production. 

I have thus far dealt mainly with pion production, and I would like 

to end this part of my presentation with a brief summary of results per

taining to the production of more massive particles. To begin with, there 

is a surprising excess of energetic protons found in h-A and in neutrino-A 

collisions. (Such an excess can be easily accommodated in the CTM ) 

The features of the production of the more massive hadrons, compared to 

pions, are that they appear to display a weaker dependence on p and 
(22) greater attenuation (smaller a) at high rapidities. A Michigan-Rutgers-

Wisconsin Collaboration has studied K , A and A production in pA coir 
(34) 

lisions. Some of their extensive results are displayed in Figs. 24 and 

25. These data indicate that, just as in the case of pion production, 0 

decreases with increasing x and increases with increasing p (for fixed x, 

increasing the angle increases the value of a). Similar results on neutron 
(23) 

production are available from the Michigan pA experiment. 
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Finally, I wish to include in this review several results on jets or 

correlated multiparticle production. In a sense jets can be regarded as 

massive hadrons, and we would therefore expect such multiparticle systems 

to have properties akin to those observed for single hadrons. Figure 26 

displays the a dependence of jet production as a function of p . First, 

the rise of a beyond a value of a • 1 with increasing p is similar to that 

observed for single hadrons, as well as for dihadrons, at large 

p . Finally, although the fact that at large p , p-induced jets display 

larger values of a than JT-induced jets (more multiplication) might be 

argued as being consistent in spirit with the results of Fig. 18, that 

is, that the value of V is more relevant in multiplication than the value 

of A, the relative change of a with p is not so simple to understand. 

I will leave the interpretation of these and other large-p results to the 

other speakers at this workshop. 
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Table I 
Recent Measurements of Radiative widths 

Process Width (KeV) + 

p~ •+ TT'Y 50 ± 10 
K*(890)~ •* %'y t. 50 
A~ •+ 1t~Y *W50 
A~ + ir~Y ^ O O 

All but the p values are quite preliminary and consequently no 
errors have been quoted for the observed processes. See Phye. 
Letts. 75B, No. 1 (1978) for previous measurements of such widths. 
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Figure Captions 

1. Approximate energy dependence of t-distributions for electromagnetic 

conversion of a particle a to particle b. The curves correspond to 

values of t =0, 1 0 _ 4 GeV , 2 x 10~ 4 GeV2 and 5 x lo""4 GeV2. o 
2. Drell-Hiida-Deck diagrams that contribute to neutron dissociation 

into (pir ) systems. The symbol I> represents Pomeranchukon exchange. 

3. Mass and t 1 distributions of {pir ) systems produced in the dis

sociation of neutrons on a carbon target. 

4. (a) Differential cross section for neutron dissociation into pTT on 

copper, for 1.35 GeV < m < 1.45 GeV. (b) A-dependence of the cross 

section for the same mass range as in (a). The solid and dashed 

curves are based on calculations mentioned in the text. (Typical 

error bars are shown in the data points.) 

5. Hass and t distributions of (IT ir ) systems produced in the coherent 

(Coulomb) dissociation of 7T mesons on nuclear targets at 156 GeV/c. 

6. Mass spectrum of (TT IT it ) systems produced in the coherent dis

sociation of TT~ mesons on nuclear targets at 156 GeV/c. 

7. Distributions in t for (if IT IT ) systems produced in the coherent 

dissociation of ir mesons on nuclear targets at 156 GeV/c. 

8. Possible non-resonant and resonant contributions to *y-1T scattering 

near the mass of the A 1. 

9. Gottfried-Jackson polar-angle distributions for the proton in the 

decay of (pir_) systems produced coherently off Cu and C targets. 

The predictions of a DHD model (Pig. 2) are shown renormalized to 

the data at small masses. Magnitudes of the contributions from tho 

three (interfering) terms in Pig. 2 are shown on tjie Cu results 

for 1.3 < M < 1.4 GeV. 
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10. Comparison of t'-distributions for the Cu data of Fig. 9 with the 

model of Fig. 2. (The theoretical predictions have been reduced by 

an arbitrary factor of 4.) 

11. Ratio of produced particle multiplicity in emulsion to multiplicity 

in hydrogen for incident protons. 

12. Dependence of differential multiplicity on incident momentum for 

proton projectiles for V = 2, and the dependence of the multiplicity 

on V at 200 GeV for ir~ projectiles. 

13. Differential multiplicity in the projectile frame as a function of 

incident momentum for p-Pb, p-Cu and p-C data. 

14. The dependence of a on pseudo-rapidity for 200 GeV pA data. Data 

for 300 GeV nA collisions (positive and negative particles) are 

shown for comparison. 

15. Dependence of a on n, y and p„ for positive particles produced in 

nA collisions at 300 GeV. 

16. Dependence of ot on x for neutron production in p-Pb and p-Be 

collisions at different laboratory angles. 
2 

17. Dependence of a on p for positive and negative particles produced 
in nA collisions at 300 GeV. 

+ + -

18. Ratios of multiplicity for p, K and IT beams for v=3 to multi

plicity on hydrogen at 100 GeV. 

19. Dependence of the average number of produced negative particles on 

the number of identified protons (N ) in IT He collisions. The 

extracted dependence of the effective target mass on N is shown 

at the bottom. 

i'J. Distribution of KHO scaling variables for TT p, TT He; TT~C and V-He 

collisions. 
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21. The ratio of the multiplicity distribution of negative particles in 

1T-Ne collisions with N = 2 at So GeV/c to those in (a) TT~p collisions 

at 147 GeV/c and (b) iTp collisions at 100 GeV/c. 

22. The average number of shower particles as a function of the number 

of heavily ionizing tracks in emulsions exposed to proton btams. 

23. The extracted values of effective target mass and ratios R_ for 

data in Fig. 22. 

24. The dependence of a on x for K production in pA collisions 

at 300 GeV. 

25. The dependence of a on x for A production in pA collisions at 

300 GeV. 

26. The dependence of a on p for the production of jets of hadrons 

at 200 GeV for hydrogen and aluminum targets. 
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(a) pion-exchange 

n 

(b) proton-exchange 

n 

(c) neutron pole 

F i g . 2 
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Quark Model and High-Energy Nuclear Experiments 

A. BIA&AS 
Fermi National Accelerator Laboratory, Batavia, Illinois 60510 

and 
Institute of Physics, Jagellonian University, Cracow, Poland 

ABSTRACT 

Theoretical aspects of the measurements of production 
of low transverse momentum secondaries in high-energy hadron-
nucleus and nucleus-nucleus collisions are discussed. Appli
cations of the quark model to those processes are discussed 
in some detail. 



-64-

I. INTRODUCTION 

1 2 As was recognized many years ago ' and is now widely 
accepted, the interactions of high-energy hadrons with nuclear 
targets provide an opportunity to study the hadronic inter
actions at very short times. This possibility became 
particularly exciting, when the experimental discovery of 

2—5 
the absence of intra-nuclear cascading of fast secondaries 
indicated that hadronic physics at short distances is far 
different from what we normally see at macroscopic times. 
The detailed discussion of this phenomenon in terms of general 
principles of quantum mechnics and field theory was already 
presented in several review papers, including the classical 

6-9 
one by Gottfried. I shall not report the details here, 
but just indicate the main idea. 

First, let me emphasize that the absence of intra-nuclear 
cascading of secondaries implies that the fast secondary 
hadrons are created outside of the nucleus. Indeed, were 
they present inside the nuclear matter, they would interact 
and induce cascade. This long-time character of "hadronization" 
can be interpreted as a consequence of uncertainty prin-1 2 7 10 11 ciple: ' ' ' ' The minimal time necessary to emit a slow / "̂2 21 

^ . ^ p x+m is the 
energy of this hadron. For an observer in laboratory fraise 
this time becomes Lorentz-dilated and the hadron will show 
up after 

t £ cosh y T Q % 2
E
 2 (1.1) 

P. + m 
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where y'E, p and u are rapidity, energy, transverse momentum 
and mass of the hadron. t is very long for typical high-energy, 
low transverse momentum secondaries. Thus fast hadrons are 
created well outside the nucleus and, consequently, do not 
cascade. 

This argument shows that the absence of intra-nuclear 
cascading is a very natural phenomenon in any theory which 
contains uncertainty principle—in particular in any field 
4.U 1,2 

theory. ' 
It should be stressed that the absence of intra-nuclear 

cascading is really of paramount practical importance for all 
discussions of interactions in nuclei, because it enables a 
relatively simple interpretation of the experiments and allows 
possible deductions about elementary hadronic interactions. 
With cascading present,it would be extremely difficult, if not 
impossible, to dig out the signal out of noise. 

Since we know already that the hadrons are not present in 
the nucleus, we have to confront the next problem: what is 
the nature and properties of the intermediate state travelling 
through the nuclear matter. There is yet no final answer to 
this question. Actually, this is the "hot" issue at the moment 
and several different models are being considered. 

This argument implies also a very specific time-ordering of 
multiparticle production (slow particles are created earlier 
than fast ones). For discussion of this point see Refs. 12 
and 13. 
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Most of the models ' ~ attempted to describe the 
existing nuclear data in terms of general properties of 
hadronic interactions, as derived from high-energy experiments. 
Thus, in a way, they try to omit the problem of the inter
mediate state and concentrate on those aspects of nuclear 
scattering which are independent, or weakly dependent on it. 
Those investigations showed that, indeed, the gross features 
of particle production from nuclei can be understood in terms 
of few parameters describing hadron-hadron inelastic collisions. 
They played an important role in finding regularities in the 
data. On the other hand, such a general description has 

necessarily a limited predictive power. 
27 Another approach, first considered by Goldhaber , and 

28—34 developed independently by several other groups emphasizes 
the relation of the observed A-dependence of the spectra to the 
structure of the intermediate state which in turn is related 
to the structure of the incident high-energy hadron. This has 
the attractive feature that, if indeed such a relation is 
established, one may use the nuclear data for learning about 
the structure of high-energy hadrons. In the present talk 
I shall mostly concentrate on the recent investigations in 
this direction. I shall argue that, indeed, the nuclear 
experiments do provide interesting information on the structure 
of the incident high-energy hadrons. 

A notable exception is model of Ref. 22. 
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The intuitive picture which leads to this conclusion is 
as follows. The incident high-energy hadron can be viewed as 
a bound state of some numbers of constituents. Consider first 
its interaction with "elementary" say, proton, target (Fig. 1). 
In the "soft" — low momentum transfer — inelastic collision 
this hadronic bound state is destroyed. However, the nature 
and momentum distribution of hadronic constituents is not 
expected to change considerably just because the momentum 
transfer in the collision is small. Thus the constituents 
continue moving along the direction of the initial hadron, 
until they change into ordinary hadrons, with the lifetime 

T(Y) = Y T 0 (1.2) 
where -y is the Lorentz factor of the constituent and x Q 

a characteristice lifetime, as measured in rest frame of the 
12 13 constitutent. ' 

Consider now the same process happening inside the 
nuclear matter, as depicted in Fig. 2. In such a case the 
hadronic constituents move through the nuclear matter and can 
interact with it. This interaction implies the A-dependence 
of the process. Thus by measuring A-dependence of final 
spectra we can obtain information on interaction of hadronic 
constituents inside the nuclear matter and from that deduce 
their properties. The important parameter in the description 
of this final-state interaction is the constituent lifetime 
T(Y) given by Eq . (1.2). Indeed, the argument presented here 
works only for constituents which T(Y) is greater than nuclear 
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dimension, that is, the energetic constituents. The low-
energy constituents have a big chance of decaying into 
hadrons inside the nucleus and consequently to induce some 
cascading phenomena inside the nuclear matter. Thus 
measurements of intra-nuclear cascading of slow secondaries 
can give information on lifetime of the hadronic constituents. 
This is an exciting possibility, but its discussion goes 
beyond the scope of the present paper. 

It is worth it to emphasize that in such an approach 
the nucleus is treated as a part of apparatus — a kind of 
detector which (due to its extremely high time resolution), 
helps to observe phenomena non-accessible to ordinary detectors 

* used in high-energy physics. We are thus interested in details 
of nuclear structure only as far as they are necessary to 
understand the response of our detector. In most applications 
till now it seems justified to treat nucleus as a collection 
of quasi-independent nucleons. This description shall be used 
here. It should be remembered, however, that, with increasing 
accuracy of the experiments it may be necessary to go beyond 
this approximation. 

Let me add another remark which seems necessary to avoid 
misunderstanding. When I talk here about the "constituents" 

Indeed, the time resolution of a nucleus is of the order of 
average distance between nucleous £ 2fm •*. 10~ l 7u sec! This 
fantastic time resolution is the main advantage of using 
nuclear targets. 
For other possibilities of treating the nucleus, see 
Ref. 35. 
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I do not necessarily mean "elementary constituents", like 
partons (although I would not like to exclude this possibility, 
as discussed in the last section). Indeed, the number and the 
nature of effective hadronic constituents, as seen in low-
momentum transfer experiments may be actually very different 
from the elementary partons seen in deep inelastic processes. 

This is so because we are testing here hadrons on a very long-
2 

term scale compared to the one relevant to the large Q phenomena. 
Thus we are sensitive to the soft interactions between the partons 
which may well build up important correlations, e.g., clustering 
effects. The possibility of uncovering such long-time cor
relations between partons is one of the attractions of the 
nuclear experiments at low momentum transfers. 

The time available does not allow me to cover also 
another very exciting subject, namely large transfer processes 
in nuclear matter. Some aspects of this problem are discussed 
in Ref. 33 and in contribution of S. Brodsky to this meeting. 

The structure of this talk is as follows. In the next 
section we describe results of a "measurement" of the number 
of independent high-energy constituents inside the incident 
energetic hadron. 

In Section 3, various tests of the additive quark model 
are discussed. Nucleus-nucleus interactions are discussed 
in Sec. 4. In the last section, an attempt is made to interpret 
the obtained results in terms of the interactions of colored 
quarks and gluons. 
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IL MEASUREMENT OF THE EFFECTIVE NUMBER OF HADRONIC CONSTITUENTS 

In this section, I s"iall discuss what the nuclear data 
can tell about the effective number of constituents contained 
in the incident hadron. In particular, I shall argue that: 
(a) the A-dependence of particle production in the central 
rapidity region is sensitive to the number of constituents 
in the incident hadron and (b) the data indicate that the 
effective number of constituents in nucleons and pions is 
equal to the nuir'oer of constituent quarks in them, i.e., 
respectively 3 and 2. 

28 
The argument runs as follows. Consider a hadron h 

made cut of N. independent constituents. The requirement 
of independence means that we do not like to consider as 
different the constituents which are strongly correlated 
to each other. When hadron h scatters off the hydrogen 
target, some number (W„) of these constituents (at least 
one) undergo inelastic collisions (Fig. 3a), and produce 
particles. We call them "wounded" constituents. Since the 
constituents are independent, the observed average multiplicity 
n. „ of the production process is 

a h H(y) = W H • n w(y) (2.1) 

where n„, is the multiplicity produced by one wounded 
constituent, and y is the rapidity of the observed hadron. 

This may be considered as a definition of a "constituent". 
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Consider now interaction of the hadron h with nucleus 
A. In thjs case the number of wounded constituents W. may 
be substantially larger (Fig. 3b) because the hadron can 
interact with several nucleons in the target. Consequently, 
the average multiplicity n. . in the production process with 
nuclear target 

nhA<y> = \ • v * > ( 2 - 2 ) 

is expected to be greater than n h„(y). 

For the ratio R«(y) = nhA^ y^ nhH^ y^ w e t n u s obtain 

R A(y) = Jjj • (2.3) 
The derivation of this formula contains an implicit assumption 
that production of particles by one wounded constituent is 
approximately independent of the target. This seems to us a 
reasonable working hypothesis. Intuitivsly, it corresponds to the 
idea that the target can influence the production of only those 
particles which are created during the passage of the projectile 
through the target, i.e., only slow particles in the target 
fragmentation region. Since the bulk of the production in 
central rapidity region takes place long after the constituent 
passed through the target, there should be virtually no A-
dependence in this region. However, we certainly do not expect 
the formula (2.3) to be valid in the target fragmentation 
region. For more detailed discussion of this assumption we 
refer the reader to the Hef. 27 and Sec. 5. 
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The right-hand side of the Eq. (2.5) can be expressed 
28 36 

by the cross-iections of the constituent. We obtain ' 
w = -b^cA = Ji_cH ( 2 4 ) 

A ahA H ahH 
where a's are inelastic, nondiffractive cross-sections. Using 
these formulae we obtain from (2.3) 

RA<y> • ahH CcA/°hA 0cH = Vh A/ VcA ( 2 - 5 > 

where v.. is the average number of collisions of the projectile 
h in the nucleus A: 

Vh " A < W a h A < 2- 6 ) 

The only unknown parameter is now o „ , the irelastic cross-
section of the hadronic constituent on hydrogen. However, we 
know that the hadrov h is made of N, constituents and thus 

* we expect 

°cH = NT °hH < 2- 7> 
h 

Using (24) we obtain immediately w„ £ 1. Furthermore, 
a . can be calculated using (2.7) and the Glauber model 
formula 

This relation is only approximate. We have checked that the 
10% correction to the formula (2.7) does not change the 
conclusion of this section. However, they may be not 
negligible if more detailed analysis of the data is 
attempted. 



-73 -

°CA = J d 2 b l " { ( 1 " ° c a D A < b ) 4 ( 2 - 8 ) 

where D«<b) = I p.(b,z)dx and p(r) is the nuclear density. 
Consequently, we can calculate ff. and R. in the central 
rapidity region. 

In Fig. 4, the plot of R,. versus v , is shown for 
incident nucleons for different values of number of constituents 
N . The inelastic nucleon-nucleor. cross-section was taken P 
30 mb. The most striking feature one can see in this figure 
is that, for heavy nuclei, there is quite a dramatic dependence 
of predicted R. on the assumed number of constituents N in the 
incident nucleon. It is just this strong N d'_endence which 
makes possible the determination of N from nuclear data. The 

35 data from Busza, et al. are also shown in this figure. It 
is clear that they fav.r the choice N = 3, which coincides 

38 J9 with the number of quarks inside the nucleon 
In Fig. 5 we are repeating the same exercise for pion 

beam. Again R. is plotted versus v , for different N . 
Although the data ' are much more scarce than in the previous 
case, one can see a clear indication that N = 2 , again 

TT 

coinciding with the number of quarks in the pion. 
These results are very appealing, because they suggest 

that in the low momentum transfer phenomena the constituent 
quarks play the essential role. This could possibly be 
interpreted as evidence for strong cluster-like correlations 
between the wee partons and valence quarks. That is to say, 
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the wee gluons and qq pairs are not independent, but are 
clustering around the valence quarks. It should be noticed 
that such a picture was advocated on different grounds 

40 41 41 
sometime ago by Leningrad group * and by Cabibbo et al. 
Another possible interpretation is discussed in the last 
section. 

One more remark may be in order here. All the conclusions 
we have reached about number of constituents are based on data 
on average multiplicities. Consequently, we can only say that 
on the average the number of constituent5 in hadron is equal 
to the number Of quarks. To answer the problem of whether 
they are actually equal, it is necessary to analyze the 
multiplicity fluctuatiov rfhich shall give information on 
dispersion of the distribution of number of constituents. 
No such investigation was carried out so far. 

In the next section we shall consider the quark model 
in ii.̂ re detail and show that it gives many interesting pre
dictions which may be tested in future experiments. 

IIT. FURTHER CONSEQUENCES OF THE QUARK MODEL 

A. Particls Production by Different Hadrons 
Generalizing slightly the arguments of the preceding 

section and assuming that a wounded strange quark produces the 
* same rapidity plateau as a wounded nonstrange quark 

This assumption is supported by the experimental observation 
that particle multiplicity in Kp interactions is similar to 
that in ?rp interactions. 
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one arrives at the following predictions for A-dependence 
of particle production by different beams: 

K beam R = - 2 ^ 
A °KA 

2 0QA 

. - 2°QA+°SA 
A °AA 

where o_. and a„. are inelastic, non-diftractive cross-sections 
of non-strange and strange quarks. These predictions are plotted 
(together with those for proton and pion beams given in previous 
section) in Fig. 6 versus the so called "average number of 
collisions" \i. , given by Eq. (2.6). 

The inelastic cross-section of strange quark o s„ was taken 
44 4.5 mb and generalization addltivlty rule (2.7) was used to 

calculate hadronic cross-sections from hydrogen. The nuclear 
inelastic cross-sections needed to calculate the number of 
wounded quarks were estimated from the Glauber model formula (2.6). 

A characteristic feature seen in Fig. 6 is that the points 
cluster around the two well-separated lines, one for baryons and 
one for mesons. This again indicates that the only essential 
parameter is the number of constituents in the incident hadron. 
The measurements of particle production in central region by 
hyperon beams would be thus very useful for testing the ideas 
advocated here. 
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There is one particularly interesting case which is 
worth menrioning seoarately. If indeed the additivity rule 
works for Hp cross-section, we expect o_„ = ô ., + <;o„„ = 19rab. 

- 1̂1 oil 

One notices that this is very close to the up inelastic non-
diftractive cross-section (̂ 20 mb). Thus we have two different 
projectiles with very similar cross-sections in hydrogen (and, 
consequently, also in nuclei). As seen from Fig. 6, however, 
the expected A-dependence of particle production is quite 
different in the two cases: the cascade baryon, having more 
constituents, should exhibit more A-dopendence. This should 
be contrasted with predictions of the models which relate the 
A-dependence of particle production to the cross-section (or 18 22 number of collisions) of the projectile. ' Indeed, if the 
cross-section is the only relevant parameter, then A-dependence 
should be the same for E and TI beam. Thus the comparison of 
u and H induced reactions in nuclei should provide a decisive 
test of the idea that the structure of the incident hadron is 
important for those phenomena. This observation is clearly 
much more general than a specific model we are exploring here. 

B. Projectile Fragmentation Region 

The results we were discussing until now are expected to 
be valid in the central region of rapidity. It is obviously 
quite important to analyze what happens outside of this region. 
Typical data showing projectile fragmentation region are shown 

45 in Fig. 7. 
Before further discussion, it is important to emphasize 
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that, whereas the results for the central region depend 
essentially only on the number of hadronic constituents, 
the projectile fragmentation region is much more sensitive 
to the details of the mechanism of the hadron formation. 
This gives more ambiguity in the predictions but, at the 
same time, provides opportunity of testing different mechanisms 
of the transition from hadronic constituents to hadrons. 

Basically, two different approaches were considered: 
(a) decay and/or recomhination of spectator quarks and (b) 
collective fragmentation model. 

Let me now discuss their characte ;tlc predictions. 
(a) Spectator Quark Fragmentation Model 

31 It was noted by Anisovich, et al. that the important 
source of secondaries in projectile fragmentation region may 
be the decay of spectator constituent quarks which did not 
take part in the interaction (did not get wounded, in our 
language). This is because those spectator quarks have a 
tendency to be faster than the wounded ones (They do not lose 
energy for emitting secondaries in the central rapidity region.). 
If this is indeed the case, one immediately concludes that the 
number of particles produced in the prcjectile fragmentation 
region should be decreasing with increasing A. This is illus
trated in Fig. 8. 

An estimate of such effects in Ref. 31 was shown to agree 
with the data at 20 & 24 GeV. A similar model was recently 
discussed in Ref. 47 where many additional relations were 
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derived and some of them compared successfully with the data. 
If one assumes a specific model for spectator quart: 

recombination functions; many predictions can be obtained. 
Nikolaev and collaborators ' discussed this problem ex-

49 tensively using the quark recombination model as a guideline. 
Actually, I feel that the situation in the fragmentation 

region is slightly more complicated than presented in Refs. 
31, 47, 48. Since the quarks do not have fixed momentum, 
fast wounded quarks can contribute to panicle production in 
the projectile fragmentation region, ana one should consider 
both contributions. 

For the incident mesons we can thus write simply 

nA^> = W y ) + (W nsp^ ( 3- 2 ) 

where N. - w. is the number of quarks which did not get 

Although most of the data was satisfactorily described by 
authois of fief. 9,48, it seems that the new data of Ref. 50 
give an evidence against the recombination model, as used by 
them. As noted by Nikolaev, et al., ' according to the 
recombination model, there should be a dramatic difference 
between the A-dependence of spectra for secondary particles 
which do have common quarks with the incident one and those 
which do not have common quarks; since the latter cannot be 
produced by recombination of spectator quarks, they should 
have always RA2:1, i.e., their production should increase with increasing A. This prediction is strongly violated by 
data of Ref. 50 which shows identical A-dependence for 
A and A production (b^th having R«<1 for x>.2). Let me 
emphasize that the data of Ref. 50 do not contradict the 
general quark model formula, but only a simple recombination 
model for n (y) used in Refs. 9 and 48. sp 
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wounded and 5 (y) is the multiplicity of secondaries produced sp * by one such a spectator quark Since w» increased with A 
and n (y) is independent of A, this term must decrease with sp 
A. This is shown in Fig. 9. 

On the other hand, the first term in the R.H.S, "1 Eq. (3.2) 
increases with A, provided that, as ws always assume, n_(y) is 

27 28 
independent of A. ' Since we do not know the exact form of 
n (y) and n (y), it is not possible to predict exactly the A-
depondence of the spectrum. However, it is interesting to 
observe that the Eq. (3.2) implies that the particle density 
is a linear function of the average number of wounded quarks: 

A y w " A ^ - N n " s p ^ + w Ai n w<y> - n

S p ( y : > ] • < 3 - 4 > 

Thus the spectator quark model suggests a very specific 
parametrization of A-dependence. It would be interesting 
to test this parametrization and use it for determining quark 

51 decay functions n(y) and n
S D ( y ) -

The formula (3.2) has many consequences for quantum 
numbers of the observed final particles. This is because 
the A-dependence of the spectra shall reflect n (y) and n (y) 
which are expected to be different for different quarks and 
different detected particles. This should not affect 
the predictions of the model in the central rapidity region, 

For incident baryons the formula becomes more complicated, 
because it is necessary to account for the probability that.-
two spectator quarks recombine to ir.ake one final baryon. ' 
For more detailed discussion, see Ref. 51. 
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which is dominated by n (y) and thus insensitive to quantum 
numbers of final particles. However, as we move towards the 
projectile fragmentation region the interesting effects 
may appear. The exact predictions depend on the form of 
the quark fragmentation functions n (y) and n (y), and are 
'herefore ambiguous. I would rather advocate using the ex
perimental data in order to extract the quark decay functions and 

51 try to understand their systematics. 
(b) Collective Fragmentation Model 

It is by no means obvious that the quarks contribute 
independently to the particle production in the projectile 
fragmentation region, as assumed in the spectator quark model. 
One may actually argue that, since they happen to be very close 
in chase-space, they may interact strongly before changing into 
hadrons, and therefore -"..̂  cannot neglect the collective 

* phenomena. Such a point of view seems less actractive than 
the one advocated in Ref. 31, because it does not give so 
many specific predictions, at least as long as we cannot 
calculate these collective effects. It is, nevertheless, 
interesting to try to estimate what are the expectations from 
such a collective fragmentation model, in order to contrast 
them to the other one. This problem was discussed in Ref. 29. 

* A simple example of the model which may lead to such a picture 
is the Low model of high-energy interaction of hadron bags. 
In this model contribution to the projectile fragmentation 
region comes from the decay of the whole hadron bag and is 
not necessarily a sum of contributions from the individual 
quarks. 
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Since nothing is known about the collective phenomena 
in the fragmentation of the fast hadron, the authors of 
Ref. 29 took the extreme point of view, namely that in the 
fragmentation region all the memory of the quark structure 
is lost and the distribution of final particles is just 
governed by (longitudinal) phase space. Such a simplified 
approach can be motivated by the well-known fact that the 
observed spectra in hadron-hadron collisions are, to a large 

53 
extent, determined by energy and momentum conservation laws. 
In particular, the simple^ longitudinal phase-space (including 

54 55 cluster production and leading pirticles '- ) seems to be a 
very good description of bulk of hadronic production at small 
transverse momenta. 

It was shown in Ref. 29 that, although the phase-space 
does not influence significantly the A-dependence of the 
spectra in the central region, it does modify it strong'.y in 
the fragmentation region of the projectile. As a matter of 
fact, the phase-space itself can explain a large part of the 
decrease of spectra vith increasing A at high rapidities 
(see Fig. 7). 

Qualitatively, it is rather straightforward to see that 
if the spectrum increases with increasing A in the central 

5C 
region, it must decrease in projectile fragmentation region. 
Simply, since there are more particles produced in the 
central region, there is not enough energy left to produce 
very fast particles and the fragmentation decreases. A 
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typical result of the phase-space calculation for A-
dependence of the spectrum is shown in Fig. 10 for 300 GeV 
inr-.ident neutrons, together with data of Ref. 45. It is 
seen that there is only very little modification in the 
central region at this energy. It is also seen that the 
phase-space prediction follows the data quite closely in 
the projectile fragmentation region. This indicates that 
the fragmentation region is fairly well described by 
kinematic effects, provided the central region density is 
correctly cho-'n. It follows that it may not be easy to 
disentangle different mechanisms of particle production 
in this region, without detailed investigation of the 
quantum number correlations (the phase-space corrections 
are sensitive only to the masses of the produced particles 
and not to other quantum numbers). 

C. Comparison With Other Models 
Let me close this section with a few remarks about 

comparison of the quark model with some other models of 
particle production from nuclei. 

a. Tne eikonal model predicts that for every pro

jectile h 

This observation leads to a striking prediction that 
A-dependence of the spectra should be the same for particles 
and antiparticles. It is actually quite well confirmed by 
data for A and A. I would like to thank K. Doro.ba for point
ing out this data to me. 
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R A = f(A) v h A > (3.5) 

where f(A) is universal function of A, which does not depend 
on projectile h . Although the Eq.(3.5) looks similar to 
our Eq.(2.5), it should be noted that their consequences are 
quite different. In Eq.(2.5) the coefficient l/vo* which 
multiplies v.. does depend on the nature of the projectile 
h (because the quark content may be different for different 
projectiles). This is an important point because, if Eq.(3.5) 
is applied to projectiles with very small cross sections on 
nucleons (e.g. heavy vector mesons),it implies f(A) = 1. 
Since f(A) does not depend on projectiles we recover the 
well-known result of the standard eikonal model 

R A = v A, (3.6) 

which is in clear contradiction with the data, as seen e.g. 
in Fig. 3. 

b. The model of Ref.24 expresses R. as an integral 
over parton energy distribution. The authors calculated 
R A for 200 GeV incident protons. It is plotted in Fig. 11, 
together with our calculation (Eq.2.5) for comparison. One 
sees that the results are close and differ substantially 

* The condition c^n •* 0 implies v. A -»• 1, independently 
of A. 
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only at large A. At higher energies the model of Ref. 24 
predicts lurther increase of R., so that the difference is 

g 
expected to grow. The data at present cannot clearly dis
tinguish the two models, although the quark "iodel seems 
slightly favored. 

c. The model of Ref. 22 gives a simple formula for 
BA-

R A(y) = v ^ a - f) + U - (i - f)v b A} (3.7) 

where y is the cm. rapidity, and Y is the length of the 
central region at a given energy. To compare with the data, 
we integrated the formula (3.7) for 3 _< y. . <_ 4 at 200 GeV 
incident momentum (y,„K - 3 + y ). The results are sensitive 

lab cm 
to the choice of Y. In order to obtain agreement with the 
data Y has to be chosen <3, which seems to be a little 
low, since the full length of the rapidity interval for pions 
at this energy exceeds o units. The results for Y=3 are 
plotted in Fig. 11. 

OK 

D. Modified Cascade Model 
Finally, the results of the modified cascade model 

of Ref. 25 are plotted in Fig. 11. It is seen that they 
agree very well with the data of Ref. 5. 

My general impression is that there is still much work 
co be done before one will be able to decide finally which 
model is the right one. At present the high energy data 
are rather scarce and no comprehensive critical comparison 
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with models was done. For more detailed discussion of 
different models, the reader is referred to Ref. 9. 

IV. NUCLEUS-NUCLEUS INTERACTIONS 

A. Central Rapidity Region 
A good part of the argument oi the previous sections 

can be generalized to include the nucleus-nucleus collisions. 
28 Consider first the central rapidity region. Let 

nucleus A be incident at high energy on a target. We first 
calculate the ratio nyVg(y)/n.,,(y) of multiplicities when 
targets are nucleus B and hydrogen. According to the model 
of Ref. 28, this ratio is equal to the ratio of the number 
of wounded quarks in A for those two cases. Thus we have 

nAB (y> . !AB = VOB Va „ V^B 
"A**' " WA " "AB ' '°A W q C ' 

where N. is the total number of quarks in nucleus A: a and A Q 
a. are quark-nucleon and A-nucleon inelastic nondiffractive 
cross-sections. Using now Eq. (2.5) w>: obtain for the ratio 
RAB<'> 

-central. , _ n A B ( y )
 =

 JH aqA gqB VAB (4.2) 
AB <•*> = n H R(y) " a A Ba q2 v q A v q B 

there v,_ is the total number of inelastic nucleon-nucleon 
collisions in A+B scattering 

AB o 
AB = -T^ ( 4 - 3 ) 
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and v ,, v „ are number of collisions of quarks in A and B, 
given by Eq. (2.6). The numerical estimates of Eq. (4.2) 
are shown in Fig. 12 for different beams and target nuclei. 
It is seen that the results depend mainly on the product A,B. 
The most amazing feature seen in Fig. 12 are the large values 
of multiplicities which can be obtained in scattering of 
heavy nuclei. This indicates that the extrapolation one makes 
from nucleon-nucleus to nucleus-nucleus case is rather con
siderable. It would be indeed surprising if it would survive 
precise experimental tests. 

Equation (4.2) was found to be compatible with cosmic 
29 ray data. For comparison also the prediction from the 

model of Ref. 22 is plotted in Fig. 12. It is seen that the 
two models differ substantially only for collision of two very 
heavy nuclei. 

The formula (4.2) is a generalization of Eq. (2.5) for 
nucleus-nucleus collisions. As Eq. (2.5), Eq. (4.2) is also 
expected to be valid in the central region of rapidity. This 
may mean very high energies, because at low energies the 
plateau is simply not present. 

It is therefore of importance to analyze the projectile 
fragmentation region which most probably dominates the data 
at present energies. Unfortunately, this involves under
standing of the processes of nuclear fragmentation and 
intra-nuclear cascading of slow secondaries (in nucleus rest 
frame), and thus appears to be fairly complicated. 

No detailed discussion of this problem exists, therefore 
I shall restrict myself to few remarks. 
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B. Target Fragmentation Region 
Consider first a special case of target fragmentation 

region in nuoleon-nucleus collisions. A simple picture of 
multiple scattering inside nucleus suggests that multiplicity 
in this region should be approximately v.. times that in 
hydrogen. The possible cascading phenomena and Fermi motion 

57 effects modify this simple prediction, but hopefully only 
in close neighborhood of the phase space limit. Indeed, in 
the region y < 0 £ 2 the formula 

n A = vhA nH < 4- 4> 
5 38 58 works quite well, ' ' supporting the picture of target 

nucleons interacting independently with the projectile. 
If we follow the picture of the spectator fragmentation 

model, as described in the previous section, the general 
formula for multiplicity distribution in hadron-nucleus 
collisions should be written as 

nA<y> ° 2 v h A n s p ) < y ) + VwW + < 3 - w A ) n s p ) ( y ) < 4 - 5 ) 

where nl~ (y) is the contribution from a spectator quark in 
the target and n „ is the contribution from a spectator sp 
quark in the beam. n

w(y) i s t n e contribution from wounded 
quarks. For y in the fragmentation region of the target 
this contribution is probably depending on A (proportional 
to v . ) , so that the formula (4.4) is recovered in this 
region. 
To simplify our semi-quantitative discussion, we neglect 
the difference between decay of spectator quarks and diquarks. 
A more general formula can easily be written down. 
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It should be stressed again that Eq. (4.5) probably 
underestimates the multiplicity in target fragmentation 
region, where cascading is expected to occur and where the 

5 data do indeed show multiplicity rising faster than ^ h A -
It is not clear to me at the moment what shall be the 
consequences of the internal motion inside the nucleus, 

57 but this effect can probably be estimated. 
We may ask now what is the proper generalization of 

the formula (4.5) for the target fragmentation in nucleus-
nucleus collisions. As far as I can see, the most likely 
possibility is that multiplicity is proportional to the 
number of spectator quarks in wounded mucleons in the tar
get. Thus we obtain for collision B + A 

nAB<y> - ffAN<3-Vnsp°^ + ^"V^ + 

+ ffB
N(3-wA)ng)(y) (4.6) 

K N where ff. and W„ are numbers of wounded nucleons in A and B, 
respectively and R c | n t r a l is given by Eq. (4.2). n^"* is 
the contribution from a spectator quark in the target (A) 
a n d nir. that is beam (B) nucleus. Again, it should be sp 
pointed out that n~(y) may depend on A and B in the frag
mentation regions, so no easy predictions are possible in 
general. Also the remarks about cascading phenomena and 
internal nuclear motion which I made before apply here as 
well. 
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With all of these caveats in mind, it is still 
interesting to see how the cor.tribution from fragmentation 
region compares with that of central region, given by 
Eq. (4.2). Neglecting the central region we obtain 

nAB<y> - ffANc3-Vnsp}<y>+ V ^ - v O 3 0 < 4 - 7 ) 

If we assume that n^_ (y) gives contribution only to 
forward hemisphere and n£~/(y) only in backward hemisphere 

sp 
we obtain for integrated multiplicities 

nAB = *<*A N ( 3"V + W B N ( 3 - W A ) } n H ( 4 - 8 ) 

where n_ is multiplicity in proton-proton collision. The 
first term comes from the target (A) hemisphere and the 
second term from the beam (B) hemisphere. The ratio 
RAB H nAB^ nH o l r t a : i- n e < i from Eq. (4.8) is plotted in Fig. 13. 
One sees that the obtained multiplicities are substantially 
lower than the ones from Eq. (4.2) (Fig. 12). Thus, one 
expects ratio H._ to increase with increasing energy, as 
the central region becomes more and more important. 

V. OUTLOOK 
I tried to argue in this talk that the constituent 

quark model provides a successful phenomenology of hadron-
nucleus collisions at low momentum transfers. The natural 
next question is if this success can be understood in terms 
of a more fundamental theory. I shall close my lecture by 
some spectulations on this subject. 
* 51 
If the diquark recombination into baryons is not neglected, 
the obtained multiplicities are expected to be even lower 
than those seen in Fig. 13. 
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First let me emphasize again an important ingredient 
0*7 og 

in our treatment of the quark model ' : to obtain agree
ment with data it was necessary to assume that, in the 
central region cf rapidity, radiation of particles from a 
"wounded" quark is independent of the target, i.e., of the 
number of scatterings it suffered from the target. This 
assumption looks fairly natural in the laboratory frame, 
where quark is fast and nucleus is at rest. Consider, 

28 
however, the situation in the rest frame of the projectile. 
In this frame, nucleus is bombarding the hadron with large 
energy and now quarks in the nucleus radiate final particles. 
If we like to be consistent we have to assume that total 
radiation from all quarks in the projectile nucleus which 
interacted with just one given quark in the hadron target 
is the same as from one quark. This is so because amount 
of radiation in the central region obviously cannot depend 
on the frame of reference we are choosing. When stated that 
way, this phenomenon is clearly much more difficult to 
understand. One possibility of understanding it is to 
notice that in the anti-laboratory frame the nucleus shrinks 
because of Lorentz contraction. Consequently, all constituen 
quarks which have the same impact parameter actua.lly cannot 
be distinguished and behave as a single quark. The conse
quences of this effect were first described by Kanchelli , 
who argued that in such a case radiation is independent of 
the size of the target 
Kanchelli applied this argument to hadrons (not to quarks) 
and consequently obtained R A=i i n the central region. 
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Another possibility, perhaps more attractive, is to 
observe that a similar phenomenon occurs if particle pro
duction at high energy is described by exchange of color 

52 gluons between colored quarks as suggested by Low. In 
the Low model particle production occurs long after the 
exchange of gluons takes place and is caused by necessity 
to rearrange color in the final state so that two color 
octet states which move with high velocity in opposite 
directions do not show up as real particles. This amounts 
to breaking of t'r; colored gluon "string" which connects the 
two octets (Fig. 14). The multiplicity of hadrons created 
in this way is likely to depend only on the amount of color 
in the "string", at least in the central region, not too 
close to the ends of the string. Now, the important point 
to observe is that in scattering from a single quark only 
two color exchanges are possible, independently of the number 
of scatterings: singlet and octet. Singlet exchange leads 
to diffractive interactions which we are not discussing here. 
This leaves us with unique possibility of octet exchange. 
Consequently, we indeed expect the same multiplicity created 
by one quark, independently of the number of times it scatters. 

This argument requires the assumption that, if the two 
color strings are close to each other, they shall interact and 
collapse into one. This seems to me a reasonable hypothesis 

The necessity of such self-interaction between " sparks" was 
already recognized in Ref. 27. 
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because the energy of one string is clearly smaller than 
two separate strings with the same color content. Finally, 
let me add that in this picture the actual calculations may 
be quite involved, because the radiation must also depend 
on the (transverse) distance of the quarks inside the hadron 
(if the transverse distance between wounded quarks in the 
projectile is smaller than the range of interaction of the 
color tubes, those two quarks shall be seen as one object 
with (possibly) more complicated color content). 

Although the picture presented here looks fairly 
natural in a theory of colored quarks and gluons, it should 
be realized that it indicates just the possibility and not 
yet a developed model. The main point (apart from obvious 

o 
difficulties of applying QCD for low q processes) is that 
in the Low model it is not trivial to calculate the number 
of wounded quarks: the model is formulated with amplitudes 
rather than probabilities—strong interferences between the 

o amplitudes expected in small q region destroy the naive 
probabilistic interpretation. Thus more work should still 
be done on this problem before final conclusions are reached. 
I feel however that this is a very attractive possibility of 
understanding high-energy nuclear scattering and relating it 
to the fundamental theory of strong interactions. 

Other possibility was discussed by S. Brodsky at this meeting. 
I would like to thank Professor F. Low for an illuminating 
discussion about this point. 
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In conclusion, let me emphasize that, although the 
quark model of hadron nucleus interactions at high energies 
is far from being proven by existing experiments, it 
definitely provides an attractive possibility of inter
pretation of the data: (i) it gives many simple predictions, 
(ii) it allows the extraction from data of some interesting 
information about hadronic constituents and finally (iii) it 
gives a hope to relate the hadron-nucleus interactions to 
fundamental theory of hadrons. I feel that it is indeed 
worthwhile to undertake further investigations in this 
direction. 
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FIGURE CAPTIONS 

Fig. 1 Low momentum transfer hadron-hadron collision. 
Fig. 2 Low momentum transfer hadron-nucleus collision. 
Fig. 3 Interaction of hadronic constituents in hydrogen 

and in nucleus. 
Fig. 4 R. from Eq. (2.3) plotted versus average number 

of collision v of protons in nuclear data from 
Ref. 5. a = 30 mb. 

PP 
Fig. 5 R, from Eq. (2.3) plotter versus average number 

o' collisions \> of pions in nuclear target. Data 
from Ref. 38. a = 20 mb. 

irp 
Fig. 6 R. for different projectiles calculated from 

Eqs. (2.3) and (3.1), plotted versus average 
number of collisions v.. 

Fig. 7 Data from Ref. 45 showing A dependence of negative 
particle spectrum in the forward hemisphere for 
300 GeV neutron-nucleus interactions. Line is 
the result of Eq. (2.3). 

Fig. 8 Spectator quark contributions to the projectile 
fragmentation region. 

Fig. 9 A-dependence of the speccator quarks contribution to 
particle production for pion and nucleon beam plotted 
versus atomi • number of the target-

Fig. 10 Longitudinal phase space calculation of the 
A-dependence of negatives rpectrum for 300 GeV 
neutron-nucleu'" "ollisions. Data from Ref. 45. 



-99-

Fig. 11 Comparison of different models of particle pro
duction. Data from Ref. 38. 

Fig. 12 Central plateau density in nucleus-nucleus 
5 collisions at high energy, a = 32.3 mb. PP 

Closed symbols—results from quark model, cal
culated from eq. (4.2), Ref. 28. For comparison 
also results from Ref. 22 are shown. 

Fig. 13 Fragmentation density in nucleus-nucleus collisions 
at high energy, calculated from Eq. (4.8). 

5 a = 32.3 mb. 
PV 

Fig. 14 Particle production in high-energy interactions, 
according to model of Ref. 52. 
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MULTIPLICITY CORRELATIONS IN HIGH-ENERGY 
HADRON-NUCLEUS COLLISIONS 

M.A. Faessler 
Max-Planck-Institut fur Kernphysik, Heidelberg, Germany 

ABSTRACT 

Inelastic hadron-nucleus interactions were measured at incoming momenta of 20 
and 37 CeV/c at the CERN SPS. Angular and multiplicity distributions of relativistic 
particles were studied for different target nuclei and as a function of the multi
plicity of knock-out nucleons. Possible implications of the experimental findings 
for theoretical models are discussed. 
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l. INTRODUCTION 

One of the attractive properties of hadron-nucleus interactions at high energies 
is that they cannot be simply described in terms of more fund—total hadron-nuclaon 
interactions1). The problea can neither be reduced to a multiple (coherent or in
coherent) interaction of the incoming hadron with nucleons2) nor to an equivalent 
single interaction with one nucleon at son* shifted cm. energy. We find rather 
that both aspects may be approximately valid in different phase-space regions of 
the outgoing particles. For the particles produced near to the projectile (hadron) 
rapidity "multiple collisions with nucleons" is not a meaningful notion, since 
their Lorentz-dilated formation time exceeds the propagation time through the 
nucleus3^. Hence they see just a thicker target as compared to the proton target 
or a more massive "collective tube" of nucleons*'. Seen from the target nucleus* 
however* several of its nucleons can be hit by the incoming hadron and all of 
tnese multiple collisions might contribute to the particles at rapidities close 
to the target nucleus rapidity. 

The average inelastic hadron-nucleus interaction includes a large variety of 
different collisions — from peripheral ones with a single surface nucleon to 
centraL ones with up to 6 nucleons being hit in a heavy nucleus. The number of 
nucleons being hit in the primary interaction represents a key parameter in 
hadron-nucleus inters- tions and the basic goal of the experiment described in 
this report5^ was to measure a few general aspects of particle production together 
with this parameter or at least a related quantify. 

Previous knowledge gained in emulsion experiments provided the guidelines. 
In emulsions the tracks of charged particles are subdivided according to their 
ionization density. This division is not only appealing to the eye, but also 
corresponds to a relatively clean distinction of the underlying processes. The 
minimum ionizing tracks ("N ", velocity B > 0.7) are dominantly pions produced 

8 
in the interaction of the hadron with a row or tube of nucleons. The grey tracks 
("N ", 6 < 0.7) were found to be mainly nucleons (kinetic energies between 30 and 
500 MeV); they, supposedly, are the products of a few-step intranuclear cascade 
started by the recoiling nucleons which have been hit in the primary interaction 
(Fig. 1). Finally, the black tracks are fragments with kinetic energies smaller 
than 30 MeV; they are the evaporation products of the heated-up nuclear fragments 
(multistep intranuclear cascade). 

It was assumed in this experiment that it is the grey tracks which are most 
directly related to the number of nucleons involved in the primary interaction 
and therefore it was aimed to make a distinction between the emitted charged 
particles which is close to the distinction in emulsion between grey tracks and 
minimum ionizing particles1). 
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2. APPARATUS 

The detector measures charged tracks and distinguishes between slow and fast 
particles. The basic subunit of the apparatus is a counter consisting of a Csl(Tl) 
crystal, which is glued on a lucite light-guide (Fig. 2). The light signal produced 
in the Csl crystal is proportional to the energy loss. The lucite light-guide acts 
as a Cerenkov radiator if the velocity of the particle is bigger than 1/n. - - 0.7c. 
(n. is the refraction index of lucite). Thus the presence of a Cerenkov pulse lucite r r 

signals a fast particle. Since the rise-tine of the Csl signal is slower (20-30 nsec) 
than that of a Cerenkov pulse, a fast particle will trigger the discriminator some
what earlier (about 6 nsec) than a slow particle (Fig. 3), and this tine difference 
is used for the separation between fast and slow particles. A lower energy cit, 
around 30 MeV kinetic energy, is achieved automatically by absorption in the target 
and the material in front of the counters; therefore our slow particles are essen
tially the same as the grey tracks in emulsion. 

The detector consists of 73 of these combined counters, covering 55Z of the 
total solid angle, and of 55 counters of a lucite hodoscope, covering the forward 
cone of 13° opening angle (Fig. 4). In the forward hodoscope, which covers only 1Z 
of the total solid angle, there was no distinction between fast and slow particles — 
recoil nucleons are supposed to be mostly fast in this region. Each anode signal 
is given to a pattern, a Time-to-Digital converter and an Analog-to-Digital converter 
(energy loss). Figure 5 shows a plot of ADC versus TDC. The detector forms 12 
rings of roughly equal size in pseudorapidity (n * -In tan 6/2) and is sufficiently 
fine grained such that not too high corrections are needed for multiple hits in one 
counter. 

The beam was defined to a pencil beam of diameter 8 mm at the target by means 
of a combination of beam counters, and beam particles were identified with 2 thresh
old gas Cerenkov counters. The maximum energy of the beam waB 40 GeV/c (SI beam 
in the west hall of the CERN SPS). We ran at two energies, 37 and 20 GeV, mainly 
at negative polarity, 

A minimum bias trigger asked for at least 2 charged particles away from the 
beam axis. Requiring only one track would have given too much accidental back
ground, since we tried to measure at high beam intensity (up to 400,000 particles 
per sec). About 100,000 events were collected for each combination of energy, 
projectile and target mass. Targets used were C, Al, Cu, Ag, and Pb (and an empty 
target position). Data presented below are for incoming negative pions and kaons 
only; they behave quite similarly within the precision of the experiment. There 
are quantitative differences between p on the one hand and n , K on the other, 
but we have not extracted any physics yet from these differences. However, most 
of the qualitative discussion of the n , K data below applies to p projectiles 
as wel?, 
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3. RESULTS 

We will discuss the following results jf the experiment: 

i) Target and energy dependence of multiplicities of tl^ slow and fast particles. 
We find "limiting fragmentation*1 of he nuclear target — both slow and fast 
particles at low pseudorapidities have energy-independent characteristics 
between 20 and 40 GeV. 

ii) Target dependence of redistribution of fast particles. We will present this 
in a form to allow easy comparison with theoretical predictions. 

iii) Correlations between slow- and fast-particle multiplicities. Deviations from 
KNO scaling are observed if we plot the multiplicity distributions of fast 
particles as a function of the number N of observed slow particles (recoil 
nucleons). We will discuss the question of collectiveness of the row of 
nucleons hit in the primary collision. 

iv) Pseudorapidity distributions of fast particles as a function of N (N inter
preted as measure of the number of nucleons hit in the primary collision). 

3.1 Target and energy dependence of slow and fast particles 

In Fig. 6a the frequency distribution of events is shown for different targets 
as a function of the observed number of slow particles (N is the actually observed 
number, not corrected for solid-angle acceptance, etc.). The distributions are 
rapidly falling with increasing number of slow particles, the slopes getting less 
steep with increasing target mass. The distribution for p and Pb is also shown; 
it has the smallest slope. These distributions (together with their projectile 
dependence) can provide the basic input if one wants to establish a quantitative 
relation between the actually observed number of knock-out nucleons N and the 

g 
corresponding average number of primarily (by the incoming hadron) hit target 
nucleons. While a calculation of the probability distribution f(v) of the number v 
of hit nucleons is straightforward (geometrical optics + Woods-Saxon density of 
nuclear matter) the calculation of the probability distribution f(N ) is more 
complicated, because assumptions about the intranuclear cascading of slow particles 
(Fig, 1) have to be made, which lead from one primarily hit nucleon to some dis
tribution of N . A preliminary calculation has shown that for a heavy target like Pb 
one observed charged slow track in our experiment corresponds to about one primarily 
hit nucleon — for not too high values of N . 

The energy dependence of the multiplicity distribution of slow particles is 
shown in Fig. 7. The ratio of the distribution at 40 GeV/c to the one at 20 GeV/c 
is plotted versus N for the different targets. Constancy of the ratios means that 
the slopes in Fig. 6a stay the same between 20 and 40 GeV/c, and this is the case 
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to a remarkably high degree. The conclusion is that the characteristics of alow 
particles are energy independent. 

In constrast to the slow particles the ratio for the fast particles increases, 
i.e. the probability of events with higher multiplicity N increases with increasing 
energy (Figs. 6b and 7b). 

The energy independence of slow particles is not a proof, but a necessary 
condition for them to be interpreted as a measure of the number of nucleons in
volved in the primary interaction, since such a measure should depend on the 
energy at most via the energy dependence of the cross-section, i.e. weakly. 
In emulsion experiments the energy independence of grey tracks and black tracks 
has been shown over a much wider range of incoming energies (from ^ 20 to 1000 GeV). 
It is worth considering the energy independence of slou . irticles in a somewhat 
extended frame, since it is not an isolated effect. One knows that the number and 
distribution of pions at small laboratory rapidities is energy independent in pp as 
well as in pA collisions. (The same applies of course for the pions produced near 
the projectile rapidity, if one plots the rapidity distribution in the projectile 
rest frame.) See Fig, 8a showing the rapidity distribution of fast particles for 
different targets at 40 GeV and Fig. 8b showing the ratio of the rapidity distri
bution at 40 GeV to the one at 20 GeV. At low rapidities the ratio is equal to 
one (lowest bins have large systematic error from background correction; and for 
the Ag target the ratio deviates from 1.0 by 202, probably because of insufficiently 

corrected background of low-N and low-N events). s g 
This phenomenon is well known under the name "limiting fragmentation", and 

our measurements and earlier measurements in emulsions demonstrate that limiting 
fragmentation holds at all levels of the target fragmentation, for the "radiated" 
pions, for the knock-out nncleons from the slow intranuclear cascade, and for the 
black tracks emitted by the hot nuclear fragments. In other words: the energy 

absorbed by the nuclear target reaches a limiting value, independent of the 
incoming energy, apparently already at 20 GeV. 

3.2 Target dependence of fast particles 
(pseudorapidity distributions) 

A convenient parametrization for the inclusive cross-section of particles 
produced in hadron-nucleus interactions is 

d3Q(lu\) A8(y,p,) d3Q(hN) ( 1 ) 
dp3/E A l dp3/E 

where h » hadron, A * atomic mass number, N • nucleon. Since we did not measure 
the total inelastic cross-section or the transverse momentum p-. we rather used 
the pseudorapidity distribution d(N (hA)) /dr, -
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dC(hH) hH) . QChH) f B(PT.i) , 1 d'o(hH) , , . 
— oihxrj* dpT onafr V / E < 2 ) a—TTKAT dn a i D t l ( M ) d. 

Th* quantity A could ba called the "nuclear enhancement factor" (relative to 
the collision with one nucleon) or the "effective number of collisions". This 
quantity allows a comparison vith theoretical models, vhich in general try to 
predict only the increase of multiplicity with increasing target mass relative 
to pp collisions which are assumed to be known. Figure 9 shows the power ot(n) 
as extracted from the pseudorapidity distributions (Fig. 8). The power a(n) being 
about zero at large n means the effective number of collisions is there equal to 
one, independent of target size. The value of a(n) increases with decreasing n. 
and passes the value { v ) - A G-M/O-* (called by many authors the "average number of 
collisions in the nucleus"). This means that the effective number of nucleons 
involved in particle production is higher than the real number of nucleons and it 
shows that an intranuclear cascade is effective for the produced low-energetic 
particles. Qualitative agreement is found with several recent models7-*; but one 
has to say that our energies and the rapidity span of our distributions are still 
too low to rule out one or the other of the proposed models. 

3.3 Correlations between multiplicities 
of slow and fast particles 

The last two topics to be dealt with are correlations between fast and slow 
particles. We first consider multiplicity correlations. Figure 10 shows the 
frequency of events with & given pair (N , N ) versus the number N of observed 
fast particles for a lead target, 40 GeV/c. Lines connect the data points with 
the same number of observed slow particles. Compare Fig. 6b, which shows the 
corresponding multiplicity distribution but integrated over N . (Raccll that N 
and N are not corrected for solid angle, etc.) The curves in Fig. 10 indicate 
an increase of the mean N and a change of shape, with increasing N . The increase 

8 6 
of the mean value (N ) is shown in Fig. 11 for different targets and energies. 
(Here (N ) is corrected for acceptance and multiple hits, etc.) A plateau is reached 
for the heavy targets. We do not know if the cause of the plateau is a limitation 
of the total energy available for particle production, e.g. the leading particle 
might lose its energy in a few subsequent collisions — or, alternatively, a limi
tation of the number of collisions effective in particle production (maximum thick
ness of nucleus). I will not discuss this picture any further, since we can look 
at a more differentiated plot later (the pseudorapidity distributions of which <N ) 
is nothing but the integral, as a function of N ), 

We cat calculate the next higher moment of the distributions in Fig. 10, the 
mean dispeision of the multiplicity distributions as a function of H . 

<°»>-V <N.-> - < v 2 • ( 3 ) 
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In pp collision* the ratio Z - <D )/<N > hit bean found to approach a conatant valua 
^ 0.5 for higher energies [Malhotra1), this it called Wrobleveki scaling today and 
is also a consequence of KNO scaling*']. Moreover, in hadron-nucleus interaction! 
this ratio waa found to obey the tame scaling law 1 0' and to have the saaw value % 0.5. 

For the integrated (over N ) multiplicity distribution we find as well that Z 
is approximately constant for different incoming energies and different targets. 
(See Fig. 12a, crosses. The scattering of the crosses is due to insufficiently 
corrected background at low N and low N .) In Fig. 12a the ratio Z is plotted s g 
versus <N >, the corrected mean multiplicity which varies with energy and target. 
If we now increase <N ) by increasing N (following the curves in Fig. 11), i.e. s g 
if we consider Z for different curves in Fig. 10, we obtain a remarkable syste

matic decrease of the ratio which is shown for the Pb targets at two energies in 
Fig. 12a. With our interpretation of N being a measure of the number of colli
sions, this consequently signifies a decrease of Z as a function of the v nucleons 
participating in the primary interaction. Figure 12b shows that the parameter 
determining the decrease in fact is K , since as a function of N the two curves 
now fall approximately on top of each other. A decrease of Z is expected in 
models vhere part of the produced particles is due to statistically independent 
contributions ), Assume each collision contributes a statistically independent 
and equal amount of produced particles; then 

<VhA - v <Vbll 

Therefore 
< D s > 

zhA " 7*77 " l M ; ' 

In most models only the particles produced in the target hemisphere result from 
independent multiple contributions by the nucleons hit in the primary collision, 
whereas the pions at high rapidities come from the decay of the projectile. 

For a contrast, the coherent tube model predicts. KNO scaling to hold for a 
hadron-nucleon-tube collision12'', therefore Z should be a constant independent 
of the number of nucleons in the tube. Hence, at our energies, the coherent tube 
model seems to be in variance with the data, if there is a correlation between 
the number of nucleons in the tube and N . 

g 
3.4 Pseudorapidity distributions of fast particles 

as a function of N g 
Finally, we want to consider the pseudorapidity distribution as a function of 

N and incoming energy. (The differential multiplicities can obviously give more 
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iasight into the mechanisn at work than the total multiplicity <Ng).} The dominant 
impression from Fig. 13 it that the change with K , i.e. with the ntmiber v of colli
sions, is quite different frot the predictions of many models. They predict a 
clear separation of the rapidity distribution into two rt ions: one above a cer
tain critical rapidity n , where no change with v occurs, and the other below n » 
where the change with v • v(N ) should be linear. The critical rapidity n is 
predicted to depend only on the energy in some of these [e.g. Gottfried2)] and 
only on the size of the nucleus at given impact parameter in other models [e.g. 
Bertocchi2'3* What we observe is rather a separation into two regions, the upper 
part showing a depiction and the lower part showing an increase of the number of 
fast particles; the border n between the two regions depends both on the incoming 
energy and on the number of collisions. At first sight it may appear as if the 
main mechanism reflected in this behaviour is energy conservation and not dynamics. 
However, the pseudorapidity distributions could conserve energy in many other w.-iys 
and we think that the particular way nature has chosen to conserve energy must tell 
us something about the dynamics. Many models claim to be true only at asymptotically 
high energies, where the effects of energy conservation should become invisible, 
and consequently none of these will be challenged by the present data. Although 
we feel that it is a long and painful road to approach the asymptotic energies, 
where theories become true, we are doing our best and will continue the experiment 
this summer at higher energies up to maybe 200 GeV. 
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Fig. 1 a) The fast cascade of the incoming hadron. 

b) The Blow cascade of the recoil nucleons. 

Fig. 2 One combined counter unit of the detector. 

Fig. 3 The anode signal of a combined counter. The bottom part of the picture 
shows the beginning of the pulse on an expanded time scale. 

Fig. 4 ; The whole detector. 
Top : layout of beam counter. 
Bottom: the vertex detector. 

Fig. 5 ADC (energy loss in Csl) versus TDC (time) plot for one combined 
counter. 

Fig. 6 : Frequency of events as a function of 

a) the observed multiplicity of slow tracks N £f(N )]] 

b) the observed multiplicity of fast tracks N [f(N )] 

for different targets, at 37.5 GeV/c. 

Fig. 7 : a) Energy independence of the multiplicity distributions of Fig. 6 
(slow particles). R is the ratio of the frequency f(N ) at 
40 GeV/c to f(N ) at 20 GeV/c normalized to one at N » 0 t for 

8 g 
different targets. 

b) Corresponding ratio for f(N ) , the multiplicity distribution of 
fast particles, demonstrating their dependence on energy. 

Fig. 8 : a) Fseudorapidity distribution of fast particles for different 
targets, at 37.5 GeV/c. 

b) The ratio of these distributions (at 37.5 GeV/c) to those at 
20 GeV/c. 

Fig. 9 : a) The power of the nuclear enhancement factor s, Eq. (2), at 37.5 GeV/c 
and at 200 GeV (data taken from FNAL experiment, Halliwell et al., 
Trieste Conference, 1976, see Ref. 2}. 

b) Same at 20 GeV/c. 
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10 : Frequency of events with N and N observed fist and slow tracks. 
Abscissa is N . Lines connect data points belonging to the same N . 
Only some of the data points are shown for sake of clarity. The 
vertical scale shows the number of events accumulated in this part
icular run. 

11 : Corrected mean ar. T*iplicities of fast particles versus number of 
observed Blow particles for different targets at a) 37 GeV/c and 
b) 20 GeV/c incoming pion momentum. 

12 : The ratio 2 * (D )/<N > versus 

a) (N >, where (N } is a function of energy and target mass (crosses) 
or of energy and N (points connected by lines). 

b) N . 
S 

13 : Pseudorapidity distributions as a function of N for n on Fb at 
a) 20 GeV/c and b) 37 GeV/c. 
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COSMIC RAY DATA ON HIGH-ENERGY HADRON-NUCLEUS 

AND NUCLEUS-NUCLEUS COLLISIONS 

G. B. Yodh + 

National Science Foundation 

Washington, D.C. 20150 

The objective that I took upon myself is not to attempt to tell you all 

about what's kno*rr>. from cosmic rays about nucleus-nucleus interactions, 

but rather to concentrate on two aspects - (a) what part of cosmic ray 

physics immediately would benefit from having a 20 GeV per nucleoli 

machine colliding with 20 GeV per nucleon and how it might be relevant 

to some cosmic ray questions and (b) to discuss some unusual cosmic ray 

events called Centauro events, which some of yoj have already hearJ 

about and I believe are the most exciting observations at high energies: 

in fact, one wonders whether 20 GeV on 20 GeV will be high enough to 

produce them. 

For those of you who find that you'd like to read more about it, you can 

study the preceedings of the Bartol Conference, held last October, 

published as an AIP volume, entitled "Cosmic Rays and Particle Physics", 

where you will find papers by the original authors. 

On leave from the University of Maryland. 
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Cosmic Ray Beam: 

Let me start by discussing some energy scales and then go on to discuss 

composition. If you have a 2 GeV per nucleon collider, we are talking 

about a total energy in cosmic ray laboratory of an incoming iron nucleus 

with a total energy of 448 GeV; with 20 GeV on 20 GeV we will be at 

4.48 x 10* GeV for an iron nucleus. Isabelle which is 400 on 400 GeV P-

P collider is equivalent to 3.2 GeV in the laboratory; and if you 

want to g^ to 10° GeV with iron nuclei, you would want to build a 

collider where each beam energy is about 95 GeV per nucleon. 

Next I will show you a composite figure for the cosmic ray spectrum from 

10 GeV to 1 0 1 0 GeV (Figure 1). What's plotted here is the integral 

spectrum of cosmic rays multiplied by E in order to be able to put on 

the same scale an energy range going from 10 GeV to 10 GeV (1). So if 

the integral spectrum is E~ you should get a straight line. The 

slanted lines going across give you lines of equal flux. For example, 

if you have 10° GeV energy per nucleus, then the flux of all particle 

entering the top of the atmosphere is 10'° per meter square steradian, 

second. The total particle spectrum, up to the present, has been measured 

directly using satellites by Grigorov (2) in Russia; whose pioneering 

experiments used a large calorimeter, 2.7 Interaction lengths deep, and 

you can see that it's a little steeper than E"*-^. Above 10 GeV, all 

the experimental information comes from study of extensive air showers 

and we have information all the way out to 10 GeV. Now, the two lines 
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martced p and Fe give you an indication relative composition of protons 

and iron in primary cosmic rays. Direct measurements to determine the 
•a 

primary cosmic rays sort of peter out at about 10 GeV just now. They 

were done in balloon experiments (3-6). Indirect measurements (7-11) in 

which you measure something on the Earth in an air shower and try to 

relate that to the primary composition, have been carried out above 10 3 GeV. 

Kecent measurements of the Maryland group (11) indicate that the iron 

spectrum is such that when you multiply it by E It will appear as 

increasing on this graph; in fact it la E - 1 - 3*". The iron spectrum is 

flatter than the proton spectrum, whose spectral index is about -1.71 

for the integral spectrum, and the two components cross over at some

thing like 10 4 GeV; so if you do an. experiment at the top of the 

atmosphere with emulsions, you can have a possibility of studying 

collisions of 10 GeV total energy iron nuclei with silver nuclei. 

At about 10 GeV energy most of the particles are iron; although there 

axe some other particles here, in fact it's 80% iron; 20% other nuclei. 

However, this means that whatever the source of iron, it must be such 

that there should be a cutoff beyond 10 GeV and I hope Dr. Schramm 

tells you what that signifies from the theoretical point of view. The 

Fly's Eye (12), which is a detector just going into operation in Utah 

will deal with energies starting from 10 GeV, and it is possible that 

Fly's Eye would be able to tell you the composition of primary cosmic 

rays at 10 9 CeV, whether they are protons or iron nuclei. 
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Now, how do colliding beam machines play a role in our understanding of 

cosmic rays? If you knew the properties of nuclear collisions, then the 

study of air showers, for example high energy muons and delayed hadrons, 

can be used to derive the primary composition; and these have immediate 

relevance on the theories of origin, acceleration and propagation of 

cosmic rays. If you consider still higher energies where there are no 

machines and you assume that nulcaar physics doesn't change drastically, 

or if you assume that the composition doesn't change drastically, then 

study of air showers cculd tell you about origin of cosmic rays or about 
Q 

the properties of nucleus-nucleus collisions respectively. At 10 GeV, 

Fly's Eye can study the penetration of the first interaction point to 

measure nuclear cross sections at ultra-relativistic energies. 

Let me go on to discuss the relevance to primary cosmic rays of knowing 

the nuclear physics, but before I do that let me describe what a typical 

experiment In cosmic rays involves- What we have coming in from the top 

of the atmosphere is an object called a nucleus (see Figure 2). It 

consists, we know, of nucleons, and it travels through the atmosphere, 

collides and leads to production of particles as it goes along. The 

model to describe this process which is generally used is what I would 

call the superposition model. It belongs to a class of independent 

constituent models, like one imagines when quarks are going thru a 

nucleus; here we have nucleons going through and colliding with other 

nucleons inside a nucleus. Protons with energy E can be compared to 
o 

Iron nuclei with energy E /A because they will make the same kind of 
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shower, with about the same total number of electrons. So, by observing 

something down below, some debris at the bottom of the atmosphere, we 

want to find out what's coming in; that's similar to deriving quark 

properties using independent constituent model of a proton by observing 

the crud coming out of the nucleus, it's a different kind of crud. 

Nov consider propagation, acceleration and origin of cosmic rays, I 

would like to briefly tell you what are the interesting questions and 

why this will be important. 

First of all, what are the sources? Are they supemovae explosions? Or 

are there some other sources? How are they distributed? Are they 

distributed in the disk? Are there some local source like a nearby 

supernova? How do we study what is the nature of the sources? 

Secondly* where dor j the acceleration take place? Does it take place in 

the source? There are many mechanisms for this to happen. One of the 

most popular ones for a few years was shock wave acceleration of cosmic 

rays in supernova explosions (13), or it could be electromagnetic 

accleration due to high magnetic fields like that which exists in many 
12 of the pulsars (14) . You have 10 gauss fields rotating rapidly and 

you can accelerate particles to as high an energy as you wish before 

they get out of it. Or it could be acceleration in the galaxy as was 

proposed originally by Fermi (15) . Some cosmic rays are probably 

metagalactic in origin coming from outside the galaxy. 
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Nov, the third question is: What is in betwten the source and where we 

receive the particles? And one way to find out what happens during the 

propagation is to ask how many secondary nuclei are produced by the 

fragmentations of the primary nuclei from the source which produces 

cosmic rays. It can be related to what is called containment time and 

one can try and find out something about the galactic magnetic fields 

and other things from studying abundance of secondary nuclei. In order 

to show you how these things are related and where accelerators play a 

role, I'll briefly discuss a specific model. 

A favorite model at the moment is called the leaky box model of the 

origin and propagation of cosmic raya. I think it was first proposed by 

Scott and Chevalier (16), and of course many people have developed it. 

The present situation with experimental data is summarized by Ormes and 

Freier In a recent astrophysical journal article (17). What you assume 

is that whatever the sources are, they Inject the cosmic rays spectra 

with the same index, y , where the power law for the differential spectrum 

for many classes of acceleration models will be around 2.5. They assume, 

actually, 2.3 for the injection spectrum and their model assumes that 

electrons, protons, alphas, C, 0, neon, magnesium, silicon and iron are 

all accelerated in the galaxy. It is an equilibrium model, so you can 

write down the equation that the rate of change of any species is given 

by the source strength plus all contributions from species with atomic 

weight greater that the particular species due to fragmentation. In the 
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steady state the obieived flux for the 1th species, Ji, can be related 

to the source strength Q, and the fluxes of nuclei heavier than the 1th 

species by: 

where , 

t*> - 1 7 - T * t 1 
and 

A/' " interaction length for species j giving rise to species 1. 

The three terms are escape time, Interaction time and diffusion time. 

In steady state this is the equation and notice what you get is that 

observed fluxes of the ith element are primarily related to the source 

if the second term is neglected. For secondaries this term is the 

important one because QJ • 0. So for primary nuclei, the spectrum that 

you see is equal to the spectrum of the source multiplied by a lambda 

effective. If the effective leakage length is energy-dependent function, 

then you will get a different observed slope than at the origin. 
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This equation Indicates that there are a large number of parameters 

which go into the equation in order to relate the source composition to 

observes cosmic rays and, in general, if lambda effective is E - , then 

the observed slope is larger than the source slope. In fact, one 

finds the following: that the observed slope is 3teeper by about .4 in 

spectral index; so if the injected at 2.3 the slope should come at 2.7. 

And this model actually will Fay that all spectra at high enough energy, 

because of leakage dominates, will have the same spectral index. As 

pointed out earlier, in fact, that's not true; just to give you some 

idea, below 10 electron volts, I showed you we have a varying composition 

with increasing importance of iron, the all particle spectrum being made 

up of two components, one varying at E~^*' and the other going at E~^.3 

approximately. There is very little anisotropy of cosmic rays observed 

at low energies but you can still accommodate apparently about 15% of 

local source which could account for the iron. So this sort of gives 

you, I hope, the flavor of what primary cosmic rays are like. 

A 20 GeV by 20 GeV per nucleon machine would give us the parameters we 

need to really be sure of what is it that we can learn out of observing 

cosmic ray air showers about the primary composition. At higher energies 

I don't know yet what we will do, but it is an interesting question. To 

acquaint you with cosmic ray methods to study very high energy with air 

showers, I give a sample outline of how it is done. 
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Very High Energy Cosmic Ray Experiments 

A typical cosmic experiment arrangement is shown in Figure 2. You start 

off, as I said, with something coming in which you don't know and then 

you decide you want to look for something so you put a little detector 

at sea level. Then you find when you do the experiment that you need to 

know more about what happens because you are trying to study what comes 

in and what happens in the first interactions and one detector won't do. 

So then you are ambitious am' you build a larger detector, and so what 

we now have is a complete air shower detector on which most of the 

results are based. You have a series of detectors to detect electrons. 

In the shower, electrons are generated by gamma rays which in turn are 

generated by pi zeros in nuclear collisions or from decay and where you 

detect them they are spread out over a kilometer. To detect hadrons, we 

use calorimeters which measure their energy and their lateral spread and 

then underground we have muon detectors which are symbolically shown and 

way underground you have a high energy muon detector about i mile below 

the surface of the earth. From all this information you want to find 

several things: what is the primary energy, composition and what is the 

nature of high energy interactions. And if you are still more ambitious, 

you put in a detector called the "Fly's Eye" which looks at the nitrogen 

fluorescence from air showers and measures their longitudinal development 

The nuclear-electromagnetic shower starts near the top of the atmosphere, 

some 20 kilometers high. The overall transit time for particles moving 
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with the speed of light (photons, energetic electrons, high energy 

hadrons and muons) is of the order of 60 micro-geconds. The shower 

front, however, is well defined having a thickness of the order of 6 to 

9 nano-seconds or 3 meters. Slow hadrons, low energy muons lag behind 

the shower front by tine intervals from a few nano-seconds to hundreds 

of micro-seconds. 

The Fly's Eye, which detects nitrogen flourescence from the air shower 

can only operate during dark hours, hence its efficiency is only 5%. 

However response functions of the Fly's Eye is a function which increases 

with energy, because the higher the energy of the shower, the farther 

away you can see; and therefore the geometrical factor increases more 

rapidly than the slope of the spectrum. This is true up to a certain 

energy and then it stops rising, the end then falls off because of light 

absorption in the air. At Dugway, where Fly's Eye is located, you can 

see up to 10 kilometers. (Dugway military base is where they store nerve 

gas (laughter) but it's a very comfortable spot.) 

Now, let me tell you briefly how one tries to determine various prop

erties of high energy interactions from cosmic rays indirectly. Indirect 

observations use a variety of methods: for instance measuring the ratio 

of positive to negative muons at high energies. High energy muons come 

from pion decay, and extreme high energy ones must come from very high 

up because the highest energy pions exists in the first few collisions. 

Also, the atmosphere is the thinnest in the first collisions so the 
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probability of decay is higher. So, most high energy muons come from 

the first few collisions and therefore measuring mu plus to mu minus 

ratio tells you two things. If you know the composition, it tells you 

something about the inclusive cross-section in the fragmentation region 

at very high energies. If you don't know the composition and want to 

find out the composition, you assume a scaling lav based upon the 

accelerator data and calculate how many mu plus to mu minus Chere should 

be. It's quite sensitive to the difference between pion and kaon scaling 

functions for inclusive cross-sections from nuclei. If these functions 

are accurately measured at accelerators, cosmic ray physicists would be 

delighted! 

Figure 3 shows experimental measurements of the muon charge ratio. The 

best data indicates a slight decrease in the ratio above 1 TeV. This is 

consistent with increasing fraction of iron in cosmic rays above 10 TeV 

(18). 

Multiple muons at high energies are very sensitive of measurments of 

primary composition. There is now a new detector in Homes take mine, a 

goldmine which is still profitably operated; the price of gold is still 

going up in South Dakota (19). Ray Davis has his big detector for solar 

neutrinos and around the solar neutrino detector there was enough space 

to fill it up with muon detectors; water Cherenkov counters were installed 

which completely covered the tank all around and with an anti-coincidence 

shield on top. This detector, of the Pennsylvania group has an area of 
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200 sq. meters, Is located at 1 mile depth and is being used to observe 

multiple unions. The average energy of the muons is 3 TeV. You measure 

the relative frequency of one, two and several muons arriving at this 

depth. The ratios of the frequencies depends critically on the primary 

mass, because we are riding on a steep spectrum. For a given total 

energy iron produces more muons than proton does, higher up in the 

atmosphere and these decay more easily. Using this, you can actually 

determine the composition. 

Another technique of measuring the composition is to measure the total 

number of muons in a shower and the total number of electrons in a 

shower and determine their ratio (19, 20). This quantity is very sensitive 

to the primary composition. Experimental results are shown in Figure 4, 

where the average value for a total number of muons is compared with 

that of the total number of electrons. Monte-Carlo curves are also 

shown on the graph which shows two lines, a proton line and an iron 

line. A comparison of the curves with data requires substantial fraction 

of iron. If you knew the nuclear physics better you'd have much greater 

confidence in generating these curves and deriving primary composition. 

Another parameter you can study is the shower maximum; how rapidly a 

shower builds up. If it's made up out of iron nuclei, you have many 

more nucleons to start the shower and a shower starts extremely rapidly 

compared to a shower started by a very high energy proton; and the 

difference In the rate of increase of the shower curve is a way you can 
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determine the primary composition. Figure 5 shows experimental data on 

location of the shower maximum (21). The maximum is about 150 g/cnr 

smaller in depth for iron primaries as compared to proton primaries. 

The data appears to favor iron primaries. 

Similarly, you can study the fluctuations in the number of muons as a 

function of shower size which is shown in Figure 6 (22) and again here 

you can see that the data is somewhere in between what is expected 

for pure iron or pure protons. But I think it's clear that nobody can 

rule the presence of a lot of iron. 

At this point we must reexamine figure 1 which shows the composite 

energy spectrum and remark that if the composition indicates the dominance 

of iron near 10 GeV, the steepening in the total cosmic ray spectrum 

requires that the iron spectrum must be cut off around 10 GeV. One 

possible way to terminate the iron spectrum is to suggest that iron 

nuclei are destroyed by photodisintegration in the source region. This 

would imply a sufficiently high temperature in the acceleration region, 

of the order of 1000°C. Other possible mechanisms could be devised, but 

these must preferentially remove iron as the cosmic ray spectrum extends 

several orders beyond 10 GeV. Another remark is that if one is observing 

the source spectrum with iron around 10 -10 GeV and if the source is 

local then one should observe some, anistropy in the arrival direction of 

cosmic rays. The dilemma is that up to to about 10 GeV the observed 

anistropy is small, less than 0.5%. This, however, may be due to 
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scattering by magnetic fields unless the source is very close. But it 

is true that after you get up to 10 electron volts the anistropy 

increases to about 5, maybe even 10% before starting to decrease again 

when you go to extremely high energies. So the scenario right now is 

very interesting and quite complex. 

The question of the nature of the most energetic cosmic rays is still 

open. Around 10 GeV some tens of events have been detected by very 

large air shower detectors (Sidney array, Haverrah Park array and Yakutsk 

array). Fly's Eye detector may be able to address the question of their 

nature. 

In the preceeding discussion, I have talked about iron as being the 

primary thing which is produced at the source. If that is a correct 

hypothesis, then protons and alphas must come from fragmentation of all 

of the heavier nuclei. In other words, they are all secondaries; maybf 

there are some primaries because there may be some sources which have 

protons dominance. But suppose we do not assume that, then is it possible 

t fit the data, within the juracles we have, with protons and alphas 

coming essentially from fragmentation of heavier nuclei through inter

stellar matter? This is a proposal made by Peters and Westgard (23) and 

they show that it is just feasable. So any Information on the production 

rate of alphas and protons from high energy collisions would be extremely 

important to check theories of the origin of cosmic rays as the calculations 

are based on low energy accelerator data. 
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The other point I wanted to make with regard to very high energy nucleus-

nucleus collisions is that there is a collection of cosmic ray events, 

which go up to about 30-40 GeV per nucleon. And there is a recent paper 

by Phyllis Frier and Jake Waddlngton which reports on a study of nuclear 

collisions around 15 GeV per nucleon, and you might be interested in 

looking at those events to see correlations they observe (24). 

Unusual Events at 10 6 GeV 

a) Detectors and Rates: 

I go on to discuss individual events and tell you something about t'--e 

Centauro events. I do it in two steps. I discuss the instrumental 

techniques that are used and first point out to you that if you analyze 

events called C-jeto. jets where you know the location of the interaction, 

occurring in a block ">f wood or a block of iron, and if you compare them 

with events generated by Monte-"arlo techniques using scaling models 

that we know at lower energies you find no evidence of gross violation 

of scaling in the fragmentation region. Also, noce that there is no 

information in the central region from cosmic ray data. If you go to 

higher energies, above 100 TeV, (between 100 and 500 TeV) you find 

unusual events called the Centauro events, which form a substantial 

fraction of the total number of events observed; and I want to show you 

why they are unusual and why they might provide interesting pointers for 

what to expect in the future. I won't discuss any of the interesting 
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phenomena that have been observed in other experiments. You can find a 

discussion of them in the Bartol proceedings and in a review paper I 

gave at Gif-sur-Yvette last summer (25). 

I want to give you an idea of the kind of detectors you need. In 

Figure 7, I plot the size of a detector needed to get one event with a 

total energy greater than a thousand TeV. If you are at sea level, you 

need something like 10,000 sq. meters of detector. At Chacaltaya, which 

is at mountain altitude, you get one event per year in about 30-40 sq. 

meters. If you go into a satellite you can get one event with a detector 

with .1 to 1 sq. meters, depending on how long you can convince the 

government to keep it up there. 

So, typical detectors to study high energy events need large collecting 

area, and different particles (protons, hadrons, muons and electrons) 

need different instruments to detect them. If the experimental technique 

uses nuclear emulsion chambers (which are used in balloons or satellites), 

they have to stay up about 1 sq. meter days to reach up to almost 100 TeV. 

The quantities measured by these detectors are charged particle energy, 

gamma ray energy; also the location of the interaction. The primary is 

usually seen in emulsion chambers which are flown. So, there's a great 

deal of advantage to fly such detectors; however, you can't reach much 

above 100 TeV. The error in charged particle energies is about 20%, the 

âutma ray energy is 10%, location is known to micrometers and as I said 

the primary is seen. On the mountain, hcaever, one used x-ray nuclear 
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emulsion chambers whose sized vary from 40 to 1,000 meters square year, 

and yoj can obtain events up to several thousand TeV. The hadron jet 

energies are measured to 202, gaona ray jets are measured to 20%, location 

of each jet is known to 1 to 10 microns; however, the primary particle 

and the point of interaction is usually not seen. You have to infer 

everything about the primary particle froiu the secondaries. In Table 1, 

I give a summary of properties of various detectors used in cosmic ray 

experiments. 

Let us discuss one of these detectors (26) in terms of its structure and 

components; I will discuss the Mount Chacaltaya detector (Figure 8). The 

detector consists of two chambers (two cameras). The upper chamber 

which is 44.2 sq. meters consists of 10 cm. of lead or 20 radiation 

lengths, and there are layers of film immersed in between various layers 

of lead, a typical sandwich being 3 x-ray films and one 50 micron nuclear 

emulsion. The x-ray films are used to pick out the high energy events 

and the 50 micron nuclear emulsions are used to count the electrons in 

the jets. Of course you have to support the stack, so in addition to 

the absorber, which is 23 cm. of pitch, you have wood supports. The 

important thing about this detector is there is a big gap of 151 cm. of 

air between the chambers so as to be able to look at spreading of jeus 

in the lower chamber. What you detect with such a chamber are the 

following kinds of events (Figures 9,10): 



-156-

If you have a single, high energy photon Impinging on the stack, you 

will get what is known as a gamna jet. The gamma jet, which is sche

matically shown is an electron-photon cascade; the figure indicates its 

development both laterally and longitudinally. A Leo shown is a jet; a 

C-jet. A C-jet is generated by an interaction in the absorber. And a 

typical C-jat would produc: a gamma ray or a hadron which will make a 

collection of black spots in the love - film. A single hadron coming in 

sometimes can penetrate all the way down and produce a lead jet in the 

lower chamber. I'm going to first talk about events like these C-jet 

events in which there is nothing in the top chamber but there is some

thing in the bottom chamber. I'll follow that with discussing A-jets, 

because all of the centauro events are the A-jet events. 

There are two kinds of atmospheric jets you can get (Figure 10). One is 

called the gamma cascade. This cascade has a single gamma ray coming 

in; it multiplies and makes several sets of gamma rays and you get a 

collection of gamma rays which is called a cascade jet. Or you can get 

a hadrciic interaction and you'll get in such hadronic interaction 

atmospheric gamma rays, pions, nucleons, some of them will make inter

actions in the absorber so you get a family of jets of different types 

giving a very complex structure which is called an A-jet. 

A summary of event rates collected by various emulsion chambers and x-

ray chambers is given in Table 2. Several hundred events with visible 

energies above 100 TeV have been detected up to now. 
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b) Selection of events: 

What they do is to take their x-ray films and put then up against the 

light and look for black spots. A black spot is created if there is 

enough density of electrons per sq. micron, so as to develop sufficient 

grain density in the x-ray film. You need approximately .1 to 1 particles 

per sq. micron which corresponds to a density per sq. cm. of the order 

of 10 , in order to make a black spot in those particular x-ray films. 

The reason they use the x-ray film is that they can expose it for a year 

without the x-ray films fogging up. Also the detection threshold is 

high (>TeV). 

When they find the dark spots, they go to the nuclear emulsion and look 

at the nuclear emulsion and count the number of electrons. The number 

of electrons they see is proportional to the energy of the gamma ray. 

They do that as a function of depth and reconstruct the whole cascade. 

If a particular event starts deep down in the lead, then they say that 

it is a hadron. The chances for that being a gamma ray is very small. 

And that's how they identify which jets are due to hadrons and which are 

made by electrons or photons. 

You can measure the direction of propagation. You can measure the 

cascade curve for each gamma ray, darkness as a function of thickness; 

and you can measure the separation of each of the gamma rays. You can 

also count tracks in the emulsion. When you do all that, you get a very 
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good measurement of the energy. The capability of hadron-photon separation 

Is Illustrated by a starting point distribution (Figure 11). This is 

the starting point distribution of cascades above 200 GeV, and those 

which start right away they call gamma rays and those which start beyond 

8 r.d. they call hadrons. So they know how many are pions or nucleons -

charged pions or nucleons or neutrons or anti-nucleons, and how many are 

gamma rays that are coming in in each one of those cascades. To check 

their identification they combine gamma rays in pairs (make marriages of 

gamma lays) and plot the gamma-gamma mass where they see pi-zero quite 

clearly. 

c) Scaling in fragmentation region below 100 TeV: 

Now, what can they measure? They can measure, therefore, the total 

energy of each of these black spots, each of the cascades. Let me just 

remark that if you require gamma rays to have the same azimuth and the 

same zenith to belong to the same family, you have no problem with any 

accidental coincidences, so that they really see families as a whole. 

There is a background of gamma rays but that's not what we are talking 

about. So, if you know the energy of each gamma ray and if you know the 

total energy, then you can calculate the fractional energy in each gamma 

ray for a family. The histogram of gamma ray energies is shown in 

Figure 12a for different energy events. These are all C-jets or jets 

which took place in the absorber. Energies are grouped between 7 and 

10 TeV, 10 and 15 TeV, 15 and 40 TeV, and this is greater than 50 TeV. 

If you plot it as a fractional energy, you find tha. it scales (Figure 12b). 
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To investigate whether the observed fractional energy distribution Is 

consistent with a continuation of scaling behavior characteristic of 

inclusive particle production at accelerator energies, a detailed 

Monte-Carlo calculation vi3 done. This calculation incorporated biases 

Introduced by the steep primary spectrum, selection criteria and exper

imental resolution (30). The scaling functions used were parametrized 

by e where x is Feynman variable. In Figure 13, the shaded region 

Indicates experimental spread while the different points represent 

Monte-Carlo results showing effects of varying scaling parameter B. One 

notices that the experiment is rather insensitive as a fine test of 

scaling but gross violations of scaling are definitely excluded. 

So, up to a hundred TeV scaling holds, everything looks pretty good; r" 

what are these unusual events? And the reason I want to mention them is 

of course we don't understand them. The unusual events, the Centauro 

events, have the following feature: That you have in those events, at 

production, something of the order of 100 hadrons, and no gamma rays. 

Now this is something which ordinary physics doesn't give, so that's why 

it's very exciting and so let me show you what such an event looks like. 

d) Centauro event: 

Here is the Centauro event that was seen (Figure 14). In the lower 

chamber one saw many, many jets with a lateral spread of only one cm. 

You measured the directions exactly and you found that the direction was 
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such that you should see something in the upper chamber. In the upper 

chamber they only saw about 6 or 7 jets, no more. And that brought the 

event to their attention because it was very unusual. Ordinarily, If 

you see so many jets in the lower chamber, you see many more in the 

upper chamber. So, it's the reverse situation; you see many more hadronic 

jets in the lower chamber but nothing in the upper. The trajectory 

traversed both the absorber and the wood support. 

How does one reconstruct this event? What you do is first of all 

laboriously measure each one of these families, and notice here that 

close spaced clusters have been counted as one, basically, and that's 

because they are so close together that they cannot be due to two 

different hadrons coming from far above, the interaction must have taken 

place nearby. 

Nobody knows where these crosses should be made. They are just artists 

guesswork. The only thing we know is that interaction took place 

somewhere in between the top and the bottom. Two of these jets pene

trated enough that they could be lined up between the lower and upper 

chamber and one could measure the change in their relative separation. 

By measuring the relative separation you can find out where they came 

from. It was determined that they came from 50 meters above the target. 

Then, you can also measure the relative separation of individual jets as 

a function of depth in the lower chamber. When you do that, you can 

extrapolate backwards and ask where did they all come from? You assume 
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they came from the same point, when one calculates the point of origin 

it also comes out to be (50 +_ 10) meters. That's the basis upon which 

this event is supposed to have taken place very nearby in the air. Also 

the one cm spread is an extremely small spread. Let me show you what 

the event looks like. 

Figure 15 shows the development of the Centauro event in the chambers. 

The energies of individual jets are measured by counting electrons and 

determining the darkness of spots in the x-ray films. 

Let me show you what the event looks like in Table 3. This is the first 

event and still the best event that they had. The number of identified 

lead j^ts and C-jets are 45. The number of nuclear active particles 

which should have gone all the way through without interacting was 

estimated to be 15. The number of lead jets identified in the upper 

chamber was only 5. 

What do we see here? Me see that the table gives you how many jets 

there are which they call gamma rays in the upper chamber and how many 

jots were in the lower chamber. Basically, look at the two numbers. 

There were 7 jets in the upper chamber and there were something of the 

order of 7, plus 29 plus 7 altogether in the lower chamber. Now, the 

total energy in the upper chamber was only 28 TeV; the total visible 

energy in the lower chamber was 202 TeV, the total visible energy is 

230 TeV. If you assume that the amount of energy going into pi zeros 
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and therefore into gamma rays is about .2 of the total energy, then that 

would give 1700 TeV for the primary. But that is anybody's guess; 

nobody knows how to do it for these strange events, how to calculate the 

total energy; but it's a good estimate. Now, how do we calculate how 

many nucleons are incident upon the device? Well, the way they do it is 

by this particular method: 

By using C-jets, they can determine the interaction length and the 

absorption length of each one of these high energy hadrons. Using that, 

they start from the bottom and plot an integral curve (31). If you have 

7 jets, starting with 7 jets in the lower chamber, then go upwards and 

add the next set in the target layer and add the next set, and then you 

draw a curve through them based upon your knowledge of the interaction 

(Figure 16). You normalize that; and when you do that you can go all 

the way up to the interaction point. There should be about 65 nucleons 

or hadrons at the interaction point. Then there are some which miss at 

the bottom and we have to correct for that. That's how they find out 

how many hadrons are produced ac the interaction. Now, given the fact 

that you have so many hadrons at production, if they were pions then you 

must have an equal number of pi plus, pi mir-s and pi zeros. The pi 

zeros will then decay and you can ask how many of them will make a jet, 

which is visible in the upper chamber. After you do that calculation, 

you find that you should have seen at least 15 gamma ray jets above 

threshold. In addition, you should have seen another 7 because the 

hadrons themselves will interact and produce secondary pi zeros. So you 
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should have seen a certian number of gamma ray jets in the upper chamber. 

And you saw none, that's why this is a really fantastic event. This 

fact is given in Table 4 which shows that the number of showers seen in 

the upper chamber was basically 7, the number of gamma rays and electrons 

Incident upon the upper chamber was basically -4 because they had to 

correct this 7 for the number of lead jets that should have been in 

there. 

The important point is that the number of gamma rays and electrons at 

production is negative or very small, while the total number of hadrons^ 

are of the order of 100. 

Out of approximately 100 events, they have found 4 or 5 events in which 

you have an event with a large number of hadrons but very few gamma 

rays. 

These are the Centauro events and in fact there is no explanation for 

these bacause they are mind boggling and contrary to conventional physics. 

I have a paper from Bjorken (32) in which he says that one possibility 

would be that these objects are primordial globs of colored quark matter. 

And it*s a very interesting calculation, probably not true, but (laughter) 

certainly very entertaining. Now, if they are produced in the primordial 

situation, can they be produced in heavy ion collisions? That's an 

interesting question. And I think if these events are iound by other 

groups. I would be very excited about the possibilities at extremely 
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high energies of making new kinds of matter. But of course it may not 

be the same matter as Bjorken proposes, it could be something else. 

Anyhow, the cross section for such processes is very large at these 

energies; and so even if it occurs occasionally on a 20 GeV on a 20 GeV 

machine you have the flux to hopefully see something, if such processes 

exist. Similarly, with pp colliders one might see them at Fermilab. 

Well, this is just tantalizing and very interesting to speculate upon. 

Whether they exist or not, however, I think what this tells us is that 

one should keep one's eyes open and that going to as high an energy as 

possible is the right thing to do. 

Thar.*-, you. 
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Flgure Captions 

Figure 1: A composite representation of the Integral spectrum of 

cosmic rays from 10 to 10 GeV. Also shown are recent 

results for the composition below 10 GeV. Diagonal 

lines are lines of constant Intensity for the all particle 

spectrum. 

Figure 2: Experimental arrangement for an air shower experiment at 

high energies. 

Figure 3: Energy variation of charge ratio of single cosmic ray 

muons. 

Figure 4: Average correlate ^Lween total number of muons and 

electrons in air showers. 

Figure 5: Depth of shower maximum as a function of total energy. 

Figure 6: Fluctuations in the number of muons as a function of 

energy (shower size). 

Figure 7: Exposure factor for detecting one event per year at 

1000 TeV. 
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Figure 8: Schematic of the Japan-Brasil emulsion chamber at Mount 

Chacaltaya (5200 tn altitude). 

Figure 9: Classification of individual jets. 

Figure 10: Classif icat ion of families of jets. 

Figure 11: Use of starting point listribution to separate liadron 

jets from electron-photon jets. 

Figure 12.i: Integral gamnia-jet energy spectra for C-Jets. 

Fi pur** 1 ?b : Fractional gamma energy spectra for C-jets. 

Figure 13: Fractional gamma energy spectra compared with Monte-Carlu 

calculations. 

Figure 14: Artist's schematic of the first Centauro event. 

Figure 15: Photomicrographs of the development of the Centauro 

event. 

Figure 16: Integral curve for hadron survival used to estimate 

number of hadrons at production. 
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Tables 

Table !: Properties of Costnlc Ray detectors to study Interactions. 

Table 2: Event rates observed by different experiments. 

Table 1: Centauro event details. 

Table U: Lack of r-rays in Centauro events. 
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TABLE 1 
STUDY OF INDIVIDUAL HIGH E EVENTS 

Low flux needs large collecting area 

Different particles need diff. instruments (e.g., -7, h, n, e) 

Exp. Tech. Quantity Meas. How Well? 

Nucl. emulsion 
chambers 
Balloon, Satellite 
(Accelerators) 
~ 1m 2 Days. 
< 100 Tev 

Charged ptl energy 
7-energy 

Location 

Primary 

± 20% M. S. 
±10% Cascade 

~ 1//m 

Seen 

X-ray, nucl. em. 
chambers 
Mt. Level. 
~ 1 0 0 - 1000m2 yr 
Up to ~ 1000 Tev 

Hadron-jets 
7-jets 

Location 
Primary 

± 20% 
± 20% 

1 to 10 /im 
Not seen 

Calorimeters 
Up to 1000 Tev. 

Total energy of h 
Direction 
Location 
Primary 

± 10% 
± 1° 
~ cm 
Sometimes 

Other methods: 
Shower cores -*• Nej. r 
Multiple its' -+ E * r 

:, NeT, N,} 
Other methods: 
Shower cores -*• Nej. r 
Multiple its' -+ E * r position-angle 



TABLE 2 
A NAIVE*SUMMARY OF EMULSION CHAMBER EVENT RATES WITH 

ZEy > 100 TeV 

Experiment Depth 
g/cm2 

Exposure 
Factor 

m2, Sr, sec 

No. of 
Events with 

Z E 7 > 100 TeV Comments 

1. Chacaltayt 

CH-14 550 1x 10» 25 Only upper chamber 
exposed and completely 
scanned. 

CH-15-
16-17 

550 4x 10" 100 
(estimated) 

Two Storey chamber 
with nuclear emulsion 
E 7 >200GeV 

2. Mt. Fuji 
127] 

650 1.7 s 10'-' 80 Thin sinfie layer 
EC with X-ray film 
only E 7 > 1.6 TeV 

3. Airplanes 
[281 

260 9 x 1 0 * 9 Two Stony E. C. with 
nuclear Em. Complete 
scan. By > 100-300 GeV 

4. Pamirs 
129) 

-600 3 x 10™ I 
1010 | 83 

(reported) 

r Mock only 
E ,>2TeV 
X-ray films only 
r + Hendr + 3H 
E h > 5 T e V 

'Caution: Event selection criteria + steep spectrum • severe biases. 



TABLE 3 
MULTIPLICITY OF NUCLEAR-ACTIVE PARTICLES 

Event No. I II III IV 

Chamber No: 15 17 17 17 

No. of identified 
Pb-jet and C-jets 

Estimated number of 
A-jets 

45 32 37 38 

No. of N. A. particles „ 1 f l 1 7 . 
pentrated through , D l o " l u 

No. of Pb-jets (upper) g 1 g g 1 Q 

left unidentified 

No. of N. A. particles 65 66 63 58 
incident upon chamber 

Estimated heighr of 50 80 230 500 
parent interaction (m) 

13 32 

Multiplicity of N. A. 
particles at production 68 71 76 90 



TABLE 4 
MULTIPLICITY OF GAMMA-RAYS AND ELECTRONS 

Event No: I II III IV 

Chamber No: 15 17 17 17 

No. of showers in 
upper chamber 7 14 42 76 

No. of Pb-jets (identified , , , K ot. O K 

plus expected) " / 0 ** £S> 

i 

No. of gamma-rays and iji 
electrons incident upon -4 -11 17 51 
chamber 

Estimated number of 
gamma-rays from A-jets 13 30 47 

No. of gamma-rays and _g _24# _T3« 
ek irons at production 

* Location of Centauro II and III in the upper chamber are 
near an edge of the block, so that number of showers in 
the upper chamber may be underestimated because of 
detection loss. 
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The Production of Systems with Large Mass or Transverse Momentum in High 

Energy Hadron-Nucleus Collisions 

H. Frisch 

Physics Departnent and Enrico Fermi Institute, University of Chicago 

In the past decade it has become clear that the hadrons (I.e., the 

strongly interacting particles such as the proton, neutron, IT, K, etc.) 

are made of yet smaller objects. The key experinents which have made 

such a constituent picture so convincing have been of two kinds. First, 

t'..e scattering of particles in collisions with large momentum transfer 

(e.g., the first deep inelastic electron scaf.ering experiments at 3LAC1, 

and neutrino and muon scattering experiments Jt Fermilab and CERN ), have 

shown that for large space-like momentum transfers one 'sens' objects of 

a smaller scale inside the nucleon. Second, the discoveries of massive 

particles3 (the J/i|) and the T) which are clearly interpretable as bound 

states of a new quark and its antiquark not only made the quarks real in our 

minds, but have more importantly led the way toward a theoretical unifica

tion of Che strong, weak, and electromagnetic interactions. 

Both deep inelastic scattering aiid the production of massive states 

such as the J and the T are rare processes. These processes are steeply 

falling spectra in the momentum transfer-squared((q ); read mass-squared 

in the particle production case). And both processes are greatly enhanced 

at a given value of q 2 by increases in the available energy of the 

collision. High energy physicists are therefore ever anxious to increase 

the energy available by building higger fixed-target accelerators and by 
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buildlng colliding beams . 

Why are very high energy quark-quark collisions relevant to a 

symposium devoted to the possibilities inherent In a colliding beaa accelera

tor designed to collide heavy nuclei on heavy nuclei? For the high-energy 

physicist, the question is whether or not the quarks In a fast-aovlng 

heavy nucleus have an Increased cha:ict of carrying more momentum than 

vould be their share if the nucleons were independent. If in fact there 

were a non-negligible probability that one quark would be found with most 

of the momentum of the whole nucleus, then such a heavy-ion accelerator 

vould be an immensely effective means of generating enormously high energy 

quark-quark collisions (and would, as far as 1 know, be the first working 

collective-effects accelerator). buch a concentration of the momentum of 

the whole nucleus among the quarks of one nucleon Is one suggested explana

tion of the data 1 will show you. 

The data 1 will discuss have to do both with the generation of par

ticles at large momentum transfer and with the generation of systems with 

large mass in hadron-nucleus collisions. In the case of the large momen

tum transfer production, clear effects of collective action of the nucleons 

in the nucleus have been seen. In the large mass case, some of the data 

are conflicting. My strong belief is that, unfortunately, no collective effects 

exist which would help us in the way I outlined above to achieve ultra 

high energy quark-quark collisions. But as the interpretation of the 

observed effects is not clear, I will take the approach of laying the data 

out as clearly as I can, with particular emphasis on how the experiments 

are done for the benefit of experimentalists in the audience who may be 
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envisioning how to repeat «uch experlaente on a new 'heavy ion accelerator. 

I hope that you will be able to judge for yourselves any possible payoffs 

In heavy-ion collisions of the type described above. 

There are three types of hadron-nucleus experiments I will describe: 

1) single particle production at large values of transverse momentum (p_); 

2) large mass hadron pair production; and 3) large mar-e dinuon 

production. Each of these is shown schematically in Figure 1. 

Single Particle High p Measurements 

It is a long-known fact that the spectrum in p_ of hadronic particle 

production is very steep. (p_ is the component of the momentum of the 

produced particle perpendicular to the beam—s»e Figure 1.) In Figure 2 

the spectra of IT production versus p in 200, 300, and 400 GeV proton-pro

ton collisions is shown.k There are two noteworthy features: i) the spectra 

are very steep in p_, and 2) the cross-section at large p_ are energy 

dependent, rising with increasing energy. 

Before discussing how these cross sections depend on the atomic weight 

of the target nucleus, I would like to give a brief description of the 

apapratus which made the measurements shown in Fig. 2 and which discovered 

the anomalous atomic weight dependence. The spectrometer of the Chicago-

Princeton collaboration is shown in Figure 3. The primary proton beam, 

of intensities of up to 10 1 3 protons/pulse hits a target inside a heavily 

shielded target box. The targets are remotely controlled so that 

hydrogen Cdeuterium), beryllium, titanium, or tungsten (W) targets can 

be Inserted easily in turn. The spectrometer is placed at 77 mrad to the 

incoming beam: this angle corresponds to 90° in the CM. frame for 300 

GeV protons. After 30 feet of steel collimation, quadrupole lenses focus 
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the secondaries. Bending magnets and four counter hodoscopes determine 

the momentum of the secondaries. Two 86'-long Cherenkov counters separate 

pions from Laons and protons. The experimenter defines a central 

value of p_ by setting a given current in the magnets: n/K/p identification 

is done particle by particle at a given such setting. Figure 2 shows 

that results from this procedure can be obtained over 10 orders of 

magnitude in cross section! 

Now what happens when different nuclei are used as targets? Figure 

4 shows the relative production of TI at a <p > » 3.82 GeV for W, Ti, Be, 

D and H targets. The cross section per nucleus for each target has been 

divided by that of W, and plotted versus atomic weight. Uith the exception 

of the point for hydrogen, all of the nuclei lie along a straight line 

on the log-log plot. This implies that a parameterization of 0(A) - A 

is at least a good parameterization (it should not be confused with a 
QL 2 

theory—in fact, while the A provides a good x fit to these points, so 

does a sum of terms such as C]A + C2A1 + C3A 3 ) . 

Figure 5 shows the power a of the effective atomic weight dependence 

for both TI and TT production versus p . The lines are the same on both 

plots (and are to guide the eye ) to facilitate the comparison of TI and 

TI production. The interesting fact is that in both cases the power a 

in the effective A-dependence grows to be greater than 1, reaching about 

1.J2 to 1.14. The errors shown include both systematics and statistics. 

I-t is clear that 1.0 is excluded. 

What does a greater than 1 imply? The total cross section grows 

with A approximately as A 0" 7, close to the value of A 2 3 which one would 

expect from the area of a black disc. For a transparent disc (these are 
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rare collision* at high p_, after all) one might expect only the volume 

of the nucleus would Matter, in which case A 1' 0 would be expected. An 

A-dependence of A1*11* requires that the nucleons act collectively. 

There are two main classes of mechanism which could produce such 

a collective effect. The first is multiple collisions of a constituent 

of the projectile proton. For example, a hard collision in wnich 

a large momentum transfer is imparted to a constituent might be followed 

by a second almost elastic collision which increases the angle (and hence 

the p_) of the constituent. This mechanisms would allow the probing of 

the passage of 'bare' constituents through hadronic matter: i.e., 
collision on nuclear targets 

could be used as a tool for investigating short-time and short-distance 

behavior in hadronic matter of the constituent. A second type of collective 

mechanism is a change in the sharing of momentum among all the quarks In 

the nucleon, with the consequent increase in probability that one quark 

can carry a substantial fraction of the momentum of the whole nucleus. 

This has been suggested by many people, especially Afek, Berlad, Dar, and 

Eilam , and Krzywicki. (Fermi motion, which is just such an effect, 

is not large enough to account for the data.8 ) 

The Chicago-Princeton experiment also measures the relative production 

of kaons and protons to pions with its Cherenkov counters in a fashion 

which is quite free of systematic errors. Figure 6 shows a typical plot 

of the ratio of proton to TT and anti-proton to TT production versus p 

for hydrogen, beryllium, and tungsten targets. The cross sections rise 
with atomic weight A. Figure 7 shows that (except for hydrogen) the 

ratios can also be parameterized as A , 

powers of a for the two particle types. 

ratios can also be parameterized as A , where Act is the difference in the 

This difference in powers is shown in Figure 8 for proton and IT , 
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and p and IT . One sees that proton and antiproton production is ever; 

stronger with atomic weight than that of pions, reaching values of 1.3 

or greater at large values of p_. (One should note that it would take 

880 independent nucleons to equal the production from a U nucleus at 

a • 1.3.) Figure 9 shows a similar plot for the E /ir and K /IT ratios. 

Here, however, K is seen to behave as does IT , but K has a w-h stronger 

A-dependence than the TT . 

A summary of the results on A-dependence for the six particle types 

is given in Figure 10. In each case a collective effect (i.e., a greater 

than 1) is seen. Is this in fact due to the energy dependence of the cross 

section (see Fig. 2) and a significant effect as discussed above? Or is 

it a multiple scattering of some 'bare' object which doesn't feel the 

nuclear absorption (the absorption would greatly diminish rather than 

enhance the production of any produced object which acts like a normal 

hadron in nuclear material—remember any significant degradation of 

momentum is a degradation of p , and the spectrum in p is very steep— 

cf. Fig. 2). 

These Chicago-Princeton results have been confirmed and extended in 

several experiments. Table I lists the later experiments. All are in 

good agreement, and the effect seems to persist down to AGS energies 

(^ = 7 GeV). 

Double-Arm Measurements 

The A-dependence of the production of systems whose mass is a sub

stantial fraction of the available energy of a single nucleon-nucleon 

collision is a sensitive test of certain types of collective effects. In 

particular, models in which constituents of one nucleon can share the 

momentum of the whole nucleus tend to predict large increases in the 



Table I 

Other Single-arm 'High p ' Experiments 

Acronyms Reference /s p Targets Comments 

MIT/BNL Becker et al., 
PRL 37, 1731 
(1976) 

7.43 GeV 0.75-2.25 Be, Ti, W Over this Halted p_ range 
agrees with our data 

Imp. College, 
Rochester, 
Rutgers 

Barbutt et al., 
Phys Lett 67B, 
355 (1977) 

9.68-22.7 0.2-2.35 C, W Ditto— 
10% change in over this 
s range 

SU1TC, 
Columbia, 
Fermilab 

McCarthy et al., 
PRL 40, 213 
(1978) 

27.4 1.8-4.3 Be, W Agrees— 
double arm data 

Purdue, 
U. of Mich., 
Fermilab 

Finley et al., 
PRL 42, 1028 
(1979) 

27.4 1-2.8 Be, Pb Ditto-
double arm data 
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cross-sectlons for large mass events. We will see that this is parti

cularly striking in the production of muon pairs by the Drell-Yan mechanism 

(discussed in the third section) in proton-proton collisions, as the 

cross-section is normally regulated by the difficulty in finding an 

antiquark with a large momentum fraction of the protons' momentum. The 

predictions are much less clear for hadron pair production, hovever. 

The first measurements of two hadrons produced with a large (>4 GeV) 

mass for the pair were made by a SUNY-Columbia-?ermllab collaboration. 

The process is shown schematically in Figure 1. Both particles are measured 

at angles which are close to 90° in the center-of-momentum frame in a 

proton-proton collision. The spectrometer used shown in Figure 11, 

measures the p of each particle with multi-wire-proportional chambers 

and a bending magnet in each arm. Cherenkov counters give particle 

identification. 

The two measured variables are the respective values of p in each 

arm, p_ and p_ 2 (see Fig. 1). It is, however, the sum and difference of 

the two which seem physically the most meaningful. The sum, p T 1 + P T 7, is 

the invariant mass for symmetric decays, and the difference is the p 

of the pair (considered as the parent object). 

Figure 12 shows the spectrum (plotted as a double invariant cross 

section) for a pair of charged hadrons with total charge zero plotted 

versus the mass 6f the pair divided by the total available energy. The 

s-oectra are seen to be very steep, and the shape is almost the same for 

the three beam energies when plotted against this scaling variable. 

Figure 13 shows the spectra plotted against the other variable for 

the pair,the p„ difference of the two particles, p ' . The data have 
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been binned into different mass intervals; for each case, however, the 

spectra are quite flat compared to the single particle case (see Fig. 2). 

Now how does the production of these rare pairs of hadrons depend on 

the atomic weight of the target nucleus? Data were taken on beryllium and 

plaLlnum targets. The production per nucleus was fitted to the form A 

as before. Figure 14(a) shows the results of these fits for a as a function 

of the mass of the pair (for all pairs of oppositely charged particles, 

integrated over all values of the transverse momentum of the pair p * ) • 

We see that a is consistent with a value of 1.0, implying that each nucleon 

in the whole volume of the nucleus is contributing independently. 

The dependence of the power o on the variable p ' (the difference ir 

the transverse momentum of the particles in the pair) is shown in Figure 

14(b). In this case a increases with P T
f» especially for very .Large pair 

invariant masses. Values of ot for single particle production as measured 

by this experiment and the Chicago-Princeton experiment discussed in the 

previous section are shown for comparison. The values for pair production 

are seen to be even larger than those for single particle production. Table 

II shows the powers of a derived for the different particle types for two 

regions of the variable PT'-

To summarize the data of the SUNY-Fermilab collaboration: 

1) no anomalous A-dependence is seen in the production of 

large-mass pairs as a function of the mass of the pair, 

over the region 4.8 < m . < 8.8 GeV. The data are consis-" pair 
tent with an AJ'° behavior, which is reasonable for a rare 

process. 
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Table II 

IT" K~ P h" 

+ 
IT 

0.99 ± 0 .03 

1.08 + 0 .11 

1.05 ± 0.09 

1.37 ± 0.46 

1.29 ± 0.14 1.00 ± 0 .03 

1.12 ± 0.08 

K+ 

0.98 ± 0.09 1.33 ± 0.17 

_ 

1.05 ± 0.05 

1.24 ± 0.22 

P 

1.11 + 0.07 1.58 ± 0.21 1.37 ± 0 .13 1.16 ± 0.05 

1.14 ± 0.19 

h + 

1.00 + 0.02 

1.15 ± 0.06 

1.11 + 0.06 

1.52 ± 0.20 

1.17 ± 0.07 

1.41 ± 0.43 

1.01 ± 0.02 

1.18 ± 0.04 

The power ct of the A dependence of the invariant dihadron production cross 

section is given as a function of particle species for p < 2.1 GeV/c 

(upper value) and for p > 2.1 GeV/c (lower value in each box), h 

denotes all positive hadrons, h all negative hadrons. 
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2) An anomalous A-dependence ia_ seen for those rare events pro

duced when the pair has a large value of the net transverse 

momentum p_. 

3) The pairs involving heavy particles K and p tsnd to have 

larger values of a (pp has an especially large value, for 

example). 

This, so far, does not seem cl'ar as to what it implies fcr the pro

duction mechanisms, but at least seems clear-cut experimentally. Unfor

tunately, an experiment performed some time after this one tends to make 

the picture less rather than more clear. 

The apparatus and list of authors of the Purdue-Michigan-Fennilab 

collaboration12 is shown in Figure 15. The apparatus is somewhat similar 

to the one of the SB-F-C collaboration just described above; it has a 

somewhat larger acceptance but a much lower intensity beast. The 

experiment did not have the sensitivity to reach as high values of mass 

or transverse momentum as the previous experiment13, stopping at values 

of mass just where the SB-F-C experiment begins. 

In Figure 16 are shown the values of single particle A-dependence power 

a as measured by this experiment, as well as those of the CP and SBFC 

collaborations. All three experiments agree remarkably well. 

However, in Figure 17 the power a for pair -production is shown versus 

the sum of the transverse momenta of the two particles in the pair (for 

symmetric decays, remember, this is the mass of the pair). The data 

start with a ~ 1.1 at a mass of just above 2 GeV, and a rises to be 1.2 

or so at a mass of almost 5 GeV. The SBFC data, also shown, while they 

do not overlap in mass range and hence cannot rigorously conflict, show no 

sign of this rising trend. 
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The values of a versus the difference of the transverse momenta as 

measured by the FMF collaboration are shown in Figure 18. There is no 

strong sign of the rise in a observed by the SBFC group (compare the 

righthand-most plot of the PHF collaboration, in which a is 1.2 over 

the range 0 < p„' < 2 GeV/c, with Figure 14b. 

Finally, how does the PMF atomic-weight dependence for pairs invol

ving kaons and protons compare with that measured by SBFC? Figure 19 

is a compendium from which the relative values of o can be derived for the 

various kinds of pairs. Shown are the fractions of time a given type of 

particle is observed for a given type of trigger particle For example, 

the upper left hand plot shows that the fraction of time a positive hadron 

in a pair is a proton when the other particle is an antiproton 

is greater on a beryllium target than on a lead target. This implies 
_ + 

that a is smaller (!) for pp pairs than for, say n pairs, ir. direct 

contradiction to the SBFC results. 

To summarize the data of the PSM collaboration: 

1) An anomalous A dependence i^ seen in the production of 

large-mass pairs as a function of the mass of the pair, 

over the region 2.4 < m < 4.8 GeV. The effective power 

rises from 1.09 to 1.2. 

2) An anomalous A dependence is seen at large mass, but it does 

not depend strongly on the variable p . 

3) The pairs involving kaons and protons tend to have smaller 

values of a(especially pp). 

Every one of the conclusions is contradictory to those derived from 

the SBFC data :'n the higher mass region. 
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So little fundamental has emerged from the study of hadron pair 

production by hadron-nucleus collisions. The experimental data seea 

contradictory, and there exist no clean predictions as to what one would 

expect in any case. 

Happily there is a much clearer situation both experimentally and 

theoretically in the production of anion pairs by hadrons. It is now well 

established experimentally that this process is dominated by a process 
14 

called the Drell-Yan process in which an antiquark inside one nucleon 

annih.lates a quark inside another nucleon. This process, as well as the 

definitions of the relevant kinematic variables is shown in Figure 1. 

A list of the dimuon experiments from which I will present results 

is given in Table III. The first of these experiments, by the Fermilab-
15 

columbia-Hawaii-Illinois collaboration (FCHT), utilized a large spectro

meter built in the wide-band photon beam at Fermilab. For dimuon produc

tion, however, the group removed a long deuterium filter used to purify 

the beam of neutrons, and studied the muon pairs produced by neutron inter

actions in their target. 

The results of the FCHI experiment are shown <n Figure 20. The power 

of the atomic weight dependence (called y instead of 'j. by these authors) 

is shown versus mass in Fig. 20b for muon pairs which are not made by the 

production of strongly interacting resonances. The power is seen to rise 

steeply from values of 0.6 or so to about 0.9 at dimuon masses in the 

several GeV range. 

In fact, one would expect a = 1.0 from the folklore of the quark 

model if the mechanism for production of the muon pairs is the Drell-Yan 

mechanism. Quarks with substantial momentum are expected to interact only 



Table III 

Relevant Di-tnuon Experiments 

Institutions Reference Ja Targets m o Comments 
including particle —"^ 

Fermilab, 
Columbia, 
Hawaii, 
Illinois 

M, Binkley et al., 
PRL 37, 571 
(1976) 

-24.5 GeV 
neutrons 

Be, Al, 
Cu, Pb 

.75 (p.W) 

31 MO 
.62±.03 
.93±.04 

Rises with mass 

Chicago-
Princeton (I) 

D. Antreasyan et 
al., PRL 39, 906 
(1977) 

27.4 GeV 
(P) 

Be, Cu 9 GeV 1.03 
+ 

0.10 

First high mass 
(T-0.3) measure
ment 

SUNY, 
Fermilab, 
Columbia 

D.M. Kaplan et al., 
PRL 40, 435 (ls.78) 

27.4 GeV 
(P) 

Be, Pt 5-12 GeV 0.97 
± 
.05 

Chicago, 
Illinois, 
Princeton 

K.J. Anderson et 
al., PRL 42, 944 
(1979) — 

20.5_GeV 

(P) 

C, Cu, W 1-7 GeV 1.12 
± 
.05 

Rises with mass 
up to -^-3 
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weakly in matter, and here the cross section should scale with the 

number of quarks, i.e. as A 1' 0. The fact that the data does rise with 

increasing mass (and thus in the Drell-Yan model increasing momentum of 

the quarks) is hopeful. 

Now if there did exist a component of the quark distribution which 

shared the momentum of the whole nucleus as suggested by Krzywicki 

and others, one would expect a large enhancement in the dimuon production 

on heavy nuclei. The first experiment to measure a for very high mass 

(~9 GeV) dimuon production was the Chicago-Princeton collaboration discussed 

in Part I, who modified their apparatus in a dirty way to add another arm. 

The result they measured was a = 1.03 ± .10. This result ruled out 

simple collective effects of the type suggested by Xrzywicki. 

The SB-F-C collaboration, with the much more sophisticated apparatus 

previously shown in Fig. 15, has improved the CP results on a for high 

mass dimuon production by protons, obtaining the value a " 0.97 ± .05. 

This is in excellent agreement with the prediction of a * 1.0. 

The situation with dirauon production by pions is less clear. A 

Chicago-Illinois-Princeton collaboration, using the large Chicago cyclo

tron spectrometer at Fermilab (Figure 21) has measured for both incoming 

pions and protons. Figure 22 shows their data for incoming pions. They 

find a = 1.12 ± .05. Their data for an incoming proton beam is shown in 

Fig. 23 with the SB-F-C data. The proton data are consistent with a =1. 

It is possible that the pion data really imply that a is different from 

1.0 and that some new effect is operating. I think it is more likely that 

a is 1 for pions as well. 
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I would like to divide ay conclusions into two types: 1) facts, 

and 2) thoughts and hypotheses. 

Facts 

1) The single particle high p_ production data show a 'collective 

effect.' For p production a tungsten nucleus has the equivalent 

cross section of 1500 independent nucleons ('). 

2) The double arm data seem inconsistent. At least one experiment 

is wrong, or something very funny is going on. 

3) The dlmuon production data is consistent with an atomic weight 

dependence of A '° after an initial rise in a at low mass. 

Random Thoughts and Hypotheses (with apologies to anybody who feels 

proprietary toward any of them) 

1) Most of the cross sections discussed above are steep functions 

of mass or the effective CM. energy p T- They are thus very 

sensitive to any process which can change any of these variables: 

For example: a) multiple collisions of constituents; 

b) components of the nucleus with high lateral momentum; 

c) large mass components of the nucleus. 

2) 'Fast' quarks don't interact strongly with the quarks in the 

nucleus, so there is little absorption. The A dependence 

comes from the slow ones, bu^ A 1 is the 'natural dependence of 

processes-with large mass or p t (See G.R. Farrar, Ref. 5.) 

3) At smaller p_ or smaller mass (less than several GeV) a is less 

than 1. This 'turn-on' may be governed by how fast the quarks are. 

4) For single particle production at high p , the effect can be 

explained „y multiple collisions of the quarks. All attempts 

to explain it by letting secondary hadrons be formed in the 

nucleus fail, because of the attenuation inside the nucleus. 
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So how does all this relate to the question of whether or not to 

build a machine to collide nuclei on nuclei? I feel that, while we don't 

yet have a quantitative description of what goes on in hadron-r.iucleus 

collisions, all facts seem consistent with a picture in which large mass 

or large momenLum transfer collisions are governed by the scattering 

or annihilation of objects much smaller than a nucleon. There seiims 

to be no evidence for the kind of collective effect in which one consti

tuent shares the momentum of many nucleons. Hence the high energy physics 

of searching for yet higher mass states or yet 'harder1 collisions will 

probably not benefit from very high energy nuclear-nuclear collisions. 

But as Neils Bohr said, "It is very hard to predict, especially the I'uture.'" 

I would like to thank David Finley for help and discussion. 
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Figure Captions 

1. Schematic representations of each of the three processes discussed 

in the talk. The variables p (pJj, is the component of the trans

verse momentum perpendicular to the beam. For the pair experiments, 

the mass of the pair m is approximately the sum of the individual 

transverse momentum, and the p of the pair is the difference. 

2. The spectra for n~ production versus p in 200, 300, and 400 GeV 

proton-proton collisions. 

3. The single-arm spectrometer of the Chicago-Princeton collaboration. 

4. The relative production of it per nucleus at transverse momentum of 

3.8 GeV for tungsten (W), titanium (Ti), beryllium (Be), deuterium 

(D) and hydrogen (H) targets. The cross section per nucleus has been 

normalized to the cross section per W nucleus. The line shows a fit 

of the form A to all of the points except hydrogen. The error bars 

include systematic errors. 

5. The power a for ir and ir production on nuclei derived from fits of 

the type shown in Figure 4. Note that the scale is split—the upper 

half is for n production, and the lower half is for n . The lines 

are drawn only to guide the eye, and are the same curve to show the 

similarity of IT and TT atomic weight dependence. 

6. The relative production of protons (antiprotons) to that of pions for 

proton-proton, proton-beryllium and proton-tungsten targets. The 

increasing production of the heavier particles with atomic weight 

is clear at large values of the transverse momentum. 

7. A plot of the particle ratios versus atomic weight A at a p of 3.85 

GeV/c. The lines are fits (excluding hydrogen) of the form A P T . 



-215-

8. The value 3 of the dlfferer.ce p - ir derived from the particle 

ratios, versus p_ at 300 GeV/c. The lines are drawn to guide the 

eye. 

9. The values of the difference derived from the particle 

ratios, versus p at 400 GeV/c. The lines are drawn to guide the ̂ ye. 

10. The power a of the A dependence of the invariant cross section versus 

p for the production of hadrons by 400-GeV protons; Ca) it , (b) TT , 

(c) K , (d) K , (e) p, and (f) p. Unless indicated, the errors 

are smaller than or equal to the size of the points. 

11. The double-arm spectrometer of the SB-C-F collaboration. 

12. The cross-section for producing a pair of hadrons. The cross section 

is plotted versus the scaling variable X - iJs, where m is the mass 

of the pair, and /s is the total energy in the center of mass. 

13. The cross section for producing a pair of hadrons at a value of p ', 

the difference in the two transverse momenta. The data have been 

separated into intervals of mass. 

14. a) The power a of the atomic weight dependence versus the mass (actually 

the sum of the transverse momenta) of the pair. Note that the data 

are consistent with a value of 1.0. 

b) The power a of the atomic weight dependence versus the p_ of the 

pair. The single arm results of the SBCF and CP collaborations are 

also plotted. 

15.. The double-arm spectrometer of the Purdue-Michigan-Fermilab collaboration. 

16. The values for a for single particle production as measured by both 

double-arm experiments and the CF collaboration. 

http://dlfferer.ce


-216-

17. The power a for pair production as measured by the PHF 

collaboration versus mass. The SB-F-C measurements are also 

shown. 

18. The values of a for pair production as measured by the PMF colla

boration versus the p of the pair. Remember p is the sum of 

the transverse momenta of the two hadrons, and is close to the mass 

of the pair. 

19. This nigh-incomprehensible plot shows the fraction each type of 

particle subsumes when the other arm detects the trigger particle 

listed on the ordinate. For example, the top left plot shows the 

fraction of time a positive hadron is a proton for p, K , 7t , p, K , 

and 7T triggers, for both beryllium and lead targets. 

20. The power a (here called y by the authors) as measured by the 

FCHI collaboration for ditnuon production by neutrons: a) is for 

the strongly-produced resonances p and us, and the J, b) is for 

non-resonant pairs. 

21. The Chicago cyclotron spectrometer used in the CIP experiments on 

dimuon production. 

22. The values for a for dimuon production by incident pions as measured 

by the CIP collaboration. 

23. The values for a for diumon production by Incident protons. Also 

shown are the SB-F-C measurements. 
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ASTROPHYSICS PERSPECTIVES ON HIGH-ENERGY 

NUCLEUS-NUCLEUS COLLISIONS 

D.N. Schramm, Matt Crawford; and Keith A. Olive 
University of Chicago 

The purpose of this talk is to review various implications 

of high energy heavy ion collisions on astrophysics problems. The 

possible implications fall into four specific astrophysics problems: 

1. cosmic ray propagation and calibration studies 

2. equation of state of neutron star matter and the maximum 

mass of a neutron star 

3. equation of state of collapsing stellar matter and the origin 

of black holes, neutron stars and supernovae 

4. the quark-hadron phase transition in the early universe and 

the possible role it may play in generating fluctuations in 

the universe. 

This talk will not present a detailed set of references on each topic 

but will instead try to present a discursive overview with referencing 

primarily to reviews rather than to primary source material. The first 

problem mentioned above is already an on-going program at LBL and, 

as such, does not need to be expanded upon here. The point is that 

heavy ion reactions at high energies can duplicate those reactions 

which take place in interstellar space as cosmic rays propagate from 

their sources to their detection near earth. Thus understanding these 

reactions can enable cosmic ray physicists to have a better chance 

of removing propagation effects and determine the implied source com

position. This in turn can be used to understand the origin of the 

cosmic rays and the detailed nature of the sources. Another related 
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application is the use of high energy heavy ion accelerators 

to calibrate the cosmic ray detection equipment which is to be flown 

in satellites, balloons, etc. Such calibrations are an absolute 

necessity for interpreting results of isotopic composition experiments. 

John Simpson is currently preparing a detailed review of the subject 

of the isotopic composition of cosmic rays and the roles of both 

spallative studies and calibration will be explicity developed and 

referenced there. This problem will primarily be concentrated on 

the latter three subjects. There will be a section dealing with cold 

neutron matter and its equation of state. This problem has long 

been central to the study of neutron stars and has not yet been re

solved in a satisfactory manner. Ey probing nuclear matter at high 

energies and at densities much greater than nuclear density one could 

learn something about this equation of state. For further details 

on this subject see ref. 2.and references therein. 

The next section will discuss the related but different problem 

of the equation of state of hot, dense nuclear matter. This is rele

vant to collapsing stellar matter and the problem of forming a neutron 

star or a black hole and ejecting the outer part of the star in a 

supernova explosion. Aspects of this problem are reviewed by Lattimer 
3 4 

anu Brown and Freedman, Schramm and Tubbs . 

Another section will discuss the relev?nce of heavy-ion physics 

on two current problems in the early universe: the spectrum of particles 

produced by the quark-hadron phase transition and the possible genera

tion of pre-galactic density fluctuations by this same transition. It 

is expected that the spectrum of particles produced in relativistic 

heavy ion collisions may be related to that produced in the early 
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universe. This spectrum may have features indicative of the quark 

matter phase. The density fluctuations might result from the details 

of the color force between quarks. 

Maximum Mass of Neutron Stars 

The maximum mass of neutron stars is an important question in 

resolving the existence of black holes. For example let's look at 

Cygnus X-l which is a compact object. It's known to be a compact 

object since it's emitting x-rays, and it's in a binary system so we 

can get estimates of its mass. We determine that its mass is much 

larger than the probable maximum mass of a neutron star, and therefore 

the indication is that in Cygnus X-l there is a black hole. The key 

point, however, is whether it is truly more massive than any neutron 

star could be^ If one could make a massive neutron star, one could 

explain the observation. Thus it is very important to know what is 

the maximum mass of neutron stars in order to establish the existence 

of black holes. 

The well known Oppenheiraer-Volkov limit from the .late 1930's, 

which uses non-interacting point neutrons gives a maximum mass of 0.7 

solar masses. However, we know from x-ray binaries (for example, the 

work of Joss and Rappaport) that there are x-ray binary stars that 

contain neutron stars with masses of the order of 1.5 solar masses. 

So we do know that neutron stars exist with masses significantly 

bigger than the Oppenheimer-Volkov mass. We clearly must worry about 

the nucleon-nucleon interaction, as of course would be expected. In 

fact, from the x-ray observations any equation of state that yields 

a maximum mass less than 1.5 solar masses is outlawed. The equation 
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of state must have a sufficiently repulsive core to enable the maximum 

mass to be greater than 1.5 solar masses. 

Another question is, as long as one has the maximum mass for a 

neutron star greater than 1.5, can one really tell anything more about 

it from observations? It may be that all neutron stars actually form 

with a mass of 1.5 because of stellar evolution and nuclear physics 

has nothing to do with it. If the maximum mass that can be supported 

by nuclear matter is 1.5 solar massesor greater, and if stellar evolu

tion always produces 1.5 solar mass neutron stars, then one really 

is not able to probe what is the true maximum mass from observations 

of the stars. To know anything about that, one would have to try to 

attack it from the fundamental nucleon-nucleon interaction point of 

view rather than with the astrophysical observations metioned above. 

The best current calculations using state-of-the-art physics give a 

maximum mass for neutron stars of about 2 solar masses (see review 

by Gordon Baym and Chris Pethick). 

When one examines the structure of a neutron star, the outer 

surface is a crust of iron, which has the maximum binding energy per 

nucleon. The crust consists of free nuclei and electrons. Toward 

the inner part of the crust, one starts to get some neutronization. 

As one moves further in, the neutrons and protons become a liquid, 

possibly even a superfluid, in the mantle region of a neutron star. 

The critical factor that affects this maximum mass is the equation of 

state in the very central regions. In the central region one is getting 

to 5 to 10 times nuclear density. Various hypotheses have been advanced. 

For example, people have worried about pion condensations and how that 

may affect the equation of state. They have also worried about the 
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superfluidity of the neutron-proton fluid and the effect of hyperonic 

matter on the equation of state as the Fermi potential gsts sufficiently 

high so that the neutron plus pion systems are driven into various 

hyperons (A*s, A'sl E's) and how that affects the equation of state. 

The actual formation of a solid neutron lattice is another possibility 

that people have considered. This question has really not been resolved 

and is still being debated. If one could probe these very dense states 

in heavy ion collisions, one might be able to get some indications of 

what is occurring here. There's also the question of whether there 

would ever be a high enough density in the center of a neutron star, 

to create quark matter, Lee-Wick matter or some density isomer. It 

seems unlikely that it would be dense enough for quark matter, 

because for quark matter to be produced one needs densities of 10 
3 

gm/cm . The central densities in all the typical calculations are 
15 3 never much above 10 gm/cm . Therefore, it is probably true that with 

a neutron star one cannot really probe the quark matter situation. It 

should also be remembered that quarks do seem to interact like point 

particles and thus their maximum mass would be more like the 0.7 M 

Oppenheimer-Volkov mass than the 2 M neutron star maximum mass. 

Therefore any collapsing star with a mass greater than the neutron 

star mass would not be stopped at the quark star state. 
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Black Hole and Weutron Star Formation and Supernovae 

We will now discuss the mechanisms for making a neutron star. 

A star starts out its evolution as hydrogen, the hydrogen then burns 

to form a helium core. At the temperatures of burning hydrogen, helium 

is inert so the helium core begins to collapse until its central tem

perature is sufficiently highthat it can burn. It will then burn to 

carbon. For a massive star this sequence goes until there is an iron 
j j t t • ,_ ,, JZ 28„. 1B„ 20„ 12„ U,, . „ core surrounded by burning shells of Si, 0, Ne, C, He and H. 

There are actually other alpha particle nuclei mixed in as well, those 

listed are the primary ones. This work has been done by a number of 

people, with the current state-of-the-art calculation being that of 

Tom Weaver, Stan Woosley and Art Zimmerman at Livermore. 

The previous scenario applies for any star bigger than about 8 ± 2 

solar masses. Lower mass stars end up having their evolution stepped 

long before they form this complete onion skin model, because a core 

is developed that is supported by degenerate electron pressure and 

not able to collapse further. What limits the size of the core is 

the Chandrasekhar mass (1.4 solar masses), the amount of mass that 

can be supported by degenerate electrons. Because of mass loss and 

other details, the lowest mass star that will complete the sequence 

going all the way to a 1.4 solar masses Fe-Ni core has about 8 solar 

masses. Once more than i.U solar masses of silicon have burned the 

electron pressure no longer is able to support the core.and it will 

begin to collapse. Unlike all the previous stages of collapse there 

is now no thermonuclear energy available to halt the collapse. There

fore, this is the final configuration before some sort of catastrophic 

event will happen to the star. 
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The density of the central region, iron-nickel core, is about 

10 gm/cm at the start of core collapse. The densities drop off 

with the silicon shell, oxygen shell, and so on being at significantly 

lower densities. The more massive stars will tend to have much more 

material in the oxygen, neon, and carbon zones, whereas the lower 

mass stars (nearer the A solar masses boundary) will have very thin 

oxygen, neon and carbon zones and a larger fraction of its material 

in the helium zone. This is the reason why J.e more massive star will 

tend to eject large amounts of heavy elements when it blows up, 

whereas a lower mass star, although it's making some heavy elements, 

has a relatively small fraction of heavy elements other than helium, 

and therefore will eject primarily helium and its hydrogen envelope. 

Thus there is a gradient in the amount of heavy elements ejected 

in these different stars. While different mass stars all made heavy 

elements and will eject them in a supernova explosion, they will do so 

in relatively different ratios. 

We have the following scenario for the future of the iron-nickel 

core: Since there is no further nuclear energy available to prevent 

the collapse, the iron is not able to stop the star's collapse like 

the previous nuclear burning stages "were able to do. The silicon 

burning has added to the mass of the iron core so that it is above 

1.4 solar masses, and degenerate electron pressure can no longer support 

it. We also have sufficiently high density so that the Fermi energy 

is above the threshold for electron capture. This means electrons 

are being captured by protons, neutronizing the material. In fact, 

it's not the free protons but the complex nuclei that are undergoing 

electron capture, and emitting neutrinos. Electron capture is pulling 

away the electrons which were providing the pressure support, thus 
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decreasing the pressure support making the collapse go even faster. 

The temperature is also sufficiently high to permit electron-positron 

pair annihilation and related processes, producing neutrinos. The 

density is so high that photons cannot escape. Although there is 

a constant interchange of electron-positron annihilation to photons, 

the photons are trapped, but every now and then by the ratio of the 

weak to electromagnetic interaction, a neutrino pair is produced. 

Because of the effect of the neutral current, all types of neutrino 

pairs, not just electron neutrino pairs are produced. These neutrinos 

do escape, at least in the first stages of this collapse. As a result, 

the star is being cooled and the pressure is further reduced. 

Another fact to be taken into account is that at these temperatures 

iron is excited. This point is one that Gerry Brown, Jim Lattimer and 

Hans Bethe have recently been emphasizing. A few years ago it was 

thought that a lot of energy goes into photodisintegration rather than 

excitation in which case the iron would break down into free neutrons 

and protons. In fact, what probably occurs is just nuclear excitation. 

Because of cooling, the temperature does not seem to be high enough to 

completely break down the iron. Instead, there is nuclear excitation 

of the iron. 

One aspect of this process is that the free nucleon gas is not 

there to stop the collapse. If the iron was broken down into free 

neutrons the free neutron gas would have y = 5/3 as opposed to the 

electron gas which has y = H/3. In that case the collapse would be 

stopped beca • ie the pressure would get stiffer. Now we recognize 

that the nucleons stay in complex nuclei, and since there are very 

few complex nuclei since the nucleons are then in bundles of 60, the 
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pressure is still always dominated by the electron pressure, which is 

a Y = **/3 relativistic gas. This is true until the iron starts to 

actually bump inio other iron nuclei . Thus there is a soft equation of 

state all the way down to nuclear densities. For this reason it is 

thought that we should now focus on what happens at and above nuclear 

densities, as far as the future of the problem is concerned. Whereas 

just a few years ago we thought the collapse would stop long before 

nuclear densities. 

Following the hydrodynamic situation in different zones of a star. 

Ca number of people have done these calculations, including Jim Wilson 

and Dave Arnett), one sees zones collapsing ur. -1 a transition from 

densities mu :h less than nuclear densities where the pressure is domi

nated by leptons, both the electrons and the neut.rinĉ , and a soft equa

tion of state, until the density surpasses nuclear density and nucleon-

nucleon interactions begin. At this point, Y > 4/3» and there is a 

sudden stiffening, as Bethe, Brown, Applegate, and Lattimer have 

pointed out. Because of the sudden stiffening of the equation of 

state, the material then feels a bounce. 

Now, depending upon what is bouncing, whether it's a whole core 

bouncing with new m?~erial falling in on the core that bounces off of 

the stable core, or whether it's a core oscillating, one gets various 

scenarios, and that all depends on the equation of state. One may 

get a core bounce and a shock wave that propagates so that as it 

moves out it eventually starts to steepen and drive off the outer ma

terial while allowing the inner material to fall down to become a neu

tron star. In such a scenario there is some sort of mass cut between 

the material that gets shocked and ejected and the material that falls 

in to make a neutron star. 
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High energy heavy ion experiments will hopefully probe the com

pressibility of nuclear matter at densities beyond that of normal 

nuclei. These are regions which effect the hydrodynamic bounce and 

determine whether or not mass is ejected and whether one forms a 

neutron star or a black hole. 

In addition to the direct effects of the nuclear equation of 

state there is also a dependence on the neutrinos. They are the domi

nant way in which energy is emitted from the star. The neutrinos are 
12 3 trapped above **> 10 gin/cm , that is they have to diffuse out rather 

than stream out. The neutrinos that diffuse out may actually help 

eject matter. They may cause a pressure build-up and help eject 

the c iter layers. However because there's so much uncertainty in 

the equation of state, it's not clear what role the neutrinos really 

play. It is apparent that at the present time uncertainties in the 

equation of state are much bigger than uncertainties in the neutrino 

interaction physics and, as a result, changes in the equation of 

state can dominate the effects much more than the slight difference 

obtained from neutrino pressure or non-pressure. 

Neutrinos provide another interesting observable which may have 

a feedback back on the system. This is the neutrino photosphere. 

By taking cross-sections and typical energies one finds that the 

neutrinos may stream out freely from the photosphere at densities 
11 3 11 12 3 

below 10 gm/cm . At densities from 10 - 10 gm/cm the neutrinos 
12 3 start to scatter and above 10 gm/cro t\ey are completely trapped. 

53 In order for the star to collapse to a neutron star, 10 ergs of 

gravitational binding energy must be released. This energy must be 

carried off in the form of neutrinos. Perhaps some of the energy 
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might be released in the form of gravitational radiation if you have 

non-spherical modes. However, even in calculations that maximize 

the gravitational energy, you never get more that 1% of the binding 

energy off in gravitational radiation. The bulk of it always comes 

off in neutrinos. 

These energetic arguments concern the binding energy of the neutron 
53 star, 10 ergs, that has to escape to make a neutron star. The 

energy of a supernova is only 10 ergs. The dynamics, from looking 

at the mass motion, is only a percent of this total binding energy. 

Therefore, oneTs only tapping onto a very small fraction of the 
57 binding energy to make the supernova outburst. We also know that 10 

electron neutrinos must escape: The star starts out with roughly 

half protons and almost all those protons are eventually going to 
57 become neutrons. Thus 10 electron capture neutrinos must escape 

52 52 

which is about 10 ergs. But remember, 10 is still only 10% of 

total binding energy, so the bulk of the binding energy is really 

going to come off in neutrino pairs, not only electron-neutrino pairs 

but also muon-neutrino pairs, tau-neutrino p^irs, etc. 

There are detectors now operating, in particular the Ken Lande 

detector in the Homestake goldmine which is about 500 cubic meters . 
52 of water, capable of seeing 10 MeV neutrino from even a 10 erg 

event anyplace in our galaxy. If a collapse did occur in our galaxy, 

Lande should be able to see it and get the neutrino signature which 

might give us more information on the nuclear equation ,of state. It 

is-»even conceivable that the neutrino spectruir froiri neutron star forma

tion will differ from that produced in black hole formation since 

the black hole may trap the neutrinos before they diffuse out. 
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The Early Universe 

It is fairly certain that the universe started out hot and dense. 

This idea is supported in several ways. 

The first observation suggesting an expanding universe was the 

discovery by Hubble of the recession of galaxies. The 3K background 

radiation discovered by Penzias and Wilson tells us that the universe 

once had a temj_.ature > 10 X, the temperature at which photons 

decouple from matter. In fact, this radiation was predicted by 

George Gamov as a necessity of the occurrence of nuclear reactions 

in the early universe. From that argument alone one knows that the 
g temperature was probably greater than 10 K. In fact, the nuclear 

reactions and the radiation are very closely coupled arguments. 

They c u be made more quantitative by noting that the present helium 

abundance o f about 25% by mass throughout the universe shows that 

the big bang nucleosynthesis model is very sucessful. We know not 

only that nuclear reactions occurred, but we also have a quantitative 

understanding of the reactions that did occur, and that understanding 

goes back to temperatures of 10 K. Since there is no other way 

of understanding why one-fourth of the mass of the universe is in 

helium if it did not come out of the big bang we are fairly confident 

that the universe was at one tine hotter that 10 K. 

Having reasonably assured ourselves that the Universe has evolved 

from a very hot and dense era, the next question we may ask is: 

at what point in our extrapolation to higher temperatures and densities 

do we encouter a physically different state of matter than we have 

explored, to date, in the laboratory. Such a transition will occur 

when hadrons merge to form a soup of quarks and gluons. We expect 



-253-

such a stage to have occurred due to the finite size of hadrons. 

At very high densities, hadrons begin to overlap and eventually 

lose meaning as individual particles. He may then refer to the 

universe as being a quark-gluon fluid. It is expected that this 

transition occurs when the total number density of hadrons is > 

10 n (n = 0.17/fm3). o o 
Wagoner and Steigman have argued that the transition must have 

occurred at a temperature between 170 £ T <_ 360 HeV, where T is 

the condensation temperature for quarks going into hadrons. These 

arguments are based solely on 1) the physical size of hadrons and 

their geometry and 2) the QCD potential at very short distances. If 

we further assume that the transition in the early universe took 

place adiabatically and as a second order phase transition, the con

densation temperature is found to be 207 HeV, which is consistent 

with the arguments of Wagoner and Steigman. This temperature corresponds 

to a number density of z 13 for hadrons. 

The assumption that the transition occurs as a second order phase 

transition is not unreasonable for the Tsrly 'universe, however as 

we will see, when one considers the transition occurring in a heavy 

ion collision this assumption is no longer valid. In the early 

universe, we expect the transition to have occurred gradually and 

reversibly in addition to requiring that the total entropy remain 

constant throughout the transition. Furthermore we have neglected the 
_9 baryonic chemical potential, since IL - itr- /n = 10 , where nB»jT»v 

are the number densitites of baryons, antibaryons and photons respec

tively. This point will be made clear in discussing the transition in 

heavy ion collisions, where we can no longer neglect the baryonic 
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chemical potential* 

Having determined the condensation temperature, T , it is now pos

sible to predict the spectrum of hadrons which emerges from the con

densation of quarks into hadrons as the universe expands. It should 

be noted that of the six quarks, u, d, s, c, b, t only u, d and s were 

of sufficient abundance at this time in the universe to generate 

harVons. Due to their mass and the low condensation temperature the 

abundances of c, b, tjare greatly reduced by a Boltzman factor 

exp[-m_/kT ]. Thus we expect only hadrons composed of u, d, s quarks *< c 
to sppear in the spectrum. 

The hadron spectrum following the transition is found by examining 

the total number density of hadrons at T . The most abundant particles 

emerging from the transition and their relative percent abundances 

are: nucleons (3.6), A <1232) (>».9), it 15.0, p (770) (7.5), K (t95) 

(8.1), K (892) (6.5). The large abundances of A, p and K are mainly 

due to their statistical weight- As the universe continues to cool, 

however, these particles will annihilate and decay leaving only the 

lighter hadrons present. For example, within 20 u sec after the transi

tion the abundance of pions is already 50%. As the temperature drops 

further, the pions will disappear leaving only a very small amount of 

nucleons. (This is due to the small excess of baryons over antibaryons, 

otherwise the entire hadron spectrum would have disappeared when T < 

50 MeV.) 

A heavy ion collision experiment can be proposed to test this 

model of the quark-hadron transition. Such an experiment may in fact 

yield a signature for quark matter. Using the nuclear fireball model ' ' 

for heavy ion collisions, it is expected that a region of quark matter 
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may exist temporarily in a collision of sufficiently high energy. 

However, there are two major differences between the transi

tion in the Big Bang and a heavy ion collision. These are: 1) the 

net baryon number of the system and 2) the effect of surface radia-
9 10 tion in the fireball ' . As we have said, the net baryon number in 

the Big Bang is quite negligible, while in a heavy ion collision this 
. . 20 

is no longer the case. For a typical collision of Ne on uranium, 

the net baryon number N s 60 compared to a total number of particles 

in the fireball of about 400. Thus in computing the spectrum of 

hadrons formed in the transition the baryon chemical potential must 

be considered. The effect of surface radiation is not quite as ob

vious. In the Big Bang it is obviously not relevant since one has 

a near infinite fluid. For our purposes we will neglect this correc

tion as it should not affect the qualitative existence of a quark 

signature. 

Because of the large net baryon number in the fireball, we can no 

longer assume a second-order phase transition. This point can be 

made obvious by examining the total entropy of the system. In general 

the entropy is given by 

S - V ̂  - N ^ S V dT N dT 

where V, P, N, u represent the volume, pressure, number of particles 

and the chemical potential of the system. Since the chemical potential 

of the quark and hadron phases have different dependences on the 

temperature, one might expect a chage in the entropy (a latent heat) 

during the transition. 
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The signature of the quark matter is found by examining the 

spectrum of hadrons emerging from the collision at various energies 

(or fireball temperatures). If a transition occurs, there should be 

no difference in the spectrum at temperatures greater than T . Since 
c 

we do not expect to see any isolated quarks in the spectrum, the 

fireball will always cool down to the condensation temperature 

before any particles appear in the spectrum (neglecting surface effects). 

Thus the spectrum as a function of the fireball temperature should 

remain constant at temperatures greater than T . 

If no transition occurs, the ratio of antibaryons to baryons in 

the spectrum should approach unity as the fireball temperature is 

increased. In addition, the relative abundance -of pions should steadily 

decrease The reason for these effects is simply that at higher tempera

tures, more baryon particle-antiparticle pairs will be produced and 

will eventually overshadow the net number of baryons.. The relative 

number of pions seen will decrease, since more of the higher resonance 

mesons will be produced. Thus by comparing the ratio of antinucleons 

tonuclecris and abundances of pions at various energies, one should be 

able to determine whether or not a transition occurred. 
20 For a Ne on uranium collision, it is found that a fireball 

temperature of at least 180 MeV, corresponding to an incoming laboratory 

energy of about 11 GeV/nucleon, is necessary to reach the quark phase. 

It is hoped that such laboratory energies may be produced in heavy 

ion accelerators which are now being planned, in order to further 

confirm the existenceof quark matter and to obtain a greater understanding 

of the Big Bang model.of .̂ the early universe. 

Another current problem in cosmology is the question, where do 
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galaxies come from? In fact we know that on very large scales, 

the universe appears to be very homogeneous and isotropic. The average 
—31 —30 3 density of the universe is someplace between 10 and 10 gm/cm . 

3 
Yet the local average density if 1 gm/cm ; so it's clear that the uni
verse is not completely homogeneous and isotropic; there are large 
variations in density. And the question is why? Why did we have 
these fluctuations that ended up producing stars, galaxies, planets, 
people, etc. To make galaxies, one needs some sort of fluctuation, 
and it has to be of sufficient amplitude to become gravitationally 
bound so that that fluctuation remains even though the universe is 
expanding to lower densities. 

The fluctuations must be bound at a particular time. The reason 

is this: the universe is fV^inated by radiation early in its history, 

gravitational contraction cannot occur. Galaxies cannot form. So the 

universe had to have a fluctuation that had grown in amplitude suffi

ciently to make a bound fluctuation ifter the universe was no longer 

radiation dominated, and also after recombination, after the time 

the photons freely propagated. We do know that the 3 radiation 

is relatively uniform and isotropic, so sometime after that recombina

tion there had to have been a fluctuation of the matter density that 

was sufficient to be a bound fluctuation. The question is, where do 

these fluctuations come from? What is their origin? What some 

people have done in trying to make galxies is to assume some sort of 

arbitrary spectrum of primordial fluctuations coming out of the big 

bang singularity. A major goal of other people has been to find a 

mechanism for the production of these fluctuations after the singularity. 

One such process we are very interestediinis this quark-hadron phase 
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transition. Could what happens at the phase transition be of a nature 

that might stimulate clustering of some sort, some sort of fluctuation? 

Remember this phase transition is from a quark soup to lower 

densities at which hadrons are formed. Current ideas on quark confine

ment tell us that the quark-quark color interaction is stronger the 

farther apart the quarks are. Therefore as 3 quarks are removed 

from the quark soup to make a baryon, it may be that this lower quark 

density site is maximally unstable to further hadron condensation. 

In addition, the removing of a triplet of quarks reduces the Debye-

color screening of the remaining quarks in the vicinity and thus enables 

those particular quarks to have longer range interactions. It thus 

seems that the quark-hadron phase transition may be unstable to the 

growth of density fluctuations. 

Could this kind of fluctuation that occurs here lead to clustering 

of any kind? Is this unstable to seeds stimulating the transition 

locally rather than uniformly passing to the hadron state? This 

question of what goes on during the 'transition is very critical, and 

one hopes that this might be able to answer the galaxy formation 

question. (It rcay be very wishful thinking.) When one is doing a 

heavy ion experiment, going to very high energies, one is traversing 

this transition both ways because one is starting with hadrons, 

banging them together into a quark soup temporarily, and then they re-

emerge. There is an important difference between the early universe 

and the heavy nucleus collisions. In the early universe, the transi

tion region is unbounded, while in a heavy nucleus collision there is 

a central region that may be quarH soup but there's also a region where 

the quark interactions may proceed quite differently. This transition 
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problem is a difficult one but an important one. 

One other possible effect of the quark-hadron phase transition 

is the generation of entropy as a result of the quarks possibly radiating 

some binding energy as they condense into hadrons. Lasher has 

utilized this to try to generate the entire entropy per baryon of 

the universe. We personally feel his mechanism requires an unphysically 

large separation of quarks prior to condensation and is thus unreason

able, however there nevertheless may be some smaller amount of free 

enrgy so generated with the bulk still coming from the hot initial 

early universe conditions. 

Summary 

In summary let us repeat that the use of ultra-high energy, heavy 

ion collisions may probe nuclear matter properties above nuclear 

matter densities; and such knowledge is fundamental to the understanding 

of neutron stars, supernovae, and the big bang; and it may even be re

lated to the origin of galaxies and perhaps the origin of the entropy 

of the universe. 

This work was supported in part by NSF grant AST 78-20402 and 

NASA grant NSG 7212 and K.0."s Fannie and John Hertz Foundation Fellow

ship. 
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NUCLEAR PHYSICS PERSPECTIVES ON HIGH-ENERGY NUCLEAR COLLISIONS* 
Herman Feshbacli 

Massachusetts Institute of Technology 

My crystal ball is not sufficiently clear for me to pre
dict the nuclear effects which will play a dominant role when 
ultra-relativistic heavy ions collide with nuclei. New and un
expected effects will surely occur but whether these will reveal 
new and striking information regarding the structure of nuclei 
and their interaction is of course not certain. Whatever they 
may be, it is essential that we understand the effects we can 
predict now so that the unusual will become more clearly visible, 
in this way increasing the signal to noise ratio. It is thus 
important to identify the sources of "noise" and to evaluate 
their consequences carefully. 

In this talk I shall consider two such classes of phenomena. 
In the first the prediction of heavy ion reactions in terms of 
the reactions induced by a single nucleon will be considered. 
The deviation of such a prediction from experiment would indicate 
the presence of new phenomena which are present because of the 
structure of the incident heavy ion. It would tell us that it 
is not possible to regard the latter as a simple collection of 
nucleons which "happen to be travelling together". 

Suppose the J matrix for a nucleon-nuclear reaction is 
given by J t3c 11c * > where £' is the momentum of the incident 
nucleon and k represents the momenta and other variables re
quired to describe the emitted system. Moreover suppose that 
the incident projectile consists of a set of nucleons whose 
momentum distribution relative to the projectile center of mass 

r 
This work is supported in part through funds provided by the 
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is p p(K). Then the J matrix for the projectile-nucleon col
lision -'' (k kp) where kp is the momentum of the projectile is 
given approximately by 

In most applications J is taken as closely as possible from 
experimental data. This t-ipression assumes that the incident 
projectile is just a collection of incident nucleons. It will 
fail if correlations in the projectile before and after the 
collision are important. If there is any domain where it is 
correct it would be for relatively small energy and momentum 
changes. 

i'.n expression similar to Eq. (1) but valid in another do
main can be developed by going to the projectile frame of refe
rence in which the incident system is the target. In this 
frame one can in complete parallel to Eq. (1) write 

Xr '- K !*<*$(*> J?m (kl 2+Sr) (2) 

where J _ is the nucleon-projectile J matrix. Small energy 
losses and small momentum changes in the projectile frame will 
of course transform to a domain which differs from that in which 
Eg. (1) is possible valid. 

Essentially 'he above method has been used at relativistic 
energies by Papp et al^[1] to predict pion production while 
Shaeffer et al.[2] and Viollier[3] have used the method for 
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elastic and inelastic alpha particle scattering by nuclei. 
Corrections to Eq. (1) and Eq. (2) have been derived[4], but 
need evaluation. Casc?.de calculations [5] which have also been 
moderately successful refer the the nuc"aon-nucleus collision 
back to the nucleon-nucleon collision. 

With this background, we turn to the ultra-relativistic 
domain and ask what is known with regard to the proton-nuclear 
collision. As we shall see the phenomena which have been demon
strated so far are unexpected and unusual. In Figure 1 the 
average energy of a S<" fragment formed in a p+U collision is 
plotted as a function of the proton energy[6]. We see that as 
the proton energy increases the fragment energy decreases, even
tually approaching an asymptotic constant value after about 
10 GeV. This is the opposite of what happens at lower energies. 
The angular distribution[7] is similarly anomalous. As indica
ted by Figure 2, giving the ratio of the forward (F) to back
ward production the angular distribut Lon becomes increasingly 
peaked as the proton energy increases up to roughly 3 GeV. Be
yond that energy the angular distribution becomes more isotropic, 
F/B approaching unity at Fermi Lab energies. More detail is 
provided by the experiments of Remsberg and Perry[8] for 28 GeV 
protons colliding with U or Au. As can be seen from Figure 3, 
the angular distribution is rather flat with a maximum in the 
laboratory frame at about 70°. 

These experimental results strongly imply that in the col
lision of the incident proton with the target nucleon energy 
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and momentum are being transferred to the nuclear degrees of 
freedom in increasingly smaller amounts as the proton energy 
increases possibly tending to constant values at sufficiently 
high energies. Rather, and this is of course a guess, it is 
the internal degrees of freedom of the nucleon that are excited 
by the collision and that excitation is only partially trans
ferred to the nucleons of the target in the form of kinetic 
energy. 

Another phenomenon, which has been discussed extensively 
at this meeting, with a conclusion identical to that given just 
above, has been observed at large proton energies. It is by 
no means assured that it and those given above have identical 
cause, that of hadron excitation. But as a tentative hypothe
sis we shall assume that to be the case. I refer to the measure
ment of multiplicity of high energy (v/c>0.'.) charge particle 
production. Some typical data[9] are shown in Figure 4 and in 
Table I[10]. These measurements demonstrate that the number of 
such particles increases very slowly with increasing mass number. 
No cascading is indicated showing tha* little energy is deposited 
inside the nucleus. Empirically the multiplicity ratio, R, of 
the multip1'city in a collision of a hadron with a nucleus to 
that of a collision with hydrogen is given by 

% » l+t^-0 (3) 

where •• is thr mean number o-~ collisions of the incident hadron. 
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The current explanation (see for example Gottfried[11]) 
begins with the presumption that upon the collision of the in
cident hadron with a nucleon of the target nucleus, both are 
excited. The wave function for the system can then be decomposed 
into a linear combination of states each with its own lifetime 
T for decay into the hadrons and a number of secondary parti
cles, generally pions. This lifetime is given in the rest 
frame. In the laboratory frame, the lifetime is (E/m)T where 
E is the kinetic energy of the system with lifetime T as 
formed in the collision and m is its rest mass. 

Because of this time dilatation, the lifetime of the ex
cited hadron in the laboratory may be sc long that it does not 
decay inside the nucleus but outside the nucleus. Naturally 
these external decays are more likely to be associated with the 
fast, that is, leading hadron. 

The critical length is the mean free path, A, of the in
cident hadron. If CT is greater than X, the excited hadron 
will not have decayed before it has its second collision, upon 
which the decay will be halted and the excited hadron state 
will be reconstituted. Under these circumstances, ci>\ then, 
the excited hadron will pass through the nucleus without de
caying, emitting a number of pions, for example, after it has 
left the nucleus. Equation (3) can be obtained if one assumes 
that on each collision a component which decays outside the 
nucleus is generated with average energy E with multiplicity 
log Ea with a=h. 
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A rough value of the hadron energy at which this phenomenon 
becomes dominant is estimateu as follows. We assume that the 
excited system is at rest in the center of mass frame of the 
incident proton and target nucleus nucleon. Taking the mass 
to be the proton mass, then the excited hadron energy, E, is 

F/»>u ~ -/*"«,/*»>• (4) 

and the corresponding laboratory lifetime, T, is 

T = •/*[*,/*»» r ° (5) 

The critical value of E, , is determined by the inequality 

ft >A 
Placing CT equal to 1 fin and X equal '.o 2 fm yields E equal 
to 7.5 Gev, which • ^ the correct order of magnitude. This 
result is suggestive only. It indicates that the explanation 
of the phenomena picture in Figures 1,2,3 may be the same as 
that used to explain the multiplicity ratio R. Obviously much 
more work has to be done to confirm this possiblity. A more 
detailed quantitative theory must be developed, and many more 
experiments are needed. 

Vhe question may be asked as to the impact on the target 
nucleus. The transverse momentum transfer is thought to be 
small[12J. Elastic scattering experiments indicate values of 
the order of 300 MeV/c, The longitudinal momentum traniifer in 
elastic scattering is consequently also small. If this were the 
case in production reactions as well, the incident nucleon in 
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its passage through the nucleus would tr-nsfer roughly 100 MeV 
to each nucleon it encounters so that the collision with the 
nucleus would be relatively gentle. A rough estimate of the 
lor7itudinal momentum transfer indicates it to be between 
.500 GeV/c to 1.0 GeV/c. However there ire models that do not 
follow the Gottfried description. These predict that the inci
dent nucleon would drill a hole through the target nucleus. 
Clearly we need some experiments to settle this issue. 

A second class of predictable reactions are those genera
ted by peripheral collisions. Peripheral collisions generally 
involve the action of the "fringing" Coulomb and nuclear field 
of the target on the projectile or vice versa. The cross-section 
for Coulomb induced peripheral reactions is given by the Coulomb 
Weiszacker-Williams result: 

CT r Jcrr (u) -ntuldoa ( 6 ) 

•vWw> -- £ (Zoi)1- -fr (7) 

In these formulas n(u) is the number of equivalent photons with 
frequency between u and w+dw, a (u) is the cross-section for a 
reaction denoted by the subscript y induced by a photon of 
energy Jrfiu. This Coulomb effect has been observed in the pro
duction of protnns in the collision of relativistic heavy ion 
with nuclei[12]. In deriving (6) and (7) it is assumed that 
the projectile moves in a straight line along the incident di
rection. It is also assumed that the interaction is weak. 
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The nuclear peripheral collision is evaluated using the 
nucleon Weiszacker-Williams method[14]. In this theory the 
straight line motion is assumed and the perturbation, the long 
range part of the nucleon-nucleus interaction, is taken to be 
weak. Clearly this can only be accurate in the fringing field. 
The formula analogous to Eq. (6) is 

where 

In this expression the target. ma!:°8 a transition from the 
ground state to state 6, the energy transfer is u (=u). .) , the 
longitudinal momentum transfer u/v where v is the velocity 
of the projectile, k is the transverse momentum transfer. The 
variables c, are the coordinates of the target nucleons. The 
density of states 6 is p.. The quantity |P_|S plays a role 
similar to that of a in Eq. (6). In the case considered in 
Eq. (9) it is the nuclear field of the projectile which induces 
transitions in the target. Of course the reverse in which the 
field of the target induces transitions in the projectile must 
also be considered as is the case in Re .". [13]. The quantity 
F_ depends upon the mechanism involved. When the nuclear field 
is generated by the nucleon-nucleon potential, V ™ , the projec-
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t i l e factor F i s 

% '- r~ V*„ (t <*/") ?p('i,- -In) ("J 
2rr%r v ' 

where o is the Fourier transform of the proje ile density, 
and Y is the relativistic factor (l-v2/c2i . Its presence 
is a consequence of the Lorentz contraction of the relativistic 
projectile. 

Of courss a variety of states 8 can be excited by the ef-
fective interaction le . An important point is that the T 
effect of the properties of the projects1e on that excitation 
can be factored out z , shown by Eq. (10). In Ref. [14] the 
process involved is two particle absorption of the momentum q 
and energy Jtfu). Another process of ge. -al interest is the ex
citation of collective modes. In the adiabatic approximation 
F_ becomes a matrix element between the ground state and a 
collective mode designated by |ct'> of the operator 

. A 
( i : ) 

so tha t 
FT -- <oc'/fr U > 

As a final example consider pion production. In that case 
the V„ of Eg. (10) must be replaced by a nucleon-nucleon-pion 
field V . To simplify the discussion we consider a spin in
dependent V : 
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fir 
where t and t~ are isospin operators. Coherent pion production 
will occur if the transition of the projectile is to the isobar 
analog of its ground state. The latter wave function is given 
by 

•iNp-lp 

(13) 

(14) 

where 

Then the relevant matrix element can be evaluated: 

The product V„NP„ in Eq. (10) is replaced 

where the pion momentum k , has the transverse component k and 
the longitudinal component k ,. ^7 is the Fourier transform of 
J. 

The matrix element F of Eq. (9) is replaced by 
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where 

f • {iM,rhi(V + **)\ < 1 7> 
Single nucleon absorption is probably the main mechanism. 

Expressions given by Eg. (15) and Eg. (16) include, of 
course, the production of pions via A formation in the projectile. 

It should be remarked once more that the above describes 
the coherent production of pions by the projectile. Coherent 
production by the target can be obtained by using the projectile 
frame and interchanging the projectile and target coordinates in 
the preceding discussion. 
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Figure Captions 

Figure 1: Energy dependence of the ranges of Sc nuclides pro
duced when protons of energy E are incident on a 
2 3 8 U nucleus. From Ref. [7]. 

Figure 2: Ratio of forward (F) to backward (B) production as 
a function of the I ident proton energy E . The 
target is U. From Ref. 17]. 

Figure 3: Angular distribution of Flourine fragments produced 
when uranium is irradiated by 28 GeV protcns in the 
l<->oratory frame. From Ref. [8]. 

Figure 4: Angular dependence of the ratio of the multiplicity 
with indicated target, nuclei, to the multiplicity 
with a hydrogen target. The variables, \T, is the 
average thickness of the nucleus in units cf the 
mean path of the incident projectile. From Ref. [9]. 

TABLE CAPTION 

Table I: The average multiplicities of relativistic charged 
particles produced in 100 GeV/c hadron-nucleon col
lisions. From Ref. [10]. 
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TABLE I 

T a r g e t P r o j e c t i l e A v e r a g e M u l t i p l i c i t y 

C i r + 7 . 8 6 ± 0 . 1 5 

K + 6 . 9 2 + 0 . 3 3 

p 7 . 7 2 + 0 . 1 6 

+ 

+ 

1 0 . 2 9 + 0 . 2 6 

K + 8 . 8 9 ± 1 . 1 0 

p 1 1 . 0 0 ± 0 . 3 2 

Pb T T + 1 3 . 2 1 + 0 . 3 0 

K + 1 2 . 9 2 ± 0 . 7 9 

p 1 4 . 7 5 ± 0 . 3 8 

1 4 . 5 7 + 0 . 3 9 

K + 1 2 . 9 3 ± 1 . 3 3 

p 1 5 . 9 4 + 0 . 5 0 

H y d r o g e n ir + 6 . 6 2 ± 0 . 0 7 

( b u b b l e c h a m b e r ) K + 6 . 6 5 ± 0 . 3 1 

p 6 . 3 7 ± 0 . 0 6 
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HIGH p T TRANSVERSE MOMENTUM PHYSICS AT THE CERN ISR 
M. G. Albrow 

Rutherford Laboratory and CERN 
THE INTERSECTING STORAGE RINGS 

Since 1971 the Intersecting Storage Rings (ISR) at CERN have 
provided the highest collision energies available for laboratory study. 
Two interlaced rings (See Fig. 1), with a diameter in the order of 
300 m, store proton beams of energies between 11.4 GeV/c and 31.4 GeV/c 
and currents up to about 30 amps. The total center-of-mass collision 
energy, i/s, in the range 22.8 to 62.8 GeV would require a laboratory 
beam in the energy range of 280 to 210C GeV on a stationary target. 
Seven of the eight intersection regions can be used for experiments. 
The luminosity L (event rate per unit cross section, per collision 

31 -2 1 region) is ~2xl0 cm sec at the higher energies, giving about 
8 10 5 interactions per second, the total cross section for proton-
proton collisions being in the order of 40 mbarn in this energy range. 
Typically about 8 hours is spent on tuning the machine and injecting 
and stacking beams from the CERN proton synchrotron (PS). Stable 
beam runs then last for 40-60 hours with very little loss of luminosity. 

Deuterons have been injected and stored in the ISR and both p-
d and d-d collisions studied. We plan to store a-particles next year, 
for short p-a or a-a runs, but the luminosity is expected to be smaller 
(a few x 10 cm sec and a few x 10 cm see , respectively). 
This appears to be limited by the non-optimized source, the ISR Itself 
being capable of storing high currents of such particles. 
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INTRODUCTION TO HIGH TRANSVERSE MOMENTA 
In the 1960's (before the CERN ISR, SPS, and FNAL became operational) 

it was generally believed that multiparticle production in hadron 
collisions had the characteristic that the produced particles were 
exponentially damped in transverse momentum Dy relative to the collision 
axis. This was understood as being due to the transverse dimensions 
of the hadron in the order of 10 cm and unchanging with energy 
producing particles with a conjugate transverse momentum in the order 
of 200-300 MeV/c. This rule of thumb still does hold true for the 
vast majority of particles at the ISR. A "typical event" was seen 
as consisting of two "jets" of hadrons, with limited Oy relative to 
the jet axis and with longitudinal momentum components, p., along 
that axis which grow in proportion to Ss. This latter property is 
known as Feynman scaling. Nevertheless, it was pointed out in a classic 
paper by Berman, Bjorken.and Kogut (BBK) in 1971 that if hadrons contain 
point-like constituents (partons, now considered as both quarks and 
gluons) they should occasionally scatter through large angles. The 
scattering must take place at least through the electromagnetic interaction 
if the parton model were to explain deep-inelastic electron scattering 
data. It should also take place through the strong interaction, which 
could not be calculated at that time but for which we now have a theory: 
quantum chromodynamics (QCD). BBK speculated that the scattered partons 
would dissociate into "jets" of hadrons, and that the resulting spectra 
should have the form p T in a scale-free theory. At about this time 
Blankenbecler, Brodsky, and Gun ion also predicted important high 
p T particle production (constituent Interchange Model, CIM). 
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SINGLE PARTICLE SPECTRA 
3 4 5 

The following year early data from the ISR • * showed that for 
Pj ~ 2 GeV/c the produced particle spectra deviate upwards from the 
exponential low p T behavior, and more so as the collision energy increases. 
Since that time there has been great activity in this field, especially 
at the ISR which is well suited because of its very high center-of-
mass energy, among other things. Experimentally we measure the inclusive 
single particle spectra: 

E -3— (p-py.v's") for p + p -* c + anything 
d p 

where c is a produced hadron of transverse momentum p T and longitudinal 
rapidity y, 

( E + pLl 1 y = 1/2 In |E7p7= tanh 1 8 L . 

Other useful fc-^s for the differential production cross-section are: 

F da _ E d o _ 1_ _d E. d 
a P P v dydp T dp Ldp T 

fi 7 fi Figure 2 shows a compilation of ISR data * ' on pion production 
near 90° in the c.m.s. The TT" spectra extend out at present to higher 
p T values (~12 GeV/c, conjugate to £2x10 cm) than the charged TT 
spectra, due to the relatively large coverage obtainable with lead-
glass or shower counter detectors. The spectra extend over 12 orders 
of magnitude in cross-section! Note the break from the low Dj exponential 
behavior to a more gentle form, similar to an inverse power fall-off. 
However, these recent high Py data disagree by a rather large factor 
(~4) at high p T. This discrepancy is not yet understood, being larger 
than the errors quoted by the groups. For these types of detectors, 
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a thorough understanding of the calibration, resolution, and linearity 
is crucial (though not easy) when measuring a sharply falling spectrum. 

Now in a hard scattering model the cross section is given effectively 
by a convolution of two factors: the first has the basic form l/p T 

and represents the scattering cross section for two constituents (partons) 
through an angle such that each acquires a transverse momentum p T; 
the second is a function only of x, f(x), where x is the fractional 
momentum of the constituent in the initial proton, and represents 
the "parton flux factor". Because the magnitude of the parton momentum 
does not change in the collision, one can, for large angle scattering, 
use Instead x T = PT/Pb e a m • 2p T//s. Thus we expect a form: 

E d V A - V f ( X T ) • 
(The fact that the scattered parton decays to produce the observed 
hadron does not change this form if the decay distribution is scale 
Invariant, i.e., if it does not depend on the parton momentum.) 

Data up to p., ~6-8 GeV/c were all consistent with the above form 
but the power n was close to 8 rather than to the scale-invariant 
expectation of 4. The model of Blankenbecler, Brodsky, and Gunion 
(CIH) explained this as due to the presence of meson constituents 
interacting via quark exchange. It is perfectly reasonable that if 
a proton consists basically (and as seen by a high momentum probe) 
of quarks, gluons, and a sea of quark-antiquark pairs, closely bound 
q-q pairs will exist and act as mesonic constituents. At still higher 

_4 p- a p- term due to q-q scattering, if present, will overtake a o p T term and become dominant eventually. Thus the power n should decrease 
and become more like 4. In QCD, however, we do not have a scale invariant 
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theory—the proton structure function, the strong q-q coupling o's, 
and the parton decay function all depend on the four momentum transfer 
(Or) of the collision. The "raison d'etre" of the scaling power 4 
has disappeared except as an asymptotic limit. 

From the data the power is determined by comparing the cross-
2p T section at the same value of x T = — £ at two values of s. 

E ^ - = A 4 f(x T) = A i- g(x T) :. n = 2 In { -±Z 1 
Tp pi T (/s)n T l E*(s 2) / 

L̂B In (-£•) 
sl 

Figure 3 shows the results of an analysis of this type using 
the data of Fig. 1 (along with similar data tt another energy). Despite 
the disagreement between the CERN-Columbia-Oxford Rockefeller group 
data and tiiat from the Athens-Brookhaven-CERN-Syracuse both agree 
that the power falls from its previous value of 8 to something closer 
to 5 for large x T (x Ti 0.3). We should be cautious because of the 
above mentioned disagreements—but it is clearly a very interesting 
trend. Another word of caution--at these high values of p-r, a ^ 

gives two photon showers which overlap in the detector, due to the 
limited spatial resolution. Thus what is measured may be not just 
ir but also single high p T photons, if such are produced. Some recent 
preliminary results from the ABCS group, using retracted liquid Argon 
shower counters of good spatial resolution, show what they believe 
to be evidence for single y production at high p-p They generally 
can resolve the two y's from a TT° up to p T ~8 GeV/c in this experiment. 
Figure 4 shows the resulting y A ratio as a function of p T after 
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subtracting a background calculated with a Monte Carlo program which 
assumes only n production with merging of the two photon showers 
and other effects which could take a singley. The experiment shows 
a Y/TT ratio which rises from essentially zero below 3 GeV/c to~40X 
at p-|- ~8 GeV/c. The experiment is presently being repeated. Single 
photons are expected in the "standard models" (e.g. QCD) from several 
diagrams, of which in pp collisions the dominant one seems to be 
gluon + quark •* photon + quark. This diagram should be smaller by 
nearly two orders of magnitude (aem/bs) compared with gluon + quark •* gluon 
+ quark, however, when it happens the photon can emerge intact at 
high p-r whereas the gluon would disintegrate into pions of much lower 
p T. Because the pion p- spectrum falls steeply one can easily recover 

2 the factor 10 lost in the coupling constants, and may expect ratios 
of Y/it in the order of unity by ~10 GeV/c. In principle this effect 
can give a handle on the essentially unknown gluon distributions in 
the proton. 

Before moving on from single particle spectra 1 should mention 
+ _ 

particles other than IT'S and Y ' S . The spectra of K , p, and p have 
only been measured up to p T ~6 GeV/c at the ISR, and there has been 
nothing new for a few years on this subject. At Fermilab the Chicago-
Princeton group measured these particles out to p T ~ 7 GeV/c (Fig. 5). 
,nere are some interesting effects, for example, the V+/T~ ratio rises 
from 1 at low Py to ~2, presumably as the valence quarks become more 
important relative to the sea quarks and gluons (there are two u's 
to form a IT* and only one d to form a IT"). This effect still has 
to be seen at the ISR, it is perhaps a function only of x T. Also 
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heavy particles become relatively abundant compared with the situation 
at low p T, e.g., K +/ir +~0.5. High p- should give a favorable (signal: 
background) situation in searching for new heavy particles, e.g., charmed 
hadrons. A major new high p T experiment is being istalled now at 
the ISR (CERN-Copenhagen-Lund-Rutherford collaboration) and an early 
project will be to measure the spectra of K~, p, "p beyond 10 GeV/c 
in p T. 
CORRELATIONS AND EVENT STRUCTURE 

The next step in complexity beyond single particle spectra is 
to look at two particle correlations, i.e., to measure the relative 
probability of finding two particles in specified regions of phase 
space compared with what one would expect if the particles were produced 
independently. The Correlation Function can be defined in various 
ways, for exi.nple: 

da 
dy 1dp Td*jdy 2dp T d* 2 

R ( y r y 2 . P T , P T .* 1-"'2»^ ) = 0in ei { do a5 } -1-
dy :dp T d*j dy 2dp T d<f>2 ] 

This equation looks rather complicated and do<?s indeed contain 
many independent variables. To keep the data manageable one generally 
keeps one particle (the trigger particle) fixed at y = 0, * = 0, 
4 < p T 5 GeV/c, and looks at the distribution (in y,$,Pj) of the associated 
particles produced in these high p-r events. Then simply: 

„ + . _ mean track density for high PT event 
~ mean track density for typical inelastic event' 
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The finl step in complexity Is to attempt to look more globally 
at the structure of the events containing high pj particles, for example, 
do they contain the famous jets proposed In BBK's paper? In this 
phase one tries in the experiment to detect as many rf the produced 
particles in the event as possible. This requires larger angular 
coverage, generally with wire chamber detectors in a magnetic field, 
and tt« experiments become large and complex. Then one has to use 
imagination and ingenuity to extract meaningful and comprehensive results 
from the data! Three body correlation functions are sometimes used 
but the number of independent variables is almost unmanageable. Other 
methods are often based heavily on a model (or preconceived notion) 
so that they may suffer from a lack of objectivity. Nevertheless 
we now have a model that fits in its main features a wide body of 
data and is no longer very controversial. This model is indeed based 
on constituent scattering with subsequent je*>like decay of the scattered 
constituents, much as in the early BBK prediction. Before moving 
on to this very large subject of correlations with high DJ particles 
and event structure, it would be appropriate to describe the r..ain 
apparatus that has been used. 
EXPERIMENTAL DETECTORS 

One of the most important instruments so far used at the ISR 
in this field is the Split Field Magnet detector (SFM), shown in Fig. 6. 
The magnetic field .s unfortunately complicated, having a vertical 
dipole field downstream and a quadrupole field at large angles. The 
magnet gaps are filled with proportional wire chambers (~70,000 wires). 
Three different approaches to the problem of triggering on high pj 
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particles have been used (see Fig. 7): (1) a lead-glass array to 
trigger on high p T * 's (CERN group); (2) a straight-track requirement 
1n the SFH proportional chambers at 8 - 20° or 8 -45° (CERN-College de 
France-Heidelberg-Karlsruhe); and (3) a single charged particle magnetic 
spectrometer at 6 * 90° (British-French-Scandinavian). A new experiment 
with an Improved SFH detector and external devices is presently running 
(see Figs. 8,9). These experiments have had the best global coverage 
of phase space yet achieved, especially 1n rapidity y (or polar 
angle 3 ) . other recently completed experiments incli'de a double arm 
spectrometer of the CERN-Saclay-Zurlch experiment (F1g. 10) with picture 
frame dlpole magnets backed by Pb glass, and the experiment of Athens-
Brookhaven-CERN-Syracuse (F1g. 11) using thinner foil transition radiation 
detectors with liquid argin calorimeters. Both of these had limited 
coverage (2 steradians can be called limited!) in rapidity and azimuth. 
Complete azimuthal coverage was at last obtained in the superconducting 
solenoid of the CERN-Columbia-Oxford-Rockefeller group (Fig. 12) although 
even they are restricted to triggering arouni the horizontal plane 
with lead glass arrays. The latter three experiments were largely 
motivated by the fashionable search for high mass electron pairs. 

The future should see a great deal of new high pj physics from 
the Axial Field Spectrometer presently being installed (CERN-Copenhagen-
Lund-Rutherford collaboration). The apparatus is shown in Fig. 13. 
It consists of a uipole magnet with a field parallel to the beams and 
azimuthally symmetric, like a solenoid with the coil condensed into 
a pair of Helmholtz coils en the pole pieces. The return yoke is 
beneath. A central cylindrical drift chamber has 42 layers of wires 
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parallel to the beam axis arranged in 86 sectors of 4° 1n azimuth •• 
Each wire gives a precise (200u) transverse coordinate, a coarse 
(~8 mm) longitudinal coordinate from change division along the wire, 
and a pulse height (sE/ax) measurement. The latter will be used for 
identification of low momentum particles. One steradlan (A$ * 45°, 
45° < 0 < 135°) will be Instrumented with external proportional ch«*ers 
and Cerenkov counters (aerogel, 4-atmosphere freon, and 1-atmosphere 
freon) for triggering on and identifying high p T hadrons. The rest 
of the azimuth (A* = 270°, later A$ * 360° with the Cerenkov crm. displaced) 
will be covered with a uranium-sc1nt1llator sandwich calorimeter. 
Apart from detecting neutrals and measuring their energy, the latter 
will enable a trigger on hadronic jets instead of single high Pj particles. 
Very high transverse momenta (p-r > 20 GeV/c) should be reached with 
jet triggers. 
GENERAL FEATURES OF EVENT STRUCTURE 

It 1s difficult to summarize the wealth of data that has emerged 
from ISR studies of high p T event structure in the last few years. 
A good place to start is with the distribution in azimuth t of the 
particles associated with a high pj trigger particle. This is shown 
1n the form of a correlation in Fig. 14 from Ref. 9. The particle 
density in high p T events is higher than in normal events (in the 
central region), and this excess divides naturally into an azimuthal 
region towards the trigger particle (I*-**-,-,,! ~ 45°) and a broad region 
away from the trigger particle (|$-$t , |£90°), as seen in Fig. 14. 
First let us study In more detail the region towards the trigger by 
summarizing a few features of the event structure: 
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1. Close to tha high pj trigger particle (in rapidity y and 
arimuth <f) there is a positive correlation, i.e., there are 
more particles found in this region than there would be if 
the trigger particle was absent. 

2. The strength of the correlation increases both as the p T 

of the trigger particle is increased (see Fig. 15) and as 
the P T of the associated particle is increased. Equivalently, 
the mean p T of these close particles is greater than in normal 
inelastic events, and grows with p T (trigger). 

3. If the trigger particle is charged, a close high p T particle 
is very likely tc have the opposite charge (see Fig. 15). 

4. The extension of this feature (which bears all the expected 
features of a jet containing the trigger particle) is typically 
±30° in <f> and ±0.5 units of rapidity. (Fig. 16 shows the 
rapidity difference distribution |Ay| between pairs of high 
p-r particles on the towards side, one being the trigger particle 
Note that if there is no preferred direction around the trigger 
particle of the associated particles (circular jets) the 
• extension in radians should equal the rapidity extension, 
which appears to be the case. 

5. Despite this positive "towards" correlation, very frequently 
when one triggers on a high p T particle one does not see (on 
an event-by-event basis) an associated jet. For example 
with 4 GeV/c < pT(trig) < 8 Gev/c at y = 0, about 8CW of the triggers 
have no associated charged particle with P T > 0.8 GeV/c, 
y < 1 and A<)> < 30°. This effect is perfectly well understood 
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qualitatively, and Is called trigger bias. Simply stated, a 
Jet of 5 GeV/c giving 801 of its energy to one particle 
is more likely than a jet of 8 GeV/c giving 50X of its energy 
to one particle. This 1s because of the steeply falling p. 
spectrum of jets; thus a 4 GeV/c particle generally arises from a 
jet having not much more (on average ~1(X more) transverse momentum. 
Quantitatively, however, it seems that models producing only 
multiparticle jets do not agree with the strength of the 
effect. If (as in the CIM) high Pj mesons can be produced 
singly, agreement is easily obtained. 

I now turn to the azimuthal side away from the trigger particle. 
Some general features are: 

6. There is a broad enhancement in the particle density on the 
away side when one averages over events (see Fig. 17). Unlike 
the towards side correlation it covers a large part of the 
rapidity range available ( ±4 at the ISR). It extends over 
~90° in $, centered on the direction opposite the trigger. 

7. The strength of this positive correlation also gron- with 
Pj (trigger) and p T of the associated particles. Equivalents, 
the mean p T of the away side particles is higher than in 
normal inelastic events and grows with p T (trigger). 

8. There is no observable dependence on the polar angle e of the 
high p- trigger. 

From the above observations, resulting from just two-particle 
correlation studies, one cannot distinguish whether the away side 
structure on an event-by-event basis is like a jet that jumps about 
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in rapidity from event to event, or is like a broad fan, for example. 
To learn more we must effectively study three-particle correlations, 
although that may not be obvious from the way in which I shall present 
the conclusions! 

9. Look for the track on the away side that has the highest 
P T. If the p T of that track is reasonably high, then study 
the particles near to it in phase space. Now all of the 
statements (1 to 5) above become true if you replace the 
word "trigger" with the phrase "highest p-j- away side"! 

10. One can also select those away-side particles that have a 
moderately high pj (p T > 0.8 Gev/c) and look at the distribution 
of rapidity differences Ay between them. There is a strong 
peak with Ay Z 0.5, as shown in Fig. 18, much above a randomized 
distribution obtained by using the same sample of tracks 
but combining a track from one event with a track from a 
different event. 

The conclusion generally made from observations like these is 
that on the a^ay side a single jet is generally present but that its 
rapidity varies from event to event, so that the two-particle correlation 
function shows only a broad smear in y. Its azimuth, however, is 
roughly (within ~10° for p T(trig) > 5 GeV) opposite in azimuth to 
the trigger particle. Both features are readily understandable in 
a parton collision model. The former arises of course because the 
c m . frame of the proton-proton collision is not that of the parton-
parton collision, as the partons each have a longitudinal momentum 
distribution within the proton. The latter may arise partly from 



-294-

the fact that the trigger particle is not identical to the trigger 
side jet in all cases, and may have a different *. Another factor 
Is that partons have some intrinsic small transverse momentum themselves 
before they collide, which may be out of the trigger plane. This 
Intrinsic parton transverse momentum is, however, more likely to be 
mainly jr̂  the trigger plane and indeed pointing in the trigger direction. 
This is another, slightly more subtle, trigger bias effect, which 
has at least two consequences. One is that the forward particles 
(the beam fragments) generally recoil somewhat against the trigger 
Pj. The mean recoil per particle is (Kef.l0)~80 HeV/c, rising to 
~300 HeV/c if the forward fragment has x near to one (in which case 
there must be very few forward fragments.) This recoil also results 
in an azimuthal non-uniformity of the forward fragments, as shown 
in Fig. 19 for two regions of Feynman x (x=2p.//?) and two values 
of p t r j (Ref. 10). The second consequence is the away side jet will not 
completely balance the p T of the trigger side jet, which makes it 
less evident than it would otherwise be. 

It is now generally believed that most high pj events actually 
do consist of something like four jets of hadrons: two in the beam 
directions resulting from fragmentation of the spectator constituents 
and two high pj jets. However, most of the events studied up to now 
at the ISR do not show this structure clearly for various reasons: 
(1) one triggers on a single high p-particle and this bias s the 
towards-side jet strongly, especially if occasionally single particle 
jets are present as in the BBG model ; (2) The away jet has a reduced 
Pj as explained above; (3) the Py range studied is not really very 
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high, for much of the data being below ~5 GeV/c; (4) often only the 
charged particles are seen, with " over a limited aperture in some 
experiments. What is evidently needed is to trigger directly on 
hadronic jets, to detect neutral hadrons as well as charged particles, 
and to go to higher values of p T > say ~ 10 GeV/c. 

Despite these limitations it has been possible to study to what 
extent the high p- jets resemble the jets observed in e e" collisions 
(at SPEAR and DORIS) which are believed to be due to fragmenting quarks. 
To first order much similarity is observed. Given a fragmenting quark 
of momentum P, what is the distribution of fractional momenta I = p/P 
of the resulting hadrons (momentum p)? In e e" collisions dn/dz is a 
steeply falling distribution, approximately exponential with little 
dependence on p, i.e., it scales. In pp collisions one can approximate 
the variable Z with x £ = Px^Ptriq ( w n e r e t n e trigger is along the 
negative x axis). The distribution, shown in Fig. 20, is very similar 
to that seen in e e", especially when one takes into account the 
slightly different variables used. The extent to which this distribution 
scales can be seen in Fig. 21, where slices at fixed x E are plotted 
versus p t r . g . 

The transverse momentum components of the away-side jet particles 
relative to the jet axis are somewhat more difficult to study. Fir>:t 
the jet axis must be found, which requires seeing all the charged 
and neutral particles and knowing which are jet members and which 
are background. Instead it has become common practice to measure 
the distribution of the momentum component out of the plane defined 
by the trigger particle and the beams, called P o u f The mean value 
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of this quantity is found (see Fig. 22) to rise with x f. This is 
something like a seagull effect and has also been seen in e e'jets. 
Apparently the jets have almost a conical rather than a cylindrical 
structure in phase space. At fixed x E, 'IPnutl* also rises with the 
total jet momentum. Much more work needs to be done in this direction 
to establish similarities and/or differences with e e~ jets and to 
understand the features observed in terms of theory. 
NUCLEAR COLLISIONS 

I have said nothing so far about the relevance of heavy ion collisions 
in high p^ physics. There has been no work done at the ISR with anything 
other than p-p, except for some brief measurements of low p T and diffractive 
processes with p-d and d-d. Next year there should be some short 
runs with p-a and a-a collisions, but because of the limited luminosity 
and running time the pj range reached will be limited to a few GeV/c. 
H. Frisch has described the very interesting results from FNAL on 
p-A collisions. It is likely that studies of event structure with 
"4ir" detectors would teach us much about the mechanisms responsible 
for the anomalous enhancement of high p-r production in nuclei. Do 
the forward/backward jets show large recoils, as might be the case 
if transverse Fermi-notion effects were iiaportant? Are multiple jets 
observed, as might be the case if multiple scattering is responsible? 
What can we learn about the space-time development of a hadronic jet? 
Does a scattered quark behave immediately as a group of hadrons or 
a single object? Note that the latter two questions could also be 
wall studied in deep inelastic lepton-nucleus collisions, where the 
scattered quark has a well known momentum and/or flavors. 
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Presumably the best argument at this time for.high p^ studies 
1n nucleus-nucleus collisions is that 1t 1s completely unknown territory, 
and surprises are to be expected. Experience from the ISR leads one 
to make the following recommendations: (I) A large solid angle coverage 
by detectors 1s very Important, both to reach the highest Pj values 
and to study event structure; (2) Neutral hadron (it but also K ,n...) 
detection is desirable in addition to the charged hadrons; (3) One 
should aim at the ability to trigger on hadron jets via a large energy 
deposition in a limited solid angle; (4) It would be useful to see 
the beam fragments in the forward and backward directions in addition; 
and (5) The machine luminosity and energy should both be as high as 

on _p _1 

possible. L —10 cm sec and E -10 GeV/nucleon are perhaps the minimum 
values needed to get to reasonable p T values (~ 5 GeV/c must be the 
aim). 
CONCLUSIONS 

Essentially all data presently available 1s compatible with a 
model Involving hard scattering between proton constituents. Probably 
several types of constituents are needed: quarks, antiquarks, gluons, 
and at lower p T possibly also mesons. The experiments need as complete 
information about the event as possible, and hence become large and 
complex. The theory 1s not particularly simple either. However, by 
combining theory and experiment we are learning about the types of proton 
constituents and their distributions (both transverse and longitudinal 
components), their hard interactions (scattering cross-sections) and 
their materialization into hadronic jets. It 1s consequently a rich 
and important field of study. 
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FIGURE CAPTIONS 
Fig. 1. Layout of the CERN Intersecting Storage Rings showing the 
injection system and the eight beam crossing regions 11-18. 

Fig. 2. Compilation of ISR data on production at large angles, 
showing the change from exponential py dependence at low p- to a much 
flatter high p T component. 

Fig. 3. The exponent n of the expression E-S-= A p T " n f(x T) versus 
O 0 x T as measured by the CCOR and ABCS groups font production at large 

angles. 

Fig. 4. Preliminary rsuits from the ABCS group for the ratio of direct 
photon to TT production, versus pj. Known backgrounds have been subtracted. 

Fig. 5. Data from the Chicago-Princeton group at FNAL on particle 
production ratios in pp collisions at large angles, versus Xy. 

Fig. 6. Cut away view of the Split Field Magnet detector at the ISR. 
The upper pole and half of the MWPC detectors have been removed for 
clarity. 

Fig. 7. Schematic plan view of some high p-j- SFM experiments. The 
90° spectrometer of the BFS group is shown in detail, with a bending 
magnet, two gas Cerenkov counters, scintillator hodoscopes, and spark 
chambers. One of the four trigger roads of the CCHK group, and the 
lead glass array of the CERN R412 group, are indicated. 

Fig. 8. The present configuration of the SFM for the Annecy-CERN-
College de France-Heidelberg-Karlsruhe-Warsaw experiment R416. The 
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SFM vacuum chamber and HSPC system have been improved. Additional 
external detectors include Cerenkov counters (1,2) and time-of-flight 
hodoscopes (5). 

Fig. 9. A view of the SFM experiment R416 shown schematically in Fig. 8. 
The two beam lines can be seen behind the experiment. 

Fig. 10. Cut-away view of one arm of the two-arm spectrometer CSZ 
experiment. 

Fig. 11. Cross-section of the ABCS exper:™ent, consisting of four 
modules containing lithium foil transition radiation detectors (for 
electron identification) and liquid argon/proportional strip chamber 
calorimeters. 

Fig. 12. End-on and plan views of the CCOR experiment, consisting 
of a superconducting solenoid, cylindrical drift chambers, scintillator 
hodoscopes, and two walls of Pb-glass counters. 

Fig. 13. End-on and plan views of the CCLR experiment (R807) 
currently being installed. A one-steradian Cerenkov arm on the left 
identifies high p T hadrons, and a large uranium-scintillator calorimeter 
is used for the study of hadronic jets. 

Fig. 14. Azimuthal distribution of the charged particle density in 
the central region (|y| < 0.5, p T > 0.5 GeV/c) relative Io that of normal 
events, for two values of trigger p T of order 0.8 GeV/c and 3.4 GeV/c. 
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F1g, 15. Values of the correlation between the trigger particle (IT ) of 
specified P t r ^ q at y - 0, and same-side associated particles of specified 
charge, with p T > 1 GeV/c, versus y. 

16. Distribution of rapidity difference |Ay| between the trigger particle 
(with 4 > Pj 8 GeV/c) and other same-side charged particles witl 
P T > 0.8 GeV/c, A * £30°. About 20% of these trigger particles have an 
associated charged particle with |Ay| < 1 and p T > 0.8 SeV/c. 

F1g. 17. Values of the correlation between the trigger particle of 
specified P* r< a at y = 0, and away-side associated particles with 
p T > 0.5 GeV/c, versus y. 

Fig. 18. Distribution of rapidity differences |Ay| between pairs of 
away-side charged particles, each of which has p T > 0.8 GeV/c. The 
event saiiple is 915 events with 4 Pt ri g * 8 GeV/c. The randomized distribution 
1s obtained by taking the tracks of the previous distribution and 
randomly pairing them. About 255! of these events have an observed 
pair with |Ay|< 0.75, p T and p T > 0.8 GeV/c. 

Fig. 19. Correlation R versus azimuth $ for forward beam fragments of 
specified charge and Feynman x(=p. /P|j e a m), with a trigger particle 
at x » 0, * = 180°. The cut p T > 0.2 GeV/c has been applied. 

F1g. 20. Distribution of charged particles in x E for various values 
of p t r i g > 3 GeV/c. The cuts |y| < 1 and p o u t < 0.5 GeV/c have been 
applied, where p t is the momentum component out of the plane defined 
by the beams and the trigger particle (BFS). 
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F1g. 21. Apparent approach to scaling of the away-side j e t in teras 

of the variable x^ « P x'Ptr1q ^ t h e t r ' | 9 9 e r 1 s along the -x axis at 

90° polar angle in the c.». system). For o t r l . > 3 SeV/c the value 

of i -JS- becomes roughly Independent of p*„ 4_ for x c i 0.3 
N t r i g ™ E t r i 9 E 

(BFS collaboration). 

Fig. 22. Mean values of p t versus x E for varicis large values 

of P t r < a (CCCR collaboration). The trigger part icle Is a it . 
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VACUUM STRUCTURE AND QCD 

D. Gross (Princeton) 

Many of you are probably asking yourselves the question, "What has 

the structure of the vacuum according to QCD have to do with heavy ion 

collisions?" The basic answer to that question is that most of us work

ing in particle physics today are convinced that QCD is the fundamental 

theory of the strong interactions that eventually will enable us to 

calculate all the properties of hadrons including nuclear physics as 

a special case. Thus QCD is clearly relevant to the phenomena that 

one might observe in heavy ion machines. I think, in fact, that the 

interaction between elementary particle physics and nuclear physics 

is likely to increase in the coming years as the fundamental theory 

of hadronic matter develops. At present one is clearly far from the 

goal of predicting the Rosenfeld tables from the Lagrangian of QCD, 

although some progress, which I will report on here, has been made in 

that direction. Now any microscopic theory of hadrons that is able 

to discuss the hadronic matter that one finds in nuclei should also 

be able to describe hadronic matter in unusual environments where 

the temperature and/or the baryon number density are different from 

those that one encounters inside ordinary nuclei. Any experiment 

that has the hope of exploring matter in these unusual environments 

should be encouraged since it will provide tests of the theory in 

domains where one has little experimental information. Heavy ion 

machines appear to be the only hope of exploring matter at high densities 

in the laboratory. It is of course not clear, as has been emphasized 

by many of the speakers at this meeting, that in heavy ion collisions 
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high density states will be produced. Furthermore even if a particle 

theorist hands you the equation of state of hadronic matter, it will 

be a difficult task to relate that to quantities which one can measure 

in the laboratory. These are matters that I will not discuss at all; 

they represent very difficult problems. However, there is obviously 

some finite chance of being able to observe, for example, hadronic 

matter at high densities using heavy ion machines and, if so one, will 

have a very nice test of any fundamental microscopic theory of hadrons, 

and in particular of QCD. 

What I shall do in this talk is to briefly remind you what QCD 

is, and discuss some of the dynamical issues which face the particle 

theorists who are attempting to solve this theory. In particular, I 

shall focus on the problems that arise in attempting to discuss the 

structure of low lying hadronB, say nucleons, starting with a color 

gauge theory of quarks. Then I will review the picture of hadronic 

structure, which has been developed by Callan, Dashen, and myself in 

the last few years. In this picture we claim to see the qualitative 

features of hadronic structure emerge in a direct way from first prin

ciples. Finally I shall discuss the relevance of our emerging under

standing of the structure of hadrons to the question of what hadronic 

matter, i.e., nuclear or quark matter, might look like at high densities. 

First let me remind you briefly what QCD is and why we believe 

that it describes the strong interactions. QCD is a color gauge theory 

of quarks. The fundamental constituents of hadrons, we believe, are 

spin one-half quarks which come in a variety of flavors, five of which 

have been "observed" to date. These quarks have a strange mass spectrum 



-329-

which we must take from experiment. This spectrum has nothing to 

do with the strong interactions and is presumably produced by a unified 

theory which includes the flavor interactions which connec*: quarks 

of different flavors. For the purposes of discussing low lying hadrons, 

and nucleons in particular, we are only interested in the so-called 

light quarks which, for reasons that are not understood,, have light 

masses compared to the nucleon mass scale. Therefore their physics 

is approximately invariant under a chiral SU3 X SU3 global symmetry 

group. The strong interactions themselves are generated, we believe, 

by colored color gluons which mediate a local SU3 color gauge group 

and are flavor-blind, i.e., do not see the flavors which distinguish 

the different quarks except insofar as they have different masses. 
2 The strong interaction coupling constant, a * g /4TT, ~i.at characterizes 

the strong interactions at a scale of the hadronic mass, is roughly 

equal to a third. This, then, is the theory. It is described by 

the Lagrangian 

L = - K V 'Sv + X*i [ i* ( A>-i ]*i • ( 1 ) 

In principle we have good reasons to believe that this is the fundamental 

theory of the strong interactions from which, by using ordinary relativ-

istic qua.ttum mechanics, one could deduce all the properties of hadrons. 

The most compelling reason to believe in the theory is its ability 

to explain the observed, simple, short distance structure of hadrons 

in terms of almost non-interacting massleas quarks. This phenomenon 

of asymptotic freedom tells us something about this theory, which in 

this respect is unique among all possible four-dimensional relativistic 
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quantum field theories. The coupling Chat characterizes the inter

actions of the quarks (which as in any quantun field theory is a function 

of the length scale at which one is carrying out one's observations) 

vanishes at short distances or large momenta logarithmically. 

_L_.*!tel. _ ! . ( 2 ) 

x(p) 8 7 r 2 p~° m n ( p / ) 

This is relevant to experiments that involve the propagation of quarks 

over short distances and for short times. Of particular importance, 

both historically and as a way of testing the theory, is the process of 

deep inelastic scattering of leptons off nucleons. There in the "scaling 

limit" one has a photon of large energy and large aomentum transfer inter

acting with nucleons, and one thus can obtain an instantaneous snapshot 

of the structure of the nucleon. In this way one can see the fundamental 

constituents over short distances and short times* It is these experiments 

that enable us to see the quarks and the gluons directly; to deduce their 

existence and their quantum numbers; to confirm, or historically to deduce, 

the nature of the quark gluon interaction; and to measure the effective 

coupling constant that characterizes the coupling of the gluons to 

quarks as a function of the momentum transfer to the quarks. It is 

these experiments which have confirmed our belief that QCD is the 

fundamental theory of the strong interactions. 

The use of asymptotic freedom has been developed enormously in the 

last few years. It has been used to deduce the short distance properties 

of QCD and thus to predict the behavior of the interactions of hadrons 

at large energies and momentum transfers in terms of the almost free 

quarks with weak gluon corrections by using ordinary perturbation theory. 
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The methods one uses here are straightforward and provide us with 

many ways of testing the theory. 

The problems that one encounters, however, in trying to turn this 

Lagrangian into a theory of hadrons reside not in the short distance 

regime where the effective coupling is very small bu^ in a distance 

regime which is at least the size of a hadron. Clearly the coupling 

cannot be arbitrarily small here. In fact we believe that the coupling 

becomes very big at large distances, and that is responsible for the 

fact that the quarks are confined in color singlet hadronic bound states 

and cannot be pulled out of the hadron. Thus, although the theory origi

nated in the attempt to explain the simple behavior that quarks exhibit 

at short distances, the solution of the theory, in particular the 

description of hadrons within the theory, requires going beyond the 

asymptotically free regime. 

There are two major problems that must be dealt with in describing 

hadrons as bound states of quarks in QCD. One normally thinks of con

finement as the major problem; however, an equally difficult and impor

tant problem IB that of chiral symmetry breaking. As I remarked above, 

the light up, down, and strange quarks which make up nucleons (partic

ularly the up and down quarks) ar^ very light compared to the typical 

hadronic mass scale. Furthermore, we believe that it is a very good 

approximation, as good as isotopic spin symmetry, to neglect the masses 

of the light quarks, which results in invariance of the strong inter

actions under a chiral SU2 or SU3 global symmetry. That is the basis 

of chiral symmetry, the notion of PCAC, and the interpretation of 

the pion as the Nambu-GoIdstone mode of a chirally asymmetric vacuum 
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in which there is a non-vanishing expectation value for the quark 

mass operator. The quarks thereby acquire a dynamical constituent 

mass from the dynamical symmetry breaking of this chiral syametry. 

Spontaneous chiral symmetry breaking is a mechanism which theorists 

are quite comfortable with because they have many models which mimic 

such behavior—thus it is not mysterious. However, it is very hard 

in a theory like QCD to produce in a quantitative fashion the dynamical 

breaking of chiral symmetry. It is absolutely necessary to do so 

in order to understand the proton and the neutron. In the absence 

of this symmetry breaking they would be members of parity degenerate 

multiplets or masses. They clearly are not. In fact, we think that 

the dynamics of light quark states, such as the nucleon, is governed 

to a large extent by the mechanism of chiral symmetry breaking and 

not of color confinement. As I will briefly summarize, in our picture 

of QCD we find that the structure of the vacuum is such that it indeed 

breaks chiral symmetry and generates a larpe quark mass. The normal 

QCD vacuum, therefore, is a state in which quarks would have a large 

energy due to their dynamical mass. The energetics is such that when 

mjarks are inserted into such a vacuum they will prefer to live in 

a different vacuum phase where they behave as massless objects, in 

order to construct a state of a given baryon number. 

This picture is somewhat similar to the picture of so-called 

abnormal nuclear matter according to Lee and Wick, where these objects 

were not quarks but nucleons themselves; and of course it is very similar 

to the M.I.T. bag model. In fact to zeroth order our picture is almost 

identical to the M.I.T. bag model. Here the light quarks are confined 



-333-

to a bag of simple and perturbative, dilute vacuum phase lasersed in 

the normal vacuum which expels the quarks by producing a very large 

mass for the quark outside the bag* The light hadrons, which are 

built out of light quarks, are simply free quarks rattling around in

side this bubble, so that their kinetic pressure balances the outside 

vacuum pressure. This model, if one includes gluon corrections; gives 

a very nice description of the static properties of light hadrons. 

All of this demonstrates that the understanding of the mechanism 

of chiral symmetry breaking is quite crucial for understanding the 

properties of light hadrons. 

Now, in addition, there is the question of color confinement and 

the colored interactions of quarks. These are also important in under

standing the properites of light hadrons, although less so than chiral 

symmetry breaking. They are certainly important in understanding the 

dynamics of heavier quarks and in determining whether one can ultimately 

produce quarks if one hits a hadron with large energies. Normally the 

way one poses the question of confinement is to ask what the interaction 

energy of separated quarks is. One imagines very heavy quarks which one 

can insert into the vacuum with a fixed separation. Since they're heavy 

they don't move, and one calculates the energy of that state as a func

tion of the quark anti-quark separation. In a confining theory this 

energy must approach infinity as one separates the quarks, otherwise 

one could clearly produce asymptotic quark states. One believes, in 

fact, that the energy will increase linearly with the separation of 

the quarks. 

Again, at least in our picture of QCD, the mechanism that will 
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lead to this linear increase in energy is due to the confining, now 

color confining, properties of the QCD vacuus which acts like a anti-

dielectric medium. The vacuum fluctuations that we can treat by semi-

classical methods have the effect of making the dielectric constant 

of this medium very small. The result is that the ordinary QCD vacuum 

expels the electric (non-Abelian) flux that must go from one quark 

to the other quark; simply because the energy is inversely proportional 

to the dielectric constant. It is the strong anti-screening effects of 

the vacuum fluctuations in QCD that give rise to this small dielectric 

constant and confine the flux to a region of simple, dilute perturbative 

vacuum phase in which the dielectric constant is 1. Creating this ab

normal phase wiT.l cost some energy per unit volume and leads to an 

interaction energy proportional to the length of the produced flux 

tube as one separates the quarks. To zeroth approximation this is 

simply the M.I.T. heavy quark bag model, which can be used in principle 

to discuss the properties of very heavy quark bound states such as 

charmonium and the like. 

Next I will give an overall view of the dynasties of QCD. QCD is 

a very difficult theory to solve, partly due to the fact that it is 

such an ambitious theory. A gauge theory, by virtue of the large sym

metry involved, contains only one free parameter which characterizes the 

strength of the interactions, namely the gauge coupling g. The theory 

also contains the masses of the quarks as parameters, but as I argued 

before, the light quark masses can be neglected in describing the prop

erties of light hadrons. Thus, the theory essentially contains only one 

dimensionless parameter and no dimensional parameters. If the theory 
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produces sensible physical states, the phenomena of "dimensional 

transmutation" will necessarily take place. The coupling constant in 

such a theory only has meaning when we introduce a characteristic 

length scale at which we define the coupling characterizing the inter

actions and will vary M one varies this length scale. However, if the 

theory produces, as we believe it will, a physical state such as the 

proton and we measure the coupling at a physical length corresponding 

to the radius of the proton, for example, then this coupling constant 

will be not an arbitrary parameter but a calculable number. Thus, QCD 

contains no adjustable parameters except for the arbitrary units of 

time, mass, and distance that one must always introduce in any theory. 

For that reason, one potentially has an extraordinarily predictive theory. 

But on the other hand, one also has an extraordinarily difficult task 

to predict anything because there are no parameters which one can adjust. 

In particular there are no small parameters with which one can expac* 

the theory. Normally calculations within the framework of field theory 

or ordinary quantum mechanics utilize an expansion in some interaction 

strength. In the case of QCD the interaction strength varies as one 

varies the scale of the phenomena one is discussing. Therefore, it 

is no surprise that any method of calculation for QCD is bound to work 

only for a limited domain of scale sizes. Furthermore, one expects 

different physics to occur when one looks at. the phenomena in QCD 

at different scale sizes, short distances, or large distances. 

The simplest region to probe (because of asymptotic freedom) 

and indeed Che only region where we can really quantitatively test 

the theory, is that found in experiments which probe phenomena which 
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occur au distances short compared to the typical size of a hadron. 

Then ve are guaranteed that the effective coupling is sull and we 

can use ordinary perturbation theory. The inverse coupling constant 
81T2 . x, which is 2ir/a • T, increases logarithmically A» one decreases 

S g 
the scale size of the phenomena being observed. One is thereby guaran

teed to get away with using ordinary perturbation theory, i.e. Burning, 

Feynman diagrams, to calculate anything. In particular if we wish 

to describe the structure of the ground state, as seen in experiments 

which probe the ground state wave function at short distances, v; -t 

we will see will be a vacuum characterized by small oscillations about 

vanishing field strengths. These harmonic modes, which are normally 

called quarks and gluons, interact with weak anharmonic interactions 

and can be treated by performing an asymptotic expansion in the weak 

coupling which characterizes the couplings of these harmonic modes. 

That is the simple picture obtained at short distances. It clearly 

cannot describe hadrona which will never appear to any order of pertur

bation theory. There is another very simple picture of QCD which one 

finds if one goes to very large distances. Then, if one iB describing 

the structure of the ground state over diatances which are very large 

compared to the size of the hadron, it is reasonable to approximate 

the theory by a lattice theory. This is useful since one can then 

use it to perform strong coupling approximations to the theory, since 

at large distances we believe that the coupling increases quite rapidly. 

These investigations of the theory have been performed using lattice 

approximations and expanding in powers of the inverse coupling. Again 

the physics is quite simple. The fluctuations of the vacuum are now 
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not harmonic modes around a zero field background, but rather random 

unitary matrices (which are defined for each link on the lattice). 

The physics is that of strings of electric flux between external colored 

sources or quarks. 

This description of the theory at large distances has confinement 

built into it with a linear interaction energy between external quark 

sources, and unlike the very coherent Gaussian fluctuations of the 

vacuum, one has total chaos here. Any field configuration is equally 

likely and it is the total randomization over all possible fluctuating 

gauge fields which disorders the theory completely and leads to the con

finement of color. Now, the trouble is that the physics that generates 

hadronic bound states lies somewhere in between these two regions. Thct 

is why the theory is difficult to treat. The size of the hadron is pre

sumably where the coupling is neither weak nor strong. 

We can try to approach the region where l.rdrons are formed by 

working our way cut of the perturbative region or by trying to work 

our way down (say in a lattice theory) from the strong coupling region. 

Unfortunately, these two descriptions use different languages and 

the problem of proving confinement is to show that within the same 

theoretical framework one can get from strong to weak coupling. A 

separate question is what the physics is like in intermediate regions 

and whether one can calculate the properties of hadrons. Our work 

has concentrated on moving out of the perturbative region by gcing 

beyond ordinary perturbative expansions in the coupling constant. At 

larger distances one has, in addition to perturbative corrections to 

free field theory behavior, semi-classical weak coupling corrections 
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which are non-perturb*tive. In fact these are the fluctuations that 

turn out to be important as one increases she coupling slightly from the 

very weak coupling region. They are tunneling fluctuations which have 

to do with the fact that the QCD potential looks like a periodic potential, 

and in addition to Ge \ssian harmonic fluctuations around each well, there 

are important tunneling fluctuations. These tunneling fluctuations are 
1 -1/g2 

proportional to ""vje but are big compared to perturbative fluctu-
g 

ations in a region where one can still uae semi-classical methods and begin 

to explore interesting non-perturbative dynamics. What we find is that 

the physics generated by such fluctuations begins to produce, as one moves 

out in distance, the physics that is required to produce the hadrons we 

see. Namely, these fluctuations give rise to mechanisms that break chiral 

symmetry, generate large quark massea, and strongly anti-screen color, 

which causes the dielectric constant of the vacuum to decrease and thus 

the self energy of quark anti-quark pairs to increase greatly. 

On the other hand, the methods that we use break down at some scale 

size due to the increase in coupling. It is still an open question and 

a matter of controversy whether, in order to get to the strong coupling 

regime and have a complete description of QCD, one will have to consider 

weird objects such as vortices, monopoles, merons, and many other config

urations or vacuum fluctuations to explain the disordering or confining of 

color. We actually believe that the weak coupling, semi-classical regime 

and the strong coupling regime essentially overlap and that there is 

no gap in between. The same fluctuations that can be used to describe 

the physics at a distance where one begins to self-consistently produce 

hadrons also produces a strong coupling theory. One can then describe 

file:///ssian
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the large scale structure of the QCD vacuum by using atr> og coupling 

techniques. Our picture of structure of the vacuus in QCD therefore 

consists of two components: one that can be described by semi-classical 

or WKB weak coupling methods, and the other component which describes 

larger scale fluctuations that can be described by chaotic, completely 

random fluctuations of the gauge field. For the purposes of discussing 

hadrons, these random fluctuations have little influence on the physics 

that goes on at lower scale sizes. 

1 certainly don't have time to discuss this picture in detail. I 

will, however, describe very briefly how we develop the vacuum struc

ture of QCD, from the weak coupling point of view. 

A few years ago, due to the discovery of the instanton, it was real

ized that the "potential" in QCD is periodic. Since one can show that the 

barrier between the different wells is finite, one knows on general quantum 

mechanical grounds that the ground state will not consist of localized 

Gaussian wave packets about each well but rather of a superposition 

of such packets, and that one will have a kind of Bloch wave description 

of the vacuum. It is possible to discuss tunneling, as you know from 

ordinary quantum mechanics, as long as h, or the magnitude of the anhar-

monic couplings is sufficiently small by means of the WKB approximation. 

Our investigation started by exploring the dynamics that arise due to 

these tunneling fluctuations in QCD. It is very useful to develop WKB 

methods in field theory by considering the Euclidian time history of the 

vacuum or the propagator in imaginary time. According to Feynman this 

can be written as a sum over all possible field configurations, or time 

histories of the gauge field, weighted by the classical action. The 
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semi-classical or 1KB approximation consists of approximating the sua 

over all time histories by those which are saddle points of the integra

tion, namely solutions of the classical equations of motion in imaginary 

time. That is a method which generalizes the WKB method to systems 

with an in-finite number of degrees of freedom. It also yields a very 

simple analog picture in which you regard the time history of the vacuum 

as the spatial configuration of a four dimensional gas. The localized 

tunneling events occur at some point in space and time and are character

ized by an orientation in group apace and a definite scale size. The 

vacuum-to-vacuum amplitude can then be regarded as the partition function 

of a gas of objects, i.e., tunneling events or instantons in four spatial 

dimensions. To the extent that they don't interfere with each other 

they behave as a free gas with a given activity. In this perfect gas 

approximation, where one neglects the interference between different 

tunneling events, one simply has a four-dimensional gas of objects with 

a density of tunneling events of siz? p given by 

D(P) - const, x 6 (P) e " x ( P ) 

8TT 2 < 3 ) 

x(p) - - ^ — " 11 S.nl/(pA) 
g (p) 

This contains the typical tunneling barrier penetration factor of 

exp(—T)» except that in QCD the coupling constant varies with the 
8 

size of the tunneling event. This density is guaranteed to be very 

small for small scale size instantons, since x-x» as p-H), but will 

increase, and thus the tunneling events will become more numerous 

and closer together, as one considers larger scale sizes. If one 
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considers arbitrarily large scale sizes one will have arbitrarily 

large couplings; and the semi-classical approximation, valid for small 

couplings, will break down. So once again we will try to describe 

the structure of the ground state constructed by WKB methods up to 

some scale size at which the methods break down. 

To characterize the influence of such tunnelings we might ask 

what is the faction of space time occupied by instantons or what is 

the net probability that there will be a tunneling event? This is 

given by f(p) which includes all instantons up to some scale size P . 
Pc 

F(PC) = TT2 ^ D ( p ) (4) 
0 

The physical effects of instantons will become large when f begins 

to be of order one. One finds that f increases rapidly as one goes 

from weak coupling at short distances to scale sizes where the coupling 

is of order 1/25. So, even for distances where ordinary perturbation 

theory would lead you to believe nothing much is happening, you find 

a strong change in the wave function of the vacuum which now mainly 

consists of tunneling fluctuations and not the Gaussian fluctuations 

you see in ordinary perturbation theory. 

We then attempt to describe the structure of that part of the 

vacuum wave function that knows about gauge fields which vary over 

a scale size of less than P . That will give a rough description 

of the time history of the vacuum as a rather dense gas of instantons 

where the vacuum mainly consists of these tunneling fluctuations 

and the vacuum wave function is strongly localized on these instanton-

like fields which exist during the tunneling event. 
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What is the physics of the vacuum on the scale size of p ? Do 
c 

we begin to see quarks binding into hadrons when we look at the vacuum 

over this scale size? The first thing we investigate is the question 

of chiral symmetry breaking. Here the instantons play two roles. 

First, they kinematically solve an old problem which occurs in any 

quark theory of reducing the apparent U(3) axial symmetry to SU(3). 

This is a result of a kinematical property of tunneling, having to 

do with the topological properties of instantons, which I will not 

discuss here. From our point of view, the important dynamical feature 

of instantons is that these fluctuations generate a mechanism for 

dynamical symmetry breaking of chiral SU(3), a non-vanishing quark 

mass, and a composite pion even if the light quark masses were set 

equal to zero. In fact, if one considers the propagation of light 

quarks in the QCD vacuum which contains these tunneling fluctuations, 

one finds that a right handed light quark, after a tunneling has taken 

place, has become left handed. If one had but one flavor of quark 

then these tunneling events would look exactly as though a mass term was 

added to the theory. As the quarks propagate everytime a tunneling 

takes place, they switch their chirality, exactly as if there was 

a perturbative mass term. One can, then, for one flavor, quite simply 

calculate the dynamically generated, momentum dependent mass of the 

quarks. One finds 
m(p2) = 2TT2 f ^ D ( p ) F2(pp) «> 

where F is a known function that can be easily calculated by solving 

the Dirac equation in the presence of an instanton field. The main 

feature of such a calculation is that one does generate a quark mass 
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that is strongly momentum-dependent. This means that at very large 

momenta or short distances the dynamical mass generation turns off 

rapidly and the quarks behave as massless objects. As one goes to 

larger distances or smaller momenta, one generates a quark mass of 

order 2/p. Thus, on the scale size of p the quarks will begin to 

propagate as if they have a mass of o"dex l/pc« The treatment of this 

chiral symmetry breaking in the real world, where we have at least 2 

light quarks, is much more complicated. An adequate treatment of this 

mass generation has not yet been developed. However, crudely speaking, 

the physics is exactly the same as in the case of one flavor. At the 

scale length where we can describe the vacuum as a dense gas of instantons, 

the quarks begin to acquire a mass which is typical of that scale length. 

We estimate a mass of something like 1 to 2 GeV per quark, at this scale 

length. This of course is not the mass of a physical quark, which pre

sumably will be infinite, but rather the mass which characterizes the 

propagation of a quark for momenta of order 1/P . 

This will lead to something like the light M.I.T. bag model, 

although here the real existence of phases in equilibrium has not 

been established quantitatively. If we describe the vacuum as this 

dense gas of instantons in which quarks would have a large mass of 

order of a few GeV and then demand that we have say a nucleon, i.e., 

a baryon number-one state, consisting of 3 quarks, it will be energetically 

favorable to create a bubble of perturbative, dilute vacuum phase 

in which instantons don't exist. It costs some amount of energy per 

unit volume to create such a phase, i.e., to construct a trial wave 

function for such a state which excludes tunneling in some region, 
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however the quarks inside such a perturbative phase behave as mass less, 

weakly interacting fermions. We believe that this produces a descrip

tion of light hadrons which, to zero approximation, is simply a bubble 

of quarks confined in a dilute perturbative phase, since outside the 

bubble they would have a very large mass produced by instantons. If 

one adds the color interactions of the quarks and incorporates the 

color-confining properties of the QCD vacuum, one in fact ends up with 

the M.I.T. bag model, to first approximation. In addition, since one 

has not destroyed chiral symmetry by hand, the theory will contain a 

Nambu-Goidstone composite pion. One can eventually calculate this 

pion, which couples to the quark degrees of freedom inside the bag. 

This picture then allows one to relate the bag constant, i.e., the 

energy density of the QCD vacuum which can be calculated in terms of the 

instanton gas, to the only dimensional parameter we have, the arbitrary 

renormalization scale length. Thus, via the M.I.T.-like phenomenology 

A can be related to the radius of the hadron and we can determine the 

value of 1/PC in terms of GeV. We find, in what so far is a very crude 

treatment, that the numbers are consistent with bag model phenomenology 

and with the values of the couplings that emerge from tests of asymptotic 

freedom. 

The other important problem in QCD is that of color confinement. 

I shall briefly describe the effects of instantons on color confine

ment. The main effect of instantons is the anti-screening of color. 

One can explore this effect by exploring the effect on heavy quarks 

of the instanton tic ' ling fluctuations. One finds a strong coupling 

constant renormalization due to instantons. Them is a very simple 



-345-

way to understand this effect. In the analog instanton gas the instantoat 

have a natural interpretation as permanent magnetic dipoles. One 

can interpret the anti-screening effect Which rescales the coupling 

between the quarks by an enormous factor as si=ply the paroagnetic 

permeability of the vacuum due to these instanton fluctuations. They 

typically change the coupling from weak coupling to strong coupling. 

In fact once one gets up to the scale size where these fluctuations 

begin to fill the vacuum, one sees a coupling at larger scale sizes 

of order one. At half the critical scale size the coupling is very 

weak and one can make calculations using WKB methods, but as one doubles 

the scale size of the phenomena one is investigating, it becomes very 

strong. One can quite reliably and quantitatively discuss the possibility 

of i phase transition, i.e., the possibility that when static (masrr.ve) 

quarks are put into such a vacuum they will prefer to live in a phase 

where these fluctuations are not present simply because those fluctuations 

decrease the dii'ectric constant and thus increase the energy of such 

a state enormously. One can discuss in some detail the equation of 

state of QCD in the presence of color fields created by quarks and 

including the physics of the fluctuations up to p . One finds that 

there are two phases of the system which can exist in equilibrium 

in the presence of color fields produced by the querks with very different 

densities of instantons and very different coupling constants. 

That leads us to deduce the bag model of hadrons—what we would 

call a heavy quark bag. Again, one puts heavy quarks into the vacuum, 

the quarks sit there and propagate in time and one calculates their 

energy as a function of separation. We find that in the presence 
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of the electric fields created by the quarks, the electric fields 

bore holes in the dense instanton QCD vacuus outside and create a 

bag or flux tube. Inside one has a dilute, perturbative, trivial phase 

which is in equilibrium with a dense strongly anti-screening phase 

outside the bag* The electric field cannot penetrate the dense phase 

which has a vanishing dielectric constant. This produces to first 

approximation the M.I.T. bag model for heavy quark system. It allows 

us to estimate the transverse dimensions of a flux tube, relate that 

to the Regge slope parameter and to estimate the size of such a bag. 

Furthermore by relating these parameters to the size of the fluctuations 

from which we're building this dense vacuum we show that it makes 

sense to discuss a hag of this scale size. This phenomenon of color 

confinement is less relevant to light quark bound states, nucleons 

in particular, where they are less important than the dynamics of 

chiral symmetry I -e a king and quark mass generation. 

Finally, I shall discuss what all of this might imply regarding 

quark matter at high densities. There are many discussions of what 

might happen at high quark densities based on ideas which are certainly 

correct in QCD. The firsr of such discussions, initiated by Collins 

and Perry, was simply based on the observation that in an asympLotically 

free theory, baryon density plays the role of an infrared cutoff. 

By dialing up the density, one can guarantee that the effective 

coupling will become arbitrarily small. Thus the density plays the 

same role as momentum transfer in deep inelastic scattering and guarantees 

on general grounds, that at sufficiently high baryon density, the 

stable form of matter will be quark matter. This will be a relativistic 
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gas of weakly interacting almost mass less quarks, described by the 

following energy density which one can calculate straightforwardly 

in perturbation theory. 

4* 3" (6) 
2 

a M, B \pf> Pressure » -r e s ATI 3 

This simple equation of state is guaranteed by asymptotic freedom. Now, 

of course, this tells us nothing about where the phase transition from 

hadronic to quark nutter might occur, i.e., at what density and what kind 

of phase transition occurs. Most of the more detailed discussion in the 

literature is based on the bag model, which I've argued will emerge to 

first approximation in QCD. One simply adds to the perturbative treat

ment of QCD at short distances, valid for very large baryon densities, 

the energy denaity B of the vacuum (i.e., of what we would call th" dilute 

vacuum phase). 

0 (7) 
P - 1/3 (e-4B) 

This treatment is consiatent with our picture of QCD. Namely, at 

large densities the coupling is turned off. Therefore, the mechanism 

that non-perturbatively creates this large negative energy density 

in the vacuum state has been also turned off, and we have to add 

the missing energy B to the perturbative vacuum energy. This leads 

to an equation of state which has the possibility of producing 

self-balanced states. In fact one has to be careful if one is not 
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to conclude that quark matter is aore stable than nuclear matter. 

The calculations that are performed are essentially the saae calculations 

that one does within the bag model to show that the deuteron is a 

bound state of a neutron and a proton and not a six quark bag. However, 

the calculation is very sensitive to the strength of the gluon interaction 

inside the bag. It is only the gluon-induced spin-splitting interactions 

that render self-bound quark matter unstable and give it a binding 

energy per nucleon of a few hundred MeV. 

Of greater interest, since such self-bound metastable quark matter 

bags are unlikely to be experimentally observable, is the possible 

phase transition, at large densities, from nuclear matter to quark 

matter. Again, estimates vary enormously. They depend very much 

on the exact value of the bag parameters, and even more on how one 

describes nuclear Batter at such high densities. Simple estimates, 

using the bag mod' and nuclear matter extrapolations, indicate that 

the transition occurs at something like 10 times nuclear density and 

thus might be relevant to a description of states that could possibly 

be produced in heavy ion collisions. Froa ay reading of the literature 

1 conclude that the problem is very tricky. The calculations are extra

ordinarily sensitive to both nuclear physics as well as to the parameters 

of the bag model. Furthermore, there are many questions that can 

be raised, some of which are related to the remark of Gordon Baya 

that in the bag model nuclei are so big they appear, even at ordinary 

nuclear densities, to almost: overlap. One might therefore expect 

at interaediate densities of hadronic matter something like a percolation 

phase transition where quarks in one bag can be connected via a path 
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in the nucleus to quarks in another bag. It ia hard, however, to see 

what would distinguish such a phase from ordinary nuclear matter. 

There is also the concern voiced by Gerry Brown and collaborators 

that such big hadron bags aiight invalidate the standard description of 

nuclear matter) since it is hard to use the usual ideas about particle 

exchange in a nucleus made up of almost overlapping bags. They also 

argue that, if you believe in our picture of QCD, where pi cms exist 

outside the bag in the ordinary vacuus, the pi on external pressure 

will in fact cause the M.I.T. bag model to collapse to a small bag, 

which is not one fermi in radius but rather 1/5 of a fermi, and that 

actually hadrons are small bags. 

So, what does QCD have to say about a transition from nuclear to 

quark matter? Clearly, in our picture, to first approximation, the 

bag nodel is qualitatively correct. Thus th»re should be such a tran

sition at roughly 8 times nuclear density. The factor of eight is 

equivalent to changing the fermi momentum by a factor of 2, or decreasing 

the scale that is being investigated by a factor of 2. It is just 

this factor of 2 that we believe takes us from very strong to very 

weak coupling, from instantons generaf J large quark masses and large 

couplings to simple perturbative physics. So, qualitatively we would 

expect a phase transition at this point. However, from a quantita

tive point of view it is cleer that at present we are still far from 

being able to do much better than the crude bag model in a reliable 

way. There is no reason within the framework of the bag model to 

believe that the bag constant, the value of a's, or the masB of the 

quarks do not depend on the baryon density, as when one extrapolates 
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froa nuclear density to 8 tiaes nuclear density. In our picture they 

surely do depend on the density, basely, as one goes froa what is 

obtained *t very high density, where one has a relativistic-like quark 

gas to nuclear aatter at nuclear densities, one aust include in between 

the non-perturbative effects which generate hadrons froa quarks. 

These non-perturbative effects, which we would say can be well described 

on the scale size of a hadron by ins tanton fluctuations, will depend 

on the density. They are in fact turned off at large density, but 

as we decrease the density they will be sure likely to occur. That 

will Bean that the bag constant will be a function of the density. 

In fact it will decrease as we increase the baryon density. Also 

the coupling constant will increase because of the anti-screening 

effect of the increasingly likely instantons. Thus the properties 

of quark aatter, as we decrease the density, will be quantitatively 

quite different froa what one would calculate by siaply extrapolating 

bag aodel paraaeters. These quantitative issues can be already dealt 

with, at least at high enough density, since one will then have very 

low instanton densities and that's just where our aethods are most 

reliable. It will be much harder to treat the region of the phase 

transition. 

There is also the possibility of interesting qualitative physics 

at moderate densities due to the chiral properties of the QCD vacuum. 

Let us try to imagine how nucleons nucleate out of a relativistic

like quark gas. In our picture this occurs in the following way: As 

you decrease the density, the likelihood of having tunneling fluctuations 

will increase. This will have two effects. They will increase the 
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coupling in this normal vacuum phase, and at some stage they will 

increase the mass of the quark. There will be a critical d-ansity 

at which chiral symmetry breaking will first appar, the quark will 

begin tc develop a dynamical mass and a Nambu-Goldstone boson (the 

pion) will appear. These effects eventually cause the quarks to nucleate 

in dil'te vacuum bags, because they don't like to live in this medium 

in which they interact strongly and where they have a large mass. 

But before we get to the phase transition, it might very well be that 

quark matter does not consist of light quarks but rather of medium 

light quarks, and that pions appear and are present in quark matter. 

This of course would have significant effects on the behavior of quark 

matter in this intermediate density region. I have no idea whether 

chiral symmetry breaking occurs or whether there is first a transition 

to nuclear matter. In any case, it is clear that the quantitative 

description of the intermediate region is going to be quite different 

than that one would get simply by using density-independent parameters 

within the bag model. 

I should also note that in QCD "abnormal nuclear matter" simply 

doesn't exist. Nucleons are not point-like objects that get their 

mass through the interaction with a sigma field. They are made out 

of quarks, which indeed get their mass through a dynamical mechanism 

of chiral symmetry breaking; but they are already inside a mass bag 

in which they are light. Abnormal nuclear matter in a sense is simply 

the same state that we've been describing here as quark matter. 

Another subject that has been investigated within QCD, both from 

the strong coupling lattice point of view and from the point of view 
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of our semi-classical treatment of the vacuum is the effect of increased 

temperature on hadronic matter. Here one can argue that for temperatures 

of order several hundred KeV there is a phase transition to an unconfined 

phase. However, it is not at all clear that this is relevant to the 

physics of heavy ion collisions, since it seems doubtful that there 

is enough time available in such collisions to establish thermodynamic 

equilibrium. 

In conclusion, I have tried to present a treatment of QCD which 

leads to a consistent description of hadrons. At the moment this 

is still a very approximate description of hadrons, in which we can, 

at best, calculate to within perhaps a factor of 2; but at least our 

treatment involves no arbitrary cutoffs or free parameters. The picture, 

very crudely, is that of a two-phase description of hadrons. Quarks 

live in a bubble of dilute, trivial, perturbative vacuum in which they 

are light, almost massless, and weakly interacting. The bubble is 

in equilibrium with the normal QCD vacuum phase in which one has fluctuations 

which are on a scale size of roughly half the hadronic scale size 

due to tunneling fluctuations, and on larger scale sizes totally random 

fluctuations, which give rise to large quark masses and large couplings. 

To first approximation this picture leads to the H.I.T. bag model 

(although there are some differences). To do better than the M.I.T. 

bag model, one must match the weak coupling description we have of 

the wave function of the vacuum with the strong coupling description 

of the vacuum that one has larger scale sizes. This picture for quark 

and nuclear matter implies that in first approximation we should expect 

the physics suggested on the basis of the bag model and perturbation 
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theory to be qualitatively correct. Surely at high enough denaitiea, 

there will be a transition to quark matter (although I don't think 

that one can calculate at the moment where the transition takes place). 

There will also be metastable quark matter atatea with roughly nuclear 

density. If one includes strange quarks, soae of these states night 

live for a long time and actually be observed. To do better than the 

first approximation, and calculate reliably the equation of state 

of QCD, one must include the density dependence of the non-perturbative 

physics that gives rise to hadrons. He can begin to do that, I think, 

in a reliable fashion for high densities, and there exists the interesting 

possibility that there is intriguing physics in between very high 

density and nuclear density related to the chiral properties of hadronic 

safer. 
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INDICATION FOR THE FORMATION OF STRONGLY COMPRESSED HOCLEAR 
MATTER IN RELATIVISTIC HEAVY ION COLLISIONS* 

H. Stacker, J.Hofmann, J.A. Maruhn, and W. Creiner 

Institut fiir Theoretiache Phyaik der Johann Wolfgang 
Goethe-Univeraitlit, Frankfurt *• Main, Germany 

ABSTRACT 

In the present paper ve develop the essential theoretical tools for the treatment 
of tht dynamics of Bigh Energy Heavy Ion Collisions. He study the influence of the 
nuclear equation of state and discuss the nev phenomena connected vith phase tran
sitions in nuclear matter (pion condensation)! Furthermore ve investigate the pos
sibility of a transition fror. nuclear to quark natter in High Energy Heavy Ion Col
lisions. In this context ve discuss exoctic phenomena like strongly bound pionic 
states, limiting temperatures, and exotic nuclei. 

KEYWORDS 

High Energy Heavy Ion Collisions, compression, shock waves, nuclear fluid dynasties, 
pion condensation, density isomers, quark matter. 

I. INTRODUCTION 

One of the most exciting motivations for the high energy heavy ion physicist is the 
possibility to study the nuclear equation of state at high densities, temperatures 
and pressures (Scheid, 1968; Chapline. 1973; Scheid, J974; Scheid, 1974a; Wong,1974; 
Heinz, 1978), as veil as the search for phase transitions into abnormal super-
dense states of matter like pion condensates (Higdal,1972; Brown,1975; Brown,1976; 
Migdal,1978; Campbell,1975), density isomers (Lee,1974), and quark matter (Collins, 
1975; Baym.1976; Keister,1976). 
We vill concentrate on the following topics: 
First ve discuss the semi-validity of the nuclear fluid dynamical model which ve 
use later on to describe high energy nuclear collisions. Then the nuclear equatirr 
of state is discussed, together with the compressibility, phase transitions like 
pion condensates and density isouers and the baryon-quark matter. 

Supported by Bundesminiaterium filr Forachung und Technologie (BMFT), and 
the Gesellschaft flir Schwerionenforachung (GSI). 
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By comparing the results of the hydrodynamical approach with a number of recent ex
periments we will discuss the circumstantial evidence for the occurrence of strong 
compression effects (shock waves) and high thermal excitation. Finally we specu
late about the phenomena which may occvi at: very high energies. 

2. APPLICABILITY OF THE HYDRODYNAMICAL APPROACH 

For the applicability of the fluid dynamical concepts it has to be ensured that 
fast equilibration and thermalization of the incident momentum and energy occurs 
in high energy heavy ion collisions, and that the mean free path (more precisely: 
the longitudinal momentum decay length) over the typical dimension, L, of the sy
stem is small X/L « 1. 
The mean free path A is given by 

where 0 is the total nucleon-nucleon scattering cross section and p is the actual 
nuclear density. For normal nuclear density p 0 and a free n-n scattering crosi. sec
tion â jj »- 30 mb at high energies, the mean free path is "k~ 2fm, which is not too 
small against the nuclear dimensions L~10fm (Scheid,1968; 1974; 1974a). 
High relative momenta between nuclei, signifying no overlap in phase space, as veil 
as the large longitudinal momentum decay length calculated from the free n-n 
scattering cross section were interpreted as a complete transparency for the two 
nuclei at high energies and as a death for compression (shock) waves at energies 
above 1 GeV/n (Sobel,1975). However, in the "formation flight" of ensembles of 
nucleons, collective scattering phenomena (Gyulassy,1977; Ruck,1976) and compres
sion effects can not be reelected, so that the scattering cross section and the 
density can be modified drastically leading to a decrease of the mean free path 

. . . . °NN Po , A = 1.4 • — f m c .. p coll 

Pions and picnic waves produced in inelastic nucleon collisions via the creation 
and decay of nuclear isobars (Hofmann,J97'o) (nucleon resonances) in processes of 
the type 

N + N -<• K + N* •+ N + n + K •* N* + N •* ... 

and via pionic bremsstrahlung (Vasak,1979) may lead to rapid randomization of longi
tudinal momentum and energy, and thus to a short mean free path and to generation 
of shock waves. 
Another important process for randomization is the critical scattering of nucleons 
in the vicinity of a phase transition point (Gyulassy,J977). This is in analogy 
to the critical opalescence, which is characterized by the great enhancement of 
the scattering cross section of light near a liquid-gas phase transition, or of 
the critical scattering of neutrons in ferromagnets near the Curie point (Stanley, 
197J) or - as the last example - the critical scattering appearing in two collid
ing plasma beams: When the Jrift velocity of the two plasmas exceeds a critical 
value, unstable plasmon modes appear, resulting in a growth of strong electric 
fields, which greatly reduce the penetration depth of the two plasmon beams in com-
l<?rison to values estimated from free two-body collisions. 
Thus, the vicinity of a phase transition - e.g. the onset of pion condenstion or 
gl.uon condensation is expected to be marked by the occurrence of critical nucleon-
•mcleon scattering, i.e. a large enhancement (a factor of 2-4 for pion condensation) 
of the deii.ity-dependent n-n cross section (Gyulassy,3977; Ruck, 1976). 
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Together with the doubling of the nuclear density due to the overlap of nuclear 
matter the mean free path can then reduce by a factor of 4-8 or sore to 

\ f, 0.4 f> 
This would mean that even at bombarding energies above one GeV/n nuclei do not be
come transparent* to each other: On the contrary,very violent collisions can be ex
pected. One should keep in mind, however, that nucleus-nucleus collisions are a 
quantum meacbanical process.Hence - in the sense of quantum nechanical fluctua
tions - under the same initial conditions processes with v-tolent randomization 
(i.e. the occurrence of pronounced shock waves) «ay occur as veil as processes with 
less pronounced interaction. It is a formidable experimental iask to separate the 
former from the latter. 
Indeed, recent experiments (which ve discuss later) show that up to lab-energies 
of i GeV/n a considerable part ('" 30Z) of the total cross section are violent 
events with high multiplicities and large momentum transfer. 

3. THE EQUATION OF MOTION 
The most complete representation of nuclear hydrodynamics is given for the non-re-
lativistic case by the Napier-Stokes equations, where the nuclear viscosity and 
thermal conductivity are included as well as a realistic treatment of the nuclear 
binding and surface via the Coulomb- and Yukawa potential (Wong,1977; Maruhn,1977; 
Stocker,J979). Th" equations of motijn express the conservation of particle number 

3p 
5F 3_ + V- (P v) - 0 (1) 

3(Pmv2 + V ( m p * #*j , _ 7|_ p W ( 2 ) 

0 t 
and - energy 

• ^ ^ + V(pEv) - V(K-VT)-V(S-V)- pv*W (3) 
ot ** 

where S a Newtonian form has been assumed. The potential, which allows a realistic 
treatment of the nuclear binding and surface is a sum of the Coulomb potential de
termined via LJie Poisson-equation 

V 2 V (r) « - 4TT (% 2 p(r) (4) 
C A 

and a Yukawa p o t e n t i a l V given by 

( V 2 - a 2 ) V (r ) - - 4ITB p(?) . (5) 

The Yukawa force allows for a smoothed nuclear surface - a realistic surface thick
ness can be obtained e.g. with the parameters f- 2.1 fur' and B » - 280 MeV fm 
corresponding to a nuclear surface energy coefficient 

ri » 2TT -| — 90 MeV fm 5 (6) 
a 

Up to now, three-dimensional nuclear fluid dynamical calculations have only been 
performed using the Euler equations, i.e. the equations of motion for an ideal -
i.e. non-viscous and non-themo-conducting fluid (eq. (1),(2),(3) with r\, K-0). 
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(Siocker,J979). The above equations describe fluid dynamical processes completely. 
However, it is often advantageous to gain nore insight into the physical processes 
by solving more simplified, schematic models, which can be solved (at least to 
some extent) analytically. In this case another set of equations is applied in the 
more schematic treatment of the fluid-dynamical description of high energy heavy 
ion collisions, namely the shock equations: 

Shock waves have to be clearly distinguished from sound waves. In contrast to 
sound waves, shock waves are connected with a strong, densitv dependent mass flow 
with a flow velocity Vf. The shock front itself propagates with the shock velocity 
v s^vj and does also depend strongly on the compression amplitude (Baumgardt,1975). 
Shock waves are non-linear phenomena - for large amplitudes P ^ P Q both v B and vj 
tend to the velocity of light (see Fig. 1), while for small perturbations P ~ p 0 

they approach the linear limit of sound waves. Shock waves imply a large entropy 
production: The matter flow through the shock front is highly irreversible, it is 
not only connected with strong compression, but also with large thermal excitation 
(Hofmann,l976; Stocker,1977,1977a,1978). 

IFi'.-imGos.KOOOMeV) 

Fig. 1. shows the strong dependence of the 
shock velocity v £ and the flow ve
locity of Vf on the compression. 

The shock calculations have to be viewed as an idealization assuming a zero width 
of the shock front together with the discontinuous jump of the state variables(e.g. 
p,T,e,p). However, the comparison of the nuclear shock wave calculations with the 
result of the full Kavier Stokes calculations (Stocker,1979b) show that the result
ing compression rates and temperatures are very similar, although in the Kavier 
Stokes calculations the compression front is smeared out over 1-2 fm due to the 
viscosity. Such a width seems to be rather realistic, as the width of a shock 
front is approximately given by 2-3 -nean free path, which can be less than half a 
fermi in high energy nuclear coJ'jions. For a large nuclear transparency, the 
shock front width may be of the order of the nuclear radius. However, no indica
tion for transparency has been found in the high energy experiments up to now. 
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The relativistic shock equations (flaungaroc,1975) can be derived from the continu
ity of the 

particle flux density [j ] • [p u 3 » 0 

energy flux density [T ) • [i u « ] • 2 (7} 
' ox ox v ' 

and momentum flux density [T ]• [i u +pl « 0 
X X X r 

where [ ] denotes the jump of the respective variable across the shock front, and 
x gives the direction normal to the shock front as seen from the shock front's rest 
frame. 
Eliminating the velocities u from the continuity equations yields the relativistic 
shock equation 

i 2 .2 i . 
"I - — + ( p- po ) ( ~ " I* * ; W 
po D p

0
 P 

which gives an unique connection between tha free enthalpy i, pressure p, and den
sity p within the respective rest frame of the matter •^subscript o stands for the 
undisturbed matter in front of the shock wave, quantities without subscript refer 
to matter in the compressed state). When we insert i * p W+p and i » p W 
the equation ° ° ° 

„2 ,,2 , K Wo 
o 

is obtained. Here W(p,T) is the energ; density functional, which characterizes the 
nuclear equation of state. It will be discussed in the next section. Neglecting 
pions and resonances and regarding the pure nucleon fluid only, the relation 
p^ « ap E~ obtained in the next section can be used to obtain a quadratic equation 
in Ej, which can be solved in terms of the nucleon density p analytically. ET is 
the temperature-dependent part of W(P,T). 

2 - the non-relativistic case o = -j , the temperature is easily calculated from 

2 E T p 2 /3 " 2 

1 =C 1 ) (10) 
It is important to note that the thermal energy of the nucleon gas does not depend 
on the gas ansatg for E T, but only on the relation pr - % r3 c ET.Thus this eoua-
tion is also valid ior a classical ideal gas, vhereas'the temperature in 
the compressed matter depends drastically on the gas ansatz T *= 4 E T for the claL-
sical gas. (see Fig. 2). 
The inclusion of pions and resonances demands for an Tiumerical iterative solution 
of the shock equation,as the pressure is now more complicated. 
The shock velocities v s and Vj can be determined 'y the continuity of the energy 
and momentum flux density. From the relative velocities of the matter with re
spect to the shock front, the relative matter flcv velocity vj is obtained by co-
variant summation (see Figs. 1 and 3). 

v ]/2 - £ . { -, E_Ji e } c (w - v p )(w p + p) 
p o o o Ho v / (j j) 
p(pw - p v ) J/2 «i- £ OW (p + p_ v ) 
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A one dimensional rclativistic shock model 

A ainple illustration nodel can be constructed to calculate the shock compression 
and -temperature in the central collision of two heavy nuclei as a function of the 
bombarding energy (Baumgardt,1975; Stacker,1978). This model assumes thr compress-
ed fluid to be at rest in the center-of momentum system (equal velocity frame). 
Three-dimensional fluid dynamical calculations show that this requirement is ful
filled fairly veil for non-pt ipheral collisions of heavy nuclei near the collision 
axis: A sort of stationary compression stage develops. That means, that practical
ly all of the incident kinetic energy is transformed into internal energy (compres
sion and excitation). 
As Vf denotes the relative velocity from the laboratory to the shocked matter in 
the c-M frame, the lab energy is given by 

•[(i-(^) 2) -ijw( E^-L (1- ( i ) ) -l|Wo (12) 
2 vf where v f - 2 denotes the projectile velocity. 

1 + ( v f / c ) 

Though this model vill, due to the lack of kinetic energy of the compressed matter 
and due to the outflow of matter perpendicular to the collision axis (as compared 
to three dimensional calculations), give too large values for compression and tem
peratures as function of the bombarding energy, it is sufficiently good to give a 
rather quantitative overview about the expected compression and thermal excitation. 
The influence of the beam energy and the nuclear equation of state (e.g. different 
compressibility constants) and the importance of resonance and pion production on 
the collision dynamics can be studied rather nicely at very lov cost - the inte
gration of the full three dimensional fluid model actually is not yet possible 
vith the inclusion of resonances. The results of this aodel calculations are pre
sented in section 7. 

A. THE NUCLEAR EQUATION OF STATE 

Usually one starts with the energy per nucleon W(p,T) for which we use the ansatz 

K(P,T) - M o C Z + E c (p) + ET(p,T) (1) 
2 

for purely nucleonic fluid. Here M c is the nucleoli's rest energy, E (P,T-0) phe-
nomenologically reflects the nuclear binding energy, the Fermi energy, the hard 
(soft) core and the exchange parts of the nuclecr forces. For E c(p) one usually 
uses a pewer expansion in the density as obtained in nuclear matter calculations. 
We vill use a parabolic expansion known from the extended liquid drop model (Scheid, 
1969) 

K 
c 18 p>-o o o 

where B « - 16 MeV and K - 200 HeV is the nuclear compression constant, o o 
Secondary minima (density isomers) are represented by a similar ansatz with differ
ent Pi, Kj, B.. For the thermal energy, the simplest ansatz is the classical 
ideal gas E T - 3/2 T. (See Fig. 4). 
He vill also use the Fermigas expansion 

ET(P,T) - | P~2h T 2 - |y P 2 / 3 - ET(p,o) (3) 
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wlit-rc- wc used the standard thermodynamic*! relations 

, 3W , o 
3c i ^ • •' <f >2'3 fe (*) 

0 bein£ the nucleon's speci fie entropy. 

K T - 3 Q 0 * * 

density rsoroe' 

Fig. U The compression energy with the various possibili
ties for a density isomer is shown. 

At high temperatures, the product ion of resonances becomes important (Hofmann,J 976). 
The resonance excitation is treated thernodjTiamically, where the following approx
imations have been used. As practically nothing is known about the nucleon - N* 
and N* - N* interactions, we assume that the N* interaction does also only depend 
on the total baryon density. Theref-re the compression energy E c(p) is unchanged, 
f being now the baryon number der e:< ''"he first difference is the thermal excita
tion energy of the isobars. Using *-he free Fermi gas expansion as above the ther
mal energy of a resonance with mass mjc* is gi^en by 

-2/3 (5) 

where B.- ^i/V 0 
2/3 

and P. is the density of the i-th resonance phase. 
The resonances can be viewed as excited nucleons (resonance pair production is not 
important at the above temperatures). A Boltzmann distribution for the excitation 
probability of the i-tb resonance has been assumed. Ensuring baryon number conser
vation, one obtain" the partitions 

"i/T 

E t k e " Ek/T 
(6) 
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. T . h , (2 Spin Ci) + J) -(2 Iaosnin (i)>» 
1 «a * 

2 i» the statistical weight fictor of the i-th resonance, and Ej - (a^-^) c i« the 
energy necessary for the resonance excitation. 
The density of the i-th phase is then liven by 

c. - Xj P (7) 

and the total energy density e - pV is given at the sun over the energy densities 
of all phases 

e - I e. - Z o. V.. (8) 
i > i •» * 

As all baryons are assumed to interact only via E (p), the energy per resonance i 
is 

W. - m. c 2 • E c * E T (9) 

which corresponds to a mean energy per nucleon 

W(D,T) - n c 2 • E * t X.^K • E.) (10) 
c . 1 Tj i 

where the mean thermal energy per baryon is 

and 

ET " ? *i ET. ( M ) 

4 M c 2 - Z A. E. (12) 

is the mean additional rest mass due to the occupation of the resonances with 
m. > m . The inclusion of a free pion gas (Stocker,1278) with energy 

g 4n gi7 . 2 2 2 
m c + = =• V / e - V U 3 ) 

% c ~VT (he) (2n) 2 T - 1 
e T - 1 u 

is of little importance at lower temperatures because most of the pions stem from 
the decay of the & resonance only. The direct production of pions d'je to thermal 
nucleon-nucleon collisions has also been studied, but vill be reported elsewhere 
(Stocker,1979a). 
The pressure is evaluated from the relation 

- . - < il ) . D
2 9_EC£iIi I • (14) 

Taking the pure nucleon gas only, ve immediately obtain 
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2 d E c 2 3 E T ( p ' a ) I 

For the compression energy we obtain the compression pressure 
K- 2 2 

1ST ( p " p o > • ( , 6 > 
The thi-rn-.-jl pressure of the Fermi gas is given by 

whi ch leads to the relat ion 

i a"1 a2 P 5 / 3 - i a , • » T 2

 ( 1 „ 

3 P E T (J 6) 

This relation, hovf-ver, is not only valid for the low temperature limit, but also 
for the zero t en.peratur? Fermi gas a. id, non-relat Ivistically, for any finite tenr-
perature. Thi*; relation is, in fact, also valid for a classical ideal gas as car. 
be seen directly from p V - N k Tj, which is equivalent to p « p • T and with 
E T « 3/2 1 one has p - 2/3 p E T .* 
For an ul tTa-relativjstic gas (t/n: >> 1) the analogous relation p-r - 1/3 p tj 
holds apaii, aF. well for «J classical as a Fenri gas (even for Zy - 0} . Therefore 
one ha*, in this case Ej ° 3T. 
Knovinf tiu pressure and the energy density e « p W we can calculate the sound ve
locity in nuclear matter 

,lP- 1/2, c ,c = M ; (19) s/ de I % ' 
which for groundst cice nuclear matter (p « p , T • 0) is connected directly to the 
compression constant (see Fig. 3) 

9P? 
a E 

3 P2 

p 
0 (20) 

0.) - 0.2 

5. PHASE TRANSITION OF NUCLEAR MATTER IN HIGH ENERGY HEAVY ION COLLISIONS 

One of the most intriguing motivations for investigating relativistic heavy ion 
collisions is the possibility that phase transitions occur in highly dense nuclear 
matter, which eventually can lead to stable, abnormally dense nuclei called den
sity isomers. A lot of theoretical investigations on this subject have been under
taken: Feenberg (1945) and Primakoff discussed the possibility of a transition 
of normal nuclear matter into a superdense "collapsed" tightly bound nucleus,with 
a total mass close to zero and therefore with enormous binding energies. They ar
gued that this phase transition may occur due to strong nuclear tensor forces or 
short-range attractive many-body forces. The collapsed state should be separated 
from the normal ground state by a large potential barrier, which practically pre
vents the transition into the new state of matter. They also mentioned at first 
the possibility of collapsed transuranic (i.e. superheavy) nut .ei, and briefly 
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discussed highly deformed states and very large spin states. 20 years later 
Se'eman (1974) considered a similar effect; The existence of an attractive inner 
part in the hard-core nucleon-nucleon interaction nay lead to the appearance of 
strongly bound dense nuclei. 
Independently of both former ideas, fiodner (J97J) proposed to look for collapsed 
light nuclei with large baryon numbers, behaving like new elementary particles.He 
suggested that these objects may consist of a dense system of tightly bound 
quarks, so that a soft repulsive core might be responsible for their existence. 
A series of publications were initiated by Migdal (1972) when he proposed the for
mation of abnormal nuclear states due to pion condensation. Theoretically, the 
onset of pion condensation is often described as he decay of the Hartree-Fock 
ground state into ordered zero frequency (i.e. zer<_ energy) particle-hole states 
carrying pionic quantum numbers. In the new phase at high density the grou.d 
state nuclear matter consists of nucleons forming a spin-isospin lattice(lrvine, 
J975). This phenomenon may also be interpreted as a phase transition from the 
nuclear liquid to a nuclear spin-isospin crystal. Or in other words, the phase 
transition to the abnormal state takes place as a strong collective pion mode ap
pearing above a critical density p c £ p 0 with the pion field acquiring a finite 
ground state expectation value. The pion condensate leads to a loweri*-' of the 
total energy per nucleon with respect to normal nuclear matter. This *.» due to 
the strong, attractive p-wave pion-nucleon interaction. Later on it was found 
that the inclusion of nuclear correlations and the effects of pion s-waves and 
A(3/2,3/2) interactions shifts the critical density p c , at which the normal ground 
state of nuclear matter decays into the spin-isospin ordered system, to higher 
densities t c I 1.5 p .(Migdal,1972; Broun,J975,1976; Migdal,J978). 

It is very essential to note that the perturbation expansion and therefore the RPA 
approximation completely break down if the system undergoes a phase transition. We 
therefore propose a method whicn allows the possibility of a phase transition and 
which is capable of allowing calculations beyond the phase transition point. 
(Kattuck,J968). 
In the following we will ULC the effective particle-hole interaction of Migdal 
(Migdal,1967): 

(i£L ) u -= f + f T -T. + g o • a + g T * T a • o (lj dc,. o o J 2 o 1 2 c 3 2 1 2 F p=p o 
In the momentum independent limit we use,this interaction corresponds to a zero 
range force in ordinary space. The constants f o l f 0, g 0, g 0 can be calculated 
from elementary processes (v tptu exchange). (Anastasio,1977). 
Furthermore we define the nucleon propagator as 

G(T,w) - | [ gCl.ui) 4 o- S(T.u)) + T • ?(!,UJ) 

(2) 
+ (T* T(t,u)(o* Srf,w)) ] 

where g(l,u)t S(l,u), T(l,tu) are functions which have to be determined self-con-
sistently from the Dyson equation 

GU,»> - 1 G;1 - ^ r 1 o) 
-1 k J 

where G - t> - (e, -p) + ifi iB the free propagator with E, » y - and 
the chemical potential p . Z is the self-energy in Hartree-Fock approximation, 
i.e. 
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M* (4) 

dir -i / d
3T 

(2") 
^ tr [U C (I.CD)) e" (5) 

It has to be stressed at this point that denotes the full propagator which is 
a matrix in spin-isospin space; it has diagonal elements which do not change spin 
or isospir but in addition has off-diagonal elements which describe spin or iso-
spin flip. The off-diagonal elements vanish in the normal phase and are non-zero 
after the phase transition. This is the reason why the HF approximation does not 
break ("own in the condensed phase in our method. 
As the observables e.g. P (particle density) and i (spin density) are given by 

P - -i f ^ L . £ tr I C(k.«)] 

t .-if** g t r I ScoU,] «~ i U o~ 
(2*)" l 

(6) 

-i /ik p t r [TC(k,o,)J s " 1 * 
(2*) 3 2 W 

(7) 

" i k " " 1 ' ^ % tr[ V kC(t. U)].-

the total self-energy (direct and exchange) is 

*HF ' V + V 1 Zi + F3 T' h + F4 ̂ ^ "ik (B) 

where 
F J - z t 3 f

0 - f ; - *0 - « ; ] 

F 2 - 1 t 5 * c - f o - f ; - * ; ] 

F 3 - i t s f : - f

0 - «• • «; ] 

(9) 

f, - { [3 g1 - f + f' + g ] 4 4 o o o °o 
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As we are mainly interested in the apin-iaocpin degree of freedom, we disregard 
lor the moment the spin-spin and isospin-iaospin part in £RJ- If ve no inaert Z^y 
into the Dyson equation we can easily solve for the unknown functions 

*F 

and 
*(!.") 

PU.w) 

(F - F̂  pKF • F̂  p) 

4F, 

tF - F 4 p)(F + F 4 p) 

(10) 

(II) 

where p is the only non-vanishing component (after rotation in spin-isospin space) 
of the tensor p: k and F - a- (cK -il) + ifi - Fj N. With 5 « 3f„-f0-g0-g0 and 
E - f

0~*o"8o~3go> gCt.iu) and P(l,ii)) can be integrated with respect to "t, yielding 
after elimination of y by means of particle number vonservation the self-consistent 
equation for the spin-isospin magnetization W - p/N 

B p [ ( U M ) 2 / 3 - (1-M) 2 / 3 ] (12) 

•• i t h 6 - E <a/)p.P 

B P 
2C,-

so that the actual density dependence of the left 6ide 

{ M / ) I / 3 ( , 3 > 

where B is density independent. 
Different magnetization curves are shown in Fig. 5. To decide whether the condens
ed state M - 0 yields lower energy than the normal state M « 0 we calculate the 

Fig. 5. The density dependence of the spin-isospin magnetization for 
different values of 6 is depicted. 

energy per particle as 
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E . -?- [fl +Ml 5 / 3 * M »0 5 / 3] * I [2_£ - i £ « 2 1 — - — 10+M) • (l-M) i • j l-jj- ^ - M J 

To get lover energy we see that B > 0 is reguired. In Fig. 6 we show the actual 
condensation energy for different values of B . As ve neglect spin-spin and iso-
spin-isospin interactions 6 is essentially given by B • f 0 - 3g£ . As for nor
mal nuclei (p » p ) f Q • 1 and %'0 - 0.7 there is certainly no phase transition. 
Nevertheless the momentum dependence of the pion-nucleon interaction, induces a re-
nornalization (Migdal,1978) of g 0 yielding values from B.2 to B-4. This mo
mentum dependence induces a periodic magnetization instead of a spatially constant 
one, i.e. we recover the structure of the pion condensate as a spin-isospin lat
tice. To decide whether there is really a second minimum in the energy per par
ticle as function of p we need the E/A (p) curve for the normal nuclear state in 
order to add the condensation energy. Several results are shown in Fig. 7. F ° r 

Fig. 6. The condensation energy as function of the density for 
different values of E . 

reasonable values of B ~(2-4) an extreme ^^xtening of the equati^ l of state can be 
observed. At least a van "der Vaals type of behaviour can be seen, yielding a mi
nimum of the pressure as function of p. If the phase transition occurs at rather 
lov density (p/p0~ 1.5) a rather broad second minimum may occur allowing extremely 
high compression of nuclear matter. At reasonable value of B~ 3 we observe a den
sity isomer at about p/p0 -5-6 with absolute binding energy of E/A - -13 MeV 
(Fig. 8). The phase transition actually starts at p/pQ..2.8 even lower than the 
barrier maximum at about -10 MeV. Finally we may summarize that a proper treat
ment of the spin-isospin phase transition in the framework of the Landau-Migdal 
Fermi-liquid theory yields a density isomeric state at moderate densities of 
about 2 £ p/p0 £ 6 with an energy gain of 20-40 MeV per nucleon. At this low 
densities the phase transition region (from P c r/p 0 to p(M«l)/p0 (see Fig. 9)) 
is rather narrow, so tbat the condensation can be achieved in a time vhich is 
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short compared to the collifion tine. 

E/Af [MeV] 
K«100MeV 

Fig. 7. The nuclear equation of state Fig. 8. The equation of state develops 
with spin-isospin condensation a second minimum for an effec-
shovs an extreme flattening at tive nucleon mass n" • 0.5 m. 
higher densities. 

I 2 3 T ^ 
Fig. 9. The critical density and the vidth of 

the pheae tranaition are ahovn at function of ft. 
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The only possibility to reach such high densities in the lab seems to be violent 
collisions of heavy ions. This raises the question, whether the high nuclear ex
citations one expects for these collisions will destroy the ordering effect of 
this pion condensate. This has bf:en inver.tigated by Ruck, Gyulassy and Greiner. 
They found that finite size and short tiuii* scale are sufficient to allow for pion 
condensation (Ruck,1976) Gyulassy and Creiner (1977) modified the p-wave part 
of the pion polarization operator to include the nuclear temperature by a smeared 
out Fermi distribution of the nucleons (see also the later treatment of Ueise and 
Hecking,1979). They find that the density dependent critical temperature T e > 

above which the thermal distributions destroy the ordered spin-isospin lattice 
lies substantially above that expected from hydrodynamic calculations (see Fig.10). 

iMeVl 

50^ no condensation 

40 

20 

0 

c 
(cnlicol temperature) 

region of 
pon condensation 

. ' (Shockwaves] 

_P/P0 

10. The critical t( rr.perature T-, above which pion-condensa 
tion does not cccur. T s indicates the temperature oc
curring in shock vaves. 

As the condensate occurs at finite momentum k c~ ^m^, the critical distance R c-k r 

~ ) fro. Thus a dense sysLem of dimension - 2 fm could support a condensate. The 
relaxation time of the pion condensate can be estimated from i~} , = max|2 In ul, r con a ' '* 
vhere LL IS the complex zero of the pion propagator £,- m nuclear matter. This 
gives Tcond ~ ^5 Tcoll indicating that a condensate can develop during the 
collision time. The occurrence of a pion condensate is also connected with the 
critical scattering of nucleons at densities in the vicinity of the phase tian-
sition. In fact, the observed strong increase of the n-n scattering (see latsr 

) may also be used as an experimental signal for the onset of 
pion condensation. 
Lee (1974) and Wick suggested within the c-model Lagrangian field theory that 
the restoration of chiral symmetry can result in very small nucleon rest masses. 
The practically massless nucleons forming strongly bound nuclei with binding ener
gies of 140-500 MeV/n,i.e. an order of magnitude larger binding effects than in 
normal nuclear matter. The ground state of this abnormal phase is expected at 
p £ 2-5 P 0. The total energy of the abnormal nucleus consists of the nucleon ki
netic energy and a potential energy term arising from the a-meson field energy. 
In central collisions of e.g. two Uranium nuclei even the formation of superheavy 
superdense nuclei seems feasible. 
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Such an abnormal nucleus can have completely different properties from a normal 
nucleus: Du2 to the probably totally different mass defect the atomic mass will 
not be an integer number. Furthermore, a collapsed (superdense) superheavy nucleus 
will have interesting atomic properties. Fig. 11 shows the electronic binding 
energies of collapses superheavy nuclei as function of the nuclear density as cal
culated by J. Reinhardt. (Stacker,1978a). One sees *• at for large Z the binding 
enere exceeds twice the electron rest mass - an empty electron state will then 
be filled by an electron from the Dirac Sea, accompanied by the production of po
sitrons without expenditure of energy. This process manifests the spontaneous de
cay of the neutral vacuum into a charged vacuum. If in a fast nuclear collision 
collapsed superheavy nuclei are formed, the exotic atomic properties may help in 
the identification of long lived or even stable collapsed superheavy nuclei via 
the emission of high energy characteristic 7-rays or - better - by searching for 
sharp resonances in the positron scattering cross section. These observations 
would yield precise information on the nuclear charge density of an abnormal nuc
leus. 
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Fig. 11. The electronic binding energy as func
tion of the nuclear density is shown. 

6. QUARK MATTER AS A SPECIAL PHASE OF HADRONIC MATTER 

The strong compression available in nuclear collisions at very high bombarding 
energies may serve as a tool to form a new form of matter: If the nuclear matter 
is so dense that the nucleons overlap strongly it is possible and may be energeti
cally more favourable that not only the nuclei, but also the nucleons desintegrate. 
When the nucleons dissolve into their constituents, the partons, which are believ
ed to be quarks, the formation of a multi-quark object is feasible (Collins, 1975; 
Baym,1976; Keister, 1976). We will investigate the possible quark phase wichin the 
pheonomenological MIT-quark bag model: (Chodos,1974). 
One can show that the 6imple model of a bag - which must be viewed as a volur^ in 
space, in which massless quarks move quasi-free - can fit the mass spectrum of 
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t lie- lii'lil liiidrons qiwinti tatively quite convincingly, if the following conditions 
arc fulfilled: a) The bag, i.e. the volume in which the quarks move, has a con
stant positive energy density, which therefore increase* infinitely with the bag 
volume. This bag energy accounts for the quark confining potential, which does 
not allow the separation of single quarks from each other. b) The zero point 
motion has to be included for quarks which move within the small volume of a hadron. 
c) The energy of the quarks is included by solving She Dirac equation for a bound 
quark state inside the bag. d) Low-order terms in the quark-gluons coupling con
stant are additionally included to take into account the mutual interactions more 
realistically. 
For our test calculations on the formation of a "Giant Quark Bag" we assumed that 
the bag energy density constant remains unchanged if the hadronic matter "fuses" 
into the Giant Quark Bag volume. We neglect the zero point motion, as the GQB is 
supposed to be much larger than a hadron bag. For the kinetic energy of the 
quarks we used the free, massless "ultra-relativistic" (p - 1/p p Ej) Fermigas 
model vhich for zero temperature yields 

From the quark Fermi energy, the Fermi pressure may easily ba calculated as 
p «= p r— ] which vields F dp o 

\ - 1 <i^> ^ "Q 

Thus, the fend energy and -pressure of the quark gas are related 

% " I PQ EQ • (3> 

The latter relation does not only hold for T=0, bat is actually valid for all tem
peratures. The interaction of the quarks can be calculated and leads to an effec
tive £ 502 rise of the density-dependent Fermi energy (Stocker,1977). 
The density-dependent ground state energy of the Giant Quark Bag is then given by 

E R . r is depicted in Fig. 12. It is shown, that near the normal ground state of 
nuclear matter, with the parameters used by Chodos(1974) et al. the GQB energy is 
approximately S 300 HeV/n above the nuclear matter curve;here we used B - 56 MeV 
and occ " 0.5. The statical factor gq for a quark gas with spin, flavour and co
lour (go " 12) was used. However, for smaller B and otc, this difference is much 
smaller and the Quark energy may be lower than that of nuclear matter, already at 
rather moderate densities, if a rather stiff, i.e. quadratic compression interac
tion is used for the nucleons. 
In our investigation we have up to now not taken into account the density depen
dence of a (Freedman,1978). 

c 
12n i 

a c ( k ) * 3>2n^ In (k2./712) 
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If we replace k + L we induce • density dependence 

a„<P> 12?r 
33-2n, 

l n ( ( ^ ) 2 / 3 ^ (feci1
 p 2 / 3 } 

i.e. oc->-0 if p-» . Detailed calculations by Pre /man (1978) et al. show, that 
<>c -0.5 at low baryon densities and a ~ O.J already at P n u c - 6 P 0. We therefore 
*-*pect to be on the a c " 0 curve at high densities. This density dependence of 
0. lowers iu« phase transision point considerably. 

I'Elpl/NIGeV] 

Fig. 12. The energy per nucleon for a quark gas 
is shown for a bag constant B • 56 MeV 
and different values of a c. The nuclear 
equation of state is shown (dashed curve). 

Tht luark matter equation of state can be put into the relativistic shock equa
tion (3.8) to yield the thermodynamic variables for a dense quark gas when it is 
formed in a relativistic heavy ion collision. 
To solve the relativistic shock equations, the free enthalpy and pressure 

PE* 
P -

+ B 

- B 
<5) 

(6) 
have to be inserted into equation (3.8), where remaining "undissolved" nucleons 
are neglected. Then the following equation is obtained: 

E 2 - W 2 

*F o ( -I - -£ ) • B <-£ • -£ • 
P P c

 po p 
(7) 
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Htro the last part fives the influence of the Bag itself. Using p_ » «r Ej. for 
the quark fas, eq. (7) can be solved analytically to yield 

2 3 W ((0/ ) 2 - l » J / 2 
E ' 7 4 w */0

 + \* < 4 W P/« " B /c> cm 2 4 o P. T 4 o P. P (8) 
From thii equation the quark density within the compression zone is obtained as 
function of the bombarding energy (see Fig. J3). For B»0 this equation reduces 
to 

!r= " i ( i p / p 0

 + J 3 + ii<"V2'> (9) 

These results are also applicable for e.g. Lee-Hick Batter and prescribe the upper 
lircit of the corpression in the ultra-relativistic regime. 

Fig. J3. The actual density achieved in a shock wave in quark 
matter as function of the bombarding energy. 

Due to the large Fermi pressure of the quark gas, its compression increases much 
slower with the bombarding energy than in the case of nuclear matter. The large 
ground state energy of the (X)B could be responsible for another effect: If at 
high bombarding energy the nucleons desintegrate and a GQB is formed, the excita
tion energy of the system mostly has to go into the quark Fermi energy, which can 
reduce the temperature of the system considerably. Also the distribution of the 
residual thermal energy over three tines as nany degrees of freedon will lover the 
temperature. 
In a three-dimensional hydrodynanical test calculation we found that the quark nat
ter is only transiently produced in the collisions of fast nuclei for a very short 
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time. However, it is possible that part of the quark setter docs not i—ulialilj 
recondensate into hadronic matter, but atays within the quark phase for a longer 
tine. This piece of quark -utter then expends freely into the state of minimum 
energy at P 0 The expansion will approximately follow curves of constant entro
py, Q for which 

p . v * / 3 - const and E - p 1 / 3 (for all Tl) . (10) 

Such a oetastable CQB vould have a ground state density different froa the nuclear 
equilibrium density. It can decay by the sudden release of a large amount of ener
gy (- 300 MeV/n) into a bulk of normal hadronic matter, hopefully a considerable 
time after the collision: This may open a way of detecting CQB's. The resulting 
"hadronic nucleus" may have a rather unique structure, e.g. consisting of many 
resonances. 
Furtheron it seems worthwhile to investigate the possibility of condenstion phe
nomena due to the colour degrees of freedom of the quarks, which mediate a colour 
quark-quark interaction. 
This colour interaction may be written as (Dalits,1976) 

8 • . 
U - f(k) Z i V 

i-J 

where f(k) - 4ir a (k) -i c * * k 
J 

with a (k) '271 
33-2nf lnOTTF) 

which IE the QCD fine-structure constant and nf - is the number of light flavours. 
The definite structure of ac(k) as function of the momentum k is only vaguely 
known from renormalization group arguments: (Freedman,1978)for k -*"°it is expected 
that a -• 0 (asymptotic freedom at high densities). At low densities a c should be
come large (non-perturbative region of colour confinement). 
The expression for a c( ) given above fits the large k region quite well. The cut
off parameter has been determined from charmonium data to be of the order of 
A - 300-500 HeV (Richardson,1979). As we treat the quarks in Fermi gas approxima
tion, ve replace k by the Fermi momentum kj- thus inducing a density dependent inter
action. This corresponds to the assumption that the medium screens the long range 
quark-quark interaction as in the case of an electron gas. 
With the quark propagator 

C(k.«l) - 3 [g(k.M) + ̂ (k.o))] 

we calculate the Hartree-Fock self-energy 

r ^ - f f p - i f d . i k c k 

" 1 l " I f to + ! f diim p 

• f < i f ikj • d iki>< i £ j i» • dji»> c " >*" • 



wlcrc f'jk and dj^j are the SUci3) structure constant* and Ck(k-J,...f8) is the 
integrated colour density 

As the colour group SUC(3) allows to select two diagonal generators e.g. X3 and >.g 
(vhich we call in the following colour-isospin and colour-hypercharge) we investi
gate e.g. colour condensation in the Xg-direction. Furthermore we assume the 
quarks tc be cashless and treat then as relativistic Feraii gas i.e. 

E_ « k_ » (-̂ -) P where g is the factor of statistical degeneracy g-12. 
Applying now the method developed in the nuclear context ve find the self-consi
stent equation for the colour magnetization by solving the Dyson equation. For 
the colour-hypercharge magnetization we find with Tj - 1/6 - 3) f and 
M g - (1/2) 3 Cg/ P 

F.p . M- J/3 1/3 

ard the energy 

_£_ . I , 2 ( 1 + J>/ / 3 . ( ] . v

4 / 3 ] - i A . { ^ . 

Expanding (J IK) ve find the phase transition point as 

111 i 
E F " 2 ' 

As can be seen from the energy, there is an energy gain through condensation only 
if F >0, i . e . 

F, - ({ - 3 ) 4, a c ( V - f > 0 . 

We therefore find that there is no net colour magnitization as long as 

a (k_) > 0 . c F 
Our present knowledge (Freedman,1978) from QCD says that ac(k)>0 at all k. There
fore there should be no phase transition at all. Nevertheless it is well known, 
that the phase transition from a nucleon gas to a quark gas is very broad with the 
coexistence of a nucleon and a quark phase. Therefore there may be many-body ef
fects changing Qc(k) to an effective af^Mk) during this percolation phase. 
This a|ff(k) may have negative domains, thus accomplishing colour condensation. 
As 

F.p eff 
-*- ' 4 a (k) tT c 

eff J . . 
already a - - •5 is sufficient for the colour phase transition to take place. 
This type of intermediate colour condensate will enhance the nucleon-quark phase 
transition due to the condensation energy gain, which is (in the condensed region) 
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ct""i. . 5 (-£) Nucleon P ' o 

vith 5- 73 MeV for a' • -0.3. Therefore the nucleon-quark phase transition re
gion at about £P 0 the actual condensation energy gain is of the order of 125 MeV. 
We therefore conclude that a phase transition fret) nucleon to quark Batter at den
sities lover than predicted by bag calculations may be a hint for condensation 
pheneomena pointing out a deviation froa standard QCD. At the phase transition 
point ve expect the veil known critical scattering phenomenon (Gyulassy.1977): 
The scattering cross section is drastically enhanced. This point needs further 
investigation in the context of quark Batter. 

THE COMPRESSION AND EXCITATION EXPECTED FROM NUCLEAR SHOCK WAVE 
CALCULATIONS FOR HIGH ENERGY HEAVY ION COLLISIONS 

Let us first look for the results of the one diaensional shock calculations of 
head-on collisions of equal nuclei, vhich allow the study of the influence of va
rious parameters of the nuclear equation of state on the reaction, iiainly on the 
compression rates and temperatures reached, but also the shock and flov velocities 
and on the production of pions and nuclear resonances (Baumgardt.1975; Stocker, 
1978). The compression rate in the rest frame of the compressed natter is shown 
in Fig. 14. It is found that the compressibility constant is of importance for 
the compression of the lover energies, vhere a stiffer equation of state (i.e. lar
ger K-values) results in lover compression. For very high energies, ve can neg
lect the compression energy completely and derive an analytic expression for the 
asymptotic behaviour of (p/p0) asymptotic CE-.-). For an ideal gas p • 2/3 p E T 

the shock equations reduce to 

1 YL-J 1 / 4 

Fig. 14. The compression reached in the rest frame of the com
pressed natter is shown. 
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where y ' n L A B + J. Therefore, in the relativistic doma:.n, the rest frame com
pression is not limited to P/P0 " 4 (this was wrongly assumed by various authors 
(Sobel,I97S)) as in the non-relativistic limit (YT,=3), but increases with the 
square root of the bombarding energy. p/p0 » 4 i« reached at Eu^gt 1 GeV/n, i.e. 
just where relativistic phenomena become Important. 
In the ultra-relativistic limit v>>J, p • s p E one obtains 

P/p„-« ' ( - ! ~ - ) 1 / 2 - 4 To, (2) 

At the very high energies, the influence of the nucleon resonances dominates. Owing 
to the increased number of degrees of freedom, the equation of state is softer and 
therefore higher compression is possible. 
Like the compression, the temperature achievable also depends strongly on the nu
clear equation of state used. (See Fig. 2). A lower compression constant increases 
the temperature, as less energy is needed for compression. On the other hand, the 
inclusion of nucleon isobars decreases the temperature considerably,as the internal 
excitation goes into the formation of heavy resonances, which means the transfor
mation of thermal energy into additional rest mass. This cooling pheonomenon is 
what leads to a maximal temperature T11** in connection with an exponentially in
creasing hadronic mass spectrum (see later). However, the resonances become im
portant only at densities P / P Q ^ , reached only at relatively high energies.There
fore, the inclusion of resonances is important in the relativistic regime, but may 
be neglected for moderate energies E L A B<400 MeV/n. At such energies, the feed
back of the K" formation on the system is small and one may consider the A(3/2,3/2) 
resonance only. In this case the temperature may be calculated for the simple one-
p.ase nucleon gas and from there the resonance excitation can be obtained as in a 
perturbational treatment. N /N is then given by the simple formula 

-E 293 
Nfi/N - T A e A / T - 4 e T . (3) 

We find that thermal pion production is very small for ELAR-400 MeV/n. This means 
that copious pion production at low bombarding energies will strongly indicate an 
exotic phenomenon (see later) . The importance of the equation of state for the 
temperatures attained is seen in Fig. 2, where the temperature obtained in a Fermi 
gas model is compared to that of a classical ideal gas Ey - 3/2 T at higher den
sity, the deviations are very large. However, in a relativistic treatment, the 
Fermion temperature approaches the ideal gas limit for very high temperatures 
T-200 KeV, as then the Pauii principle can be neglected. Fig. 3 shows the in
fluence of the compression constant on the shock velocity in nuclear matter as a 
function of the shock amplitude p/pQ in the matter^ rest frame: The shock veloci
ty increases with density and with the compression constant. For small amplitudes, 
the shock velocities tend to the sound velocity Cs/c, of the ground state, which 
of course is different for different values of K: 

SD l / 2 K 1 / 2 

Cs / c ' # " &••> '<»' P - " 0 • <*) 
C-const o 

For large amplitudes c tends to the velocity of light and the influence of K vani
shes. If for the thermal pressure an equation of state (or the gas law) different 
from an ideal gas is used, i.e. for example a>] instead of a-2/3, Pj-pEj results. 
The higher internal pressure leads to a much faster increase of vff(p). 
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To calculate the total pion production rate, one SUBS over all pions eaitted in 
the decay of the excited resonances and includes the production of the *ree pion 
gas. For the strongly compressed state, which is calculated in our nodel, the for
mation of temperature-free pions was negligibly saall (an order of magnitude down) 
compared to the ̂ -resonance. A comparison with several different model calcu
lations (see Fig. IS) (e.g. pi cm Bremsstrahlung calculation (Vasak,1979), indepen
dent nucleon-nucleon collsions (Bertsch.1977), thermal models (Chapline,1973;Heini, 
J978) ) does,however, show qualitatively good agreement with the data (Fung,1978). 
Therefore more refined calculations will he called for interpreting more exclusive 
experiments. The emission of the pions from the initial, strongly compressed 
stage during the whole expansion stage, will also increase the number of free pions 
in the system which is proportional to the volume of the hot matter. 
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Fig.J5. The number of pions produced in a heavy ion 
collision in different models (see text). 
Existing experimental results are indicated 
by points with error bars. 

Dependence of the Particle Production on the Nuclear Equation of State. 

Within the one-dimensional relativistic shock model, the dependence of the forma
tion of isobars and pions on the nuclear binding energy functional may be investi
gated by iterative solution of eq.(4.16). In analogy to the influence on the tem
perature, also the pion production rate strongly reflects the properties density 
dependence of the congressional energy E_(p, T-O). A soft nuclear equation of 
state, i.e. small K values, leads to an increasing number of produced particles,as 
a larger fraction of the internal energy is available for thermal particle produc
tion. Thus, the measurement of the rate of increase of the particle production 
with the bombarding energy may be used to investigate the compression energy E c(p) 
and the compression constant 
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cxperimentally. One can also learn about the thermal properties of the nuclear 
fluid at high temperatures: Using the ansatz Ej. - 3/2 T for an ideal classical 
gas yields a much faster increase of the shock temperature with the bombarding 
energy (see also the next sections). 

Influence of the Formation of Abnormal Nuclear Matter on Shock Waves. 

In the case that a phase transition into a secondary minimum would occur, these 
results are drastically changed (Hofn>»nn,1979): Above a critical bombarding ener
gy, the matter is compressed to the critical density P c, at which the pressure 
does no longer increase with the density. If the pressure p-3Ec/9p decreases 
with increasing density, the natter becomes unstable and collapses with no addi
tional need for external compression into the abnormal superdense state. In the 
region of decreasing pressure no shock waves can be formed, (vt- p), i.e. the 
shock phenomena vanish for this region. This can be used as a signal to detect 
phase transitions experimentally, namely through the disappearance of Mach shock 
phenomena. It should be noted that this can be used also to detect inflection 
points in E c(p), where p Cp) decreases, while no secondary minimum is formed! It 
was shown by BofmannC1979) that also an equilibrium coexistence of the normal and 
abnormal phases, vhich we excluded because of the short collision times ve are con
sidering, does not allow for a stable shock front in the phase transition region 
- nor for a double-shock as postulated by Galitski (1978). 
Another effect of the phase transition is also very important: The collapse of 
the matter into the abnormal state leads to a sudden release of the condensation 
energy as additional excitation energy. Thu6, a phase transition into a density 
isomeric state will be accompanied by a strong additional heating of the system, 
which can be used to observe density isomers in heavy ion collisions independent 
of the disappearance of Kach shock phenomena, namely by strong threshold increase 
in the excitation function of the particle production rate (pions, resonances, 
strange particles - tee Fig. 16) and of the high energy tails of the particle spec
tra, which also reflect the temperature of the emitting source. 
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Fig. 16. The influence of a density isomer on the thermal pion 
production rate i.B shown. 
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L>:pansion and Explosion of the Highly Compressed Katter 

The al>cve increase should be observable alio when the subsequent expansion of the 
n.atter is taken into account. Particles will be emitted during all stages of the 
reaction from the dense, hot piece of nuclear natter, and mainly froa its surface. 
Tvo competing processes will lead to the decay of the compressed shock zone: First, 
the compressed natter will expand isentropically, i.e. with constant entropy.This 
will result in a collective flow of natter outwards, with the thermal energy per 
nucleon 

",1 2/3 
28 P 

and the temperature 

i p 

2/3 

(6) 

(7) 
diminishing with decreasing.density, and the kinetic energy per nucleon increasing 
because of the expansion E " n « E^j - (Ej + E c) (see Fig. 17). This process con
tinues until the mean distance between the nucleons is too large to ensure thermal 
contact and equilibrium: The matter breaks then up into pieces. Possibly these 
break-up densities are reached at densities where the pressure has a minimum 
(P/Pcr 0.5) which corresponds to a hydrodynamically unstable situation, where the 
dilute matter condensates into separate fragments. 
In the case that abnormal superdense matter is formed, the system retains at lar
ger temperature as compared to the normal matter case (see Fig. 18). As the isen-
tropic curves shov the barrier to the secondary minimum even at large temperatures, 
a trapping of the matter within the abnormal state is possible for a considerably 
long time. This is discussed in greater detail in the next sections. Secondly, 
also the possibility of a rapid explosion of the highly excited shock zone has to 
be taken into account. Since a considerable fraction of highly energetic partic
les moves faster tha: the collective outflow described by isotropic expansion, 
they can quickly escape from the surface of the shock zone. 

Fig. 17. The reaction kinematics for a heavy ion collision it 
shown as described in the text. 
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Fig. J 8. The energy dependence of the temperature for a) normal 
nuclear matter, 6) density isomer with Bj - 0 , 
c) B - 140 MeV. 

The vaporization of the surface of the compressed matter (chock zone) will lead to 
the emission of fast particles, which carry information about the - most interest
ing- state oi highest compresrion and excitation. Therefore, special emphasis 
must be given to the observation of the highly energetic radiation components, 
mainly light, sidewards emitted fragments to learn about the initial compression 
stage of the reaction. The compressed zone is cooled down via particle radia
tion, thus slowing down the expansion of the system. The cooling effect, of 
strcng enough, may stabilize an eventually formed abnormal nucleus. 
We calculate the expansion of the highly excited matter assuming isentropic ex
pansion of the whole system - the vaporization of the surface of the hot object 
is presently neglected. Let us, for the sake of simplicity, consider now a pure 
nucleon Fermigas. Then the thermal energy (6) 

r . °* „2/3 
fcr an isentropic expansion (0* const'. 0 from the state of highest compression in 
the shock zone to the lower density can be easily calculated: Because of the ex
pansion, the matter cools down as T, Ej - P?' 3 . The internal energy E*-Ec+Ej -
compression energy and random thermal motion - is transferred into kirctic ener
gy, namely the directed collective outward flow of the system. Fig.17 shows E T, 
E c, and Efcin - E(-jj - (Ej + E c) as functions of the density for two different bom
barding energies Ej^g - 0.4 and 1.07 Cel'/n. The state of highest compression is 
approached along the shock adiabate, the thermal energy increasing rapidly with 
the density. In the expansion stage, however, E T decreases rather slowly with the 
density, while the kinetic energy of the collective outflow increases very fast, 
approximately as 

kin ECM <]" P"V (8) 
where Po * s t D * shock compression. The kinetic energy of the collective outflow 
is considerably larger than the internal random motion. 
Let us now study the time development of the expansion of a homogeneous density 
distribution in the non-relativistic one-dimensional case, which can be solved 
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analytically: One can estimate the tine dependence of the density which is in our 
case f « N/R from equation C8) 

8 3/2 
R(t) - V „ (1 - ••;-'.- ) (9) KCO 

where R is the radius of the system in the highly compressed statu. Separation 
of variables and integration yields 

~- { R W& * R In ( R + tR-S ) - R In <lT ) V o o o o o en 
(10) 

Fig. 19 sbovs the compression- and expansion phase for various cases. One notices 
that a much lower compression than calculated in the shock model does end up in 
quite a similar final expansion as the shock calculation, only the initial stages 
are different (dashed line). 

80 
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Fig. J9. shows the compression and expansion phase in non-relati-
vistic one-dimensional model. 

Another result is the much slower decrease of the density, when a lower bombarding 
energy is investigated. Finally, the decrease of the density proceeds much faster 
when collisions of small nuclei are investigated. Therefore, most interesting are 
central collisions of heavy nuclei, as here the system stays fot the longest time 
in the highly compressed stagep > 2p , namely 47 and 36 fm/c for U-U collisions at 
0.4 and 1.07 GeV/n. During such a long time, particles (e.g. pions) with v=0.5 c 
can travel 24 and 18 fm respectively, -much longer distances than they need to leave 
the highly compressed zone with R 2 8 fm. This means that one may even obtain in
formation about the compressed center, when the high energy tails of the particle 
spectra are studied under 90° in the CM-frame: Here the central compression re
gion can be seen without a shadowing effect from the residual projectile- and tar
get nucleus. 
Recently, such an experiment vus performed by S. Nagamiys (1979) and collaborators 
in the bombardment of Na F with He-projectiles at various energies. 
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Thcy measured the spectra of the particle* (protons and pionc) emitted at 90° in 
the CM fatse. They find an exponential decrease of the particle spuctra, frost 
which tt. temperature of the highly coapressed cone can he deduced. Fig. 20 shows 
the results of their aeasureaents (dots). The solid line represents the shock 
temperature as obtained (without any fit) froa) the relativistic shock calculations. 
A remarkable agreement between the data and ic? theory is found; thus the experi
ment seems to indicate that the shock wave aodel implying strong compression and 
high excitation nay be valid for the description of study theoretically central 
collisions of fast heavy nuclei. Furthermore, the experiment ahova that it is 
necessary to use a Fermigas ansatz for Ej (PtO) - a calculation using a classical 
ideal nucleon gas vith Ej - 3/2 T yields a linear increase of T(E), which strong
ly contradicts the experiment. 
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Fig. 20. The protonCfull dots) and pion tem-
paratures (open dots) ad deduced from 
the experiment of Nagamiya et al. com
pared to the shock calculations for 
pure nucleon gas (full curve) and in
cluding the resonance cooling (dashed curve). 

However, the absolute value of the deduced tesperatur* ia surprisingly high - one 
would expect that the matter is cooler due to the resonance - and pion creation. 
If the curves of Nagamiya (1979) et al. are extrapolated to higher bombarding ener
gies, the limiging temperature (Hagedorn,196S) I™** ~ «„c • 140 MeV aay be 
achieved already for E L A B ~ 3 GeV/n, i.e. at heavy ion energies,which are presently 
only available at the synchro-phasotron in Dubna. The possibility of finding tesr 
paratures T > T M a z ia an exciting :esk for further experiaenta. According to 
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r«rcent papers (Fowler and Veiner,1979i Kapusta,J979) the existence cf quark ratter 
would not allow for an exponential aais spectrin of clenentary particles and thus 
a limiting temperature would not exist. Another important feature of the data of 
Ksgamiya is the result that the temperature of the pious is systeaantically lover 
than that of the protons. The proton spectra may show up higher energies due to 
the hydrodynamical outflow of nuclcons resulting in an apparently higher tempera
ture. One nay also speculate that they arise froc a stage cooled because of 
higher compression energies or finite resonance production, or that the pions are 
not in a complete thermal equilibrium: with the nucleons. Sandoval (1979), 
Stock, Schroeder and collaborators determined in a streamer charter experiment the 
pion production rate in central collisions of Ar on KCl. They measured very large 
charged particle multiplicities (approximately the stto of the proton micbers of 
projectile and target) for EJ^J • 1-2 CeV/n. They find that the pion sultiplicit.v 
<!!„> is of the order of 10-20 per cent of the nucleon multiplicity <D.> increasing 
approximately linearly with the bombarding ent-gy. Using the temperatures calcu
lated on the basis of the relativistic shock equation, which coincide well with 
the temperatures measured by Hagamiya, we estimated the number of pions created 
considering ^-resonance formation via 

E4/T_ -E 4/T 
< B N " 

where T &- t, is the statistical factor of the A(3/2, 3/2) r»sonance. In Fig. 21 
the data are compared to the calculations. The experimental data are again si
milar to the results of the shock calculations. 
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Fig. 21. The pion production rate <mjT
>/<mfl> as obtained in tVie 

experiment of Sandoval et al. (dots) compared to the 
»hock calculation vithout resonance cooling (full curve) 
and including the resonance cooling (dashed curve) 

would expect that the cooling influence of the resonance - and 
rers the temperature, thus leading to a smaller pion production 

However, again we 
pion formation lo.^.B b u 

rate than experimentally 

_„ d expect that the cooling influence of the resonance - and 
pion formation lowers the temperature, thus leading to a smaller pion production 

^ „ •_ - 'iy observed, and to a lower increase of <•%>/<««> with the 
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bon.barding energy (dashed curve). A full relativistic treatment of the resonance 
production can increase the pion multiplicity obtained in the shock calculation. 
However, the data point at 1.6 GeV/n is slightly above the straight line. If this 
result Is not due to a statistical error, which cannot be excluded at the moment, 
an increase of <mTI> and a change of the slope <i% > seen* to appear at Ej.g-1.6 GeV/ 
n. This vould be a very exciting result, as it would be interpreted a* evidence 
for phase transition in dense nuclear matter at p/p0^4p0. From the apparent jump 
in the temperature one may deduce the condensation energy of the density ison trie 
state (i.e.,the depth of the secondary minimum in E c as measured from the barrier 
at E c (pc)). However, as long as this effect has not been definitely proven by 
more extended and refined experiments with better statistics and measuring at the 
lower energies and in smaller energy bins, this remains speculation - which, never
theless, nay be stimulating also for the forthcoming experiments. In conclusion, 
already from these simple one-dimensional shock calculations it appears that one 
can learn i.bcut the reaction dynamics and the properties of the nuclear equation 
of state from high energy heavy ion collisions, if the relevent windows, uniqu-
ly reflecting the occurrence of interesting or exotic phenomena, are searched care
fully. 

The Importance of Nuclear Viscosity and Thermal Conductivity 
Let us now turn away from the more schematic one-dimensional shock model to more 
refined nuclear fluid dynamical calculations: Though the solution of the reiativi-
stic shock equations allows for an overview of the phenomena and reasonably enab
les us to obtain values for the various variables considered, it is highly ioealis-
ed and does not give an ansver to the questions concerning the details of a nuclear 
reaction at high energies. This is only po-isible by solving the equations of 
motion fcr a non-ideal nuclear fluid numerically. The most important feature of 
a non-ideal fluid is the occurrence of viscous effects and thermal conductivity -
therefore at least equations of the Kavier-Stokes type have to be solved. A two 
and three-dimensional relativistic fluid dynamical model is presently under pre
paration by G. Buchwald, but not yet available. Therefore we concentrate on the 
influence of the viscosity in a one-dimensional fluid dynamical model. Within 
this model we can look somewhat deeper into the details of a heavy ion collision, 
e.g. study the time dependence of the compression and thermal excitation as well 
as the possibility of formation abnormal superdense states. 
To solve the equations of motion - the non-relativistic Kavier-Stokes equations 
in one dimension - we had to incorporate the nuclear potential and the friction 
tensor into the Euler equations. The Yukawa potential allows for a realistic 
treatment of the nuclear surface in that a smooth decrease of the density is ob
tained. For the friction tensor *S a one dimensional Newtonian form 5*-n(v«v)J 

is used. The friction constant is adjusted to rr 10 "n fm~3, which ensures numeric
al energy conservation to E/E K I N-10Z. The most important advantage of the viscosi
ty is to smooth the otherwise sharp shock fronts obtained in fast collisions to 
reasonable width. The formation of resonances and pions was not taken into account 
in these first calculations. 
The integration of the equations of motion was done for various bombarding ener
gies. Den.-ity isomeric states with different depths and critical densities were 
also investigated. For normal nuclear matter we first found a rapid increase of 
the compression rate in the center of mass, followed by a rather stationary stage 
of constant compression (corresponding to the shock wave model) - and subsequent 
expansion stage (see Fig. 22a,b). Wiihij that model we can also look for fusion 
eventJ (see later). The mean thermal energy increases much more slowly - since 
for hypersonic projectile and target velocities matter not yet reached by the 
shock stays practically undisturbed in its ground state (see Fig. 22c) 
On the other hand, the compression rates and temperatures obtained in the "station
ary stage" are -r quite good agreement with the result of the shock calculations 
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(see Fig. 23s,b) The inclusion of thermal conductivity has the consequence that 
heat energy is transported away from the n>st strongly compressed regions - this 
is of great importance for the formation and stabilization of metastable super-
dense nuclei. 

TO n jc IKMT 

Fig. 22. (a) The density distribution of various stages of a 
central collision of two equal nuclei El a D*75 MeV/n. The 
left-hand shows p(z) for a normal equation of state 
Ko»300 HeV/): the second central region quickly expands 
again. The right-hand side shows the strong density in
crease in the case of a density isomeric state: a'large 
part of the system stays rather lone within the abnormal 
phase (density isomer at P c " 2p0,Pi • 2.5 p 0, Bj « 0). 

(b) The central compression p/p0(t) increases strong
ly above the critical density for the production of an 
isomeric state: compared to the normal nucleai matter 
(lower curve), the presence of a density isomer leads to 
the collapse of the nuclear sitter into the abnormal su-
perdense phase (upper curve). Thus the matter remains 
much longer within the strongly compressed state. 

(c) The gain of condensation energy leads to a strong 
increase cf the mean thermal energy £>f(t) in the presence 
of a density isomer (upper curve). Lower curve: normal 
nuclear matter. 

Effectively the thermal conductivity also takes into account particle emission -
i.e. for example cooling due to pion - and nucleon evaporation. These investi
gations are being pursued presently by G. Buchwald (1979) in two- and three-di
mensional calculations. 
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Fig. 23. (a)The central compression P/P0 increases smoothly with the 
bombarding energy up to the critical point for the production 
of a density isomer.Then the system collapses into the abi :>rmal 
superdense staterthe density increases suddenly.Curve a,normal 
nuclear matter.dashed curve: result of relativist!c Fhock cal-
culation[4,5]; b,density iscaer with 0c/po-2,0]/po-2.5,Ej-0; 
c,density isomer vith Pc/p0":3>c)/p0-'i,Bi 0. (b)Sicilar to Fig. 
(a) a threshold increase of the excitation function of the mean 
temperature T(E.^c) reflects the presence of a density isomer. 
This may be usedto detect density isomeric states experimental-
ly(see text).Curve a,normal nuclear matter; b,density isomer 
with pc/po-2,0|/pc,"!2.5,Bo«0;c,density isomer with pc/p0-3,P|/p0 

-4, B|«0; d,dens:ty isomer vith pc/po-2,0) /P0-2.5,B,—10 MeV. 
The rate of increase of T may be used to determine the depth B| 
of the secondary minimum. (c)The expansion of the compressed nu
clear system approximately follows the curves E*(p)«Ec(p) • 
E^(p,T)0 of constant entropyo (solid lines).These curves still 
exhibit the secondary minimum for rather high excitations. 
The shaded area indicates the region for which "fusion" in
to metastable abnormal states may be possible (see text). 
The dot-dashed line gives the position of the respective mi
nima os the isentropic curves. The dots mark the state of 
strongest compression and excitation obtained numerically 
for the indicated bombarding energies (in MeV/n). The dots 
within the shaded area actually represent the "numerical 
fusion events. 

Formation of Abnormal Superdense States 

Again we find an important effect of a density isomeric state on the theraodynaai-
cal variables like P and T. When the critical density p c is reached, only a 
slightly stronger compression results in the collaps of the central compression re
gion into the abnormal state. This also aeans that the density now becoaes 
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considerably larger than that calculated vith an equation of state without density 
isomer (Fig. 22a, 23a). As the collision time icoll"-10"22 s e c ** very small com
pared to the tunnel time 1 tunnel necessary to form the equilibrium phase composi
tion, a Kaxvell construction tor the van der Walls-type equation of state is mean
ingless during the fast collision process. As a function of the bombarding ener
gy, the compression increases drastically at the threshold for the production of 
the density isomer (see Fig. 23). Qualitatively the same effects hold for the 
thermal excitation energy: When the system collapses into the abnormal superdense 
state, the temperature increases immediately due to the gain of condensation ener
gy (se* Fig. 23b). Contrary to the increase of the density, which experimentally 
is not directly observable, the increase of the temperature may be used to detect 
th3 abnormal state: Analogously to the density (see Fig. 23a), the temperatire 
of the system as a function of the bombarding energy shows a drastic increase at 
the threshold for the formation of the density isomer (see Fig. 23b). As a con
sequence of the higher temperature, a threshold increase of the high energy parts 
of the energy spectra of the emitted fragments as well as the pion production rate 
will reflect the formation of abnormal auperdense nuclear matter. On the other 
hand, fast emission of highly energetic particles can serve as a cooling mechanise 
for the abnormal nuclear matter. Such mechanisms are not yet included in our mo
del. Thus the formation of metastable, fused superdense nuclei seems feasible 
for a range of bombarding energies (see Fig.23c). 

During the compression stage, the system becomes thermally excited, i.e. a lot of 
entropy is produced. However, the system starts to expand from the state of 
highest compression along curves of constant entropy These curves will exhibit 
the potential barrier at P c, although the barrier height and density of the second
ary minimum become lower for increasing entropy. Therefore, if the energy of the 
final compression state is smaller than the corresponding isentropic barrier (ana
logous to the centrifugal barrier), the system can be trapped within a metastable 
state, from which it may deexcite into the cold density isomeric state via emis
sion of pjrticlee from the nuclear surface. Thus, e.g. for U-U collisions, ever, 
the production of (meta) stable collapsed superheavy nuclei, which also have very 
interesting atomic properties, may be feasible. But also at bombarding energies 
ebove the fusion region, where the excessive kinetic and thermal energies lead tc 
Che decay of the system, it may still remain rather long within the abnormal phase. 
We find such a behaviour in our model calculations (see Fig. 23c): For the three 
bombarding energies E^g • 75, 117, 169 MeV/n, the state of greatest compressior. 
lies within the fusion region. Acutally, we could not find a subsequent decay cf 
the formed abnormal system during the time of the calculation (which was consider
ably longer than the collision time). On the other hand, for energies at 61 KeV/n 
(which is still undercritical), and 300 MeV/n respectively, we find that the sy
stem dissolve? again relatively quickly. This apparent energy window for producing 
"stable" abnormal matter depends, of course, on the location and shape of the bar
rier between normal and abnormal nuclear matter. Hence our schematic calculations 
should only be taken as illustration of the physics to be expected, if the equa
tion of state contains exotic features. 

In the next paragraph the collisions of two heavy nuclei are studied in a three-
dimensional model. This model does not include viscosity and thermal conductivity, 
but it allows for the theoretical investigation of the modifications due to the 
three-dimensional case compared to the schematic results obtained here. It espec
ially leads to a decrease of the achievable compression p/*J«* as the matter 
will strongly be pushed to the sides. ° 

B. THREE DIMENSIONAL CALCULATIONS OF HIGH ENERGY COLLISIONS OF 
EQUAL NUCLEI 

To compare the results of the three-dimensional NFD calculations directly to the 
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relativistic shock calculations and to the ont-dinensional non-relativistic Kavier-
Stokes results, let us go back to the Euler equations (Stbcker,1979). In the pre
sently discussed hydrodynatnical calculation, local heating i« neglected. This is 
reasonable approximation, because one can easily estimate the heat energy produced 
by the strong shocks from the apparent energy lose in the calculations. Comparing 
the three-dimensional calculations vith earlier one-dimensional calculations with 
the 'avier-Stokes equations, we find that this omission has only a minor influence 
on reaction, but in the decompression phase, the internal pressure is too 
stn. (the thermal pressure is Kissing) to ensure the correct expansion velocity. 
This is not so important for medium energies with moderate thermal excitation but 
for the higher energies it should be taken into account. The collision of two 
Zr-nuclei at E L A B«200 and 400 MeV/n was used to investigate the influence of the 
details of the density isomeric state, wh ch is represented by a parabolic expan
sion of Ec(p) around the secondary minimut. (see Fig.4): 

KJ 2 
Ecj ( D ) - 71^7 ( p - p l > f o r p > p

c " * o • 

The influence of the density isomer on the reaction is analogous to the results ob
tained above. 
Let us now investigate the dependence of the formation of density isomers and o: 
the conpression rate on the mass of the reacting nuclei and on the parameters of 
the density isomeric state, respectively. To do this we have calculated the reac
tion Uraniuir on Uranium at b •= 0 fm and 200 HeV/n with the above equation of state. 
We find only a slight increase of the maximal compression, but generally Uie same 
characteristics as in the Zr case. On the other hand, the dependence of the cor-
pression on the nuclear equation of state is significant. Lowering the isomeric 
compression constant K] - 9 p|23'Ec/3*|P from 3000 MeV to 300 MeV is sufficient 
to increase the compression from 2.88 ' to 3.4) at ELAJ " 200 MeV/n. Using a 
density isomer with P c - 3 P0.Pj - 4pQ, E c(p c) - +6 MeV, E c - (pj)- -26 MeV results 
an even much stronger compression,namely p/pc

 m 4.8 for F-jg - 400 MeV/n. We 
find that the threshold bombarding energy for the formation of a density isomer as 
characterized in Fig. 4 is located somewhat below 100 MeV/n. This value is con
siderably higher than the 60 MeV/n obtained in the one-dimensional Kavier-Stokes 
calculations. This is due to the outflow of matter perpendicular to the collision 
axis. At 200 MeV/n, the critical impact parameter is b « 7±1 fm, corresponding 
to an isomer formation cross section of 

0 DX " ' " 0 ± 300 m b • 
To compare the nuclear density distributions, as obtained with and without density 
isoc.er, directly to the one-dimensional results, Fig. 24 shows cuts through the 
density distribution along the collision axis (P(z), left-hand side) and perpen
dicular to the collision axis (P(y), right-hand side) for a head-on collision of 
two Zr-nuclei at ELAJ - 200 MeV/n. The dashed curves show the density distribu
tions at various times obtained with a normal nuclear equation of state (i.e., no 
secondary minima in EC(P) ). The full curves show the analogous results (i.e., the 
same reaction at the same time) calculated with a density isomeric minimum in 
Ec(P) v"ith a barrier of E c(p c) « - 8 MeV at a critical density P c • 2p , and the 
density ->i the abnormal state at Pj • 2.5 P with Ec(Pj) - -16 MeV (see Fig. 24). 

The upper curves show various stages during the compression phase of the reaction. 
It is clearly seen that the matter approaching the center of momentum along the 
z-axis during the reaction is pushed out perpendicular to the collision axis, i.e. 
along the y-axis. The incident longitudinal momentum is transferred into trans
verse momentum. This will result in the predominant outflow of matter at center 
of mass angles of about 90°. This prediction of the hydrodynamics' model can be 
tested experimentally (aee below). 
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Fij.24 a. The nuclear equation of state Fig.24 b. The density distributions 
used in the three-dir.iensional p(z) (left) and P(y) (right) 
calculations shown in Fig.24b. of a Zr»Zr head-on collision 

at E L A B * 2 0 0 MeV/n resulting 
from a normal (dashed curves) 
and density isomeric equation 
of state (full curves) are 
shown (see text).The curves 
are to be reflected around 
the center of mass(y,z-0) re
spectively. 

The perpendicular outflow is stronger in the case of a normal equation of state, 
while for the density isomeric case the matter is sucked into the isomer, there
fore the internal pressure is smaller, resulting in a less pronounced sidewards 
flow. This may serve as another possibility to detect abnormal nuclear matter ex
perimentally. In analogy to the previously obtained result, the central compres
sion is larger in the presence of the density isomeric state (see Fig. 24). Yet 
again the most important difference is the following fusion-like "trapping' of the 
nuclear matter within the abnormal state. While the formation of the superdense 
matter seems to be rather similar in the two different cases, the decompressed pro
cess differs dramatically (lowest curves): For a normal equation of state there 
only remains a completely dissolved system with very low nucleon density (p/po<0.4 
at t » 40 fm/c, whereas in the isomeric case at the same time a strongly compressed 
"fused ' density isomer surrounded by a dilute atmosphere can be seen. From the 
low density regimes mainly small reaction fragments will be emitted, i.e. one can 
expect that central violent collisions result in events with high multiplicities 
of the emitted fragments. The density isomer may be viewed as a highly excited 
object moving with the center of mass velocity. The trapping occurs also when 
the isomeric ground state is energetically less favourable than the normal ground 
state. This is due to the isentropic expansion of the matter. 

V'e have mentioned already that the occurrence of shock waves in fast central col
lisions of equal mass nuclei implies a predominant outflow of matter perpendicular 
to the collision axi6. This effect has been predicted very early (Scheid,1968; 
1974;1974a; Eaumgardt,1976) and constituted one of the earliest predictions in 
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nuclear shock waves. A recent experiment of the GSI-Marburg-Berkeley collabora
tion (Wolf and co-workers,1979; Meyer,1979) seems to present evidence for this 
sidewards splash in the reaction Ar Ct at 1.05 CeV/n. 
They detected ** in nearly central collisions and measured the pions transverse 
momenta and rapidity, which is essentially the forward momentum (see Fig. 25). 
The pion production itself can be viewed as a trigger for centrality. They pre
dominantly find pions emitted with a forward momentum corresponding to the center 
of mass velocity of the equal mass nuclei, and a rather large sidewards momentum 
p /„= 0.5. The maximum in the contour plots is interpreted as a pion emitting 
sourct, moving with v s o u r c e ~ 0.5c to 90° in the CM-frame. This is just what we 
expect from our calculations. When the compressed, hot matter flows to 90° in the 
CM-frame. This is just what we expect from our calculations: When the compressed, 
hot ratter flows to 90° in the CM-frame, during the whole expansion stage fast 
particles will be emitted. Due to the collective flow of the emitting matter the 
transverse momentum versus rapidity distribution will show up a maximum at the cm 
rapidity but at finite p^. This effect will be even more pronounced, as the pions 
from the initial compressed stage can also escape only under 90° in the CM-frame, 
because of Che shadowing effects of the residual projectile and target nuclei, iii 
the forward-backwards hemisphere. As the velocity and temperature of the pion 
emitting source are time-dependent, no narrov peak but a broad sidewards bump is 
expected. 

I5_ (a) ;i05CeV/»MAf>*1Co-r' 

Fif. 25. The rapidity-perpendicular momentum plot 
of TT+ obtained experimentally in heavy 
ion collisions shows clearly the side
wards emission of r* in contrast to the 
results for proton-proton collisions 
where forward-backward emission of Ti+ 

is observed. 

From our one-dimensional calculation (see Fig. )9j we can estimate the outflow ve
locity. During the stage of high compression, the thermal energy is largest -
therefore we expect that the thermal pion production occurs mainly in that stage. 
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For 1 GeV/n and p/p0>2, the outflow kinetic energy increases from E^j,,- 0-100 MeV/n, 
corresponding to flov velocities v/cS0.5. To obtain some more detailed information 
on this subject, we performed a set of three-dimensional calculations for the case 
studied experimentally. For these high energy collisions the shock heating has 
been taken into account properly, as it is most important for the expansion stage. 
This (accounting for convective heet flow) can be done only by working in the 
center-of-momentum frame, where the energy per nucleon'is the same for all nucleons. 
Then the ths thermal pressure and -energy as well as the temperature can be calcu
lated at each point in space from the discrepancy between the initial and instan
taneous energy. Houever, we remark that the energy density and internal energy 
vary over all space. The use of a noc-relativistic model at bombarding energies 
^LAB~^ GeV/n is not too bad when working in the center of momentum system: Here 
the kinetic energy per nucleon is only 1/4 of that in the lab, i.e. E^r-250 MeV/n 
and ̂ (-^1.25, Therefore, the deviations from a relativistic treatment will be on 
the order of 252. This seems to be not too bad for these exploratory investiga
tions. The resulting density contour plots for the reaction Ar Ca are depicted 
in Fig. 26 for various impact parameters at E^AU " *0" MeV/n. Again it is found 
that for the central collisions a complete desintegration of the projectile and 
target appears (normal equation of state). The hot compressed matter is squeezed 
out into 90° in the center of momentum frame. 

6.S ns 251 M*I 
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Fig, 26. The density contour plots Ar-*Ca are shown at various 
impact parameters (numbers at the right-hand side) 
and at various times (indicated on top). 

For the more grazing impact parameters the target and projectile are also excited 
but they stay rather compact. Therefore we expect that grazing collisions lead 
to particle evaporation from the target and projectile, which practically maintain 
their initial velocities. If the impact parameter is lowered, a collective trans
verse momentum transfer to the whole target and projectile is observed. The nuclei 
are also much stronger excited - they may not survive the reaction but decay into 
smaller fragments. For the nearly central collision b - 2 fm, the picture looks 
like a central collision with a finite rotation energy. One sees that the matter 
is smashed sidewards with a slight forward-backward asymmetry around 90° in the 
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rtnti'r of mass. Also the calculated transverse momentum versus rapidity shows up 
maxima in the- hi.irt-form as is seen in the experiment (Fig. 25). However, as ex
pected, the velocity of the matter (i.e. the pion emitting Sfurce) varies con
tinuously in time. For the high temperature stage, where pion production is most 
probable,then a bump in the transverse momentum distribution appears at 

VCM Pi/ - 0.1 - 0.4 and P^. - -jp ±0.2 for E^g . 400 KeV/n. 
M 

For I GeV/n, qualitatively the same phenomena are found, however, the momentum 
transfer is larger. The bump is also broader due to the higher excitation energy. 
For b - 0 collisions we find Pl/jjs 0.1 - 0.7, but a rather narrow P / M distri
bution. If the corrections due to relativiscic kinematics are accounted for pro
perly - they lower the velocities by -20Z - we find that the velocity of the 
sidewards squeezed natter is close to the experimentally determined velocity of 
the pion emitting source. 
In conclusion, the recent measurement of a pion emitting source moving with large 
transverse momentum to 90° in the center of mass system can be viewed as a further 
indication for a quasi-hydrodynatnic behaviour of nuclear matter in high energy 
heavy ion collisions. However, the model has to be improved in the future to in
corporate consistantly the pion emission process in the calculations. 

9. MACH SHOCK PHENOMENA AND THE HIGHLY INELASTIC BOUNCE-OFT EFFECT 
IN COLLISIONS OF SMALL PROJECTILES WITH HEAVY TARGETS 

Ir. the violent reactions of small projectile nuclei with heavy targets, the com
pression effects reflect in somewhat different phenomena than in the collision of 
equal mass nuclei. For central collisions, the projectile nucleus penetrating intc 
the target is surrounded by target matter - thus we expect to observe the strong
ly compressed proiectile - which is called the head shock - not directly(Stocker, 
1977a). However, compression- and heat waves (the Mach shock) will travel through 
the target matter, vhich allovs to study the transport phenomena A nuclear matter 
(see Fig. 27). This wes first predicted by Baumgardt (1975) and Hofmann(1974). 
Khen the projectile enters the target with hypersonic velocity (the diving phase), 
strong local compression and heating of the matter near the contact point occurs. 
Vhen this head shock continues to interpenetrate the target as a projectile-like 
object with hypersonic velocity, it pushes matter to the side. This initiates a 

o) b) c) 
diving stage penetration stage final stnge 

Fig. 27. Various stages of central collision of a light nucleus 
into a heavier one with the sidewards travelling Mach 
shock wave are shown schematically. 
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compression vave which has been called Hach shock vave travelling sidewards through 
the target matter. This phenomenon allows to study the transport of compressed nat
ter through a region of ground state nuclear natter, namely the residual target 
nucleus. The nuclear Hach shock wave can be detected experimentally by observing 
the azimuthally symmetric sidswards eaission of natter (predominantly light nuclei) 
with medium kinetic energy (i.e. significantly higher in energy), much lower than 
the kinetic energy of the projectile, but different from the evaporation particles. 
This is discussed below in greater detail. For intermediate impact perameters, 
the Mach shoe) phenomenon becomes less pronounced. Here the highly inelastic 
bounce-off (HIBO) of the projectile from the target is expected to occur; in this 
process the projectile due to the compression is scattered to the side and is de
stroyed, transferring a considerable transverse momentum to the residual target 
nucleus (see the next paragraph). 
Recently a series of measurements have been performed at Berkeley and at Dubna 
(Meyer,1979; Antonenko,1979). They seem to confirm the pioneering experiments of 
E.Schopper and collaborators (Baumgardt,197S), which have been interpreted earlier 
as indication for Mach shock waves in relativistic nucleus-nucleus collisions 
(see later) where this is discussed in detail). 
Let us now first discuss the more recent experiments from the GSl-Harburg-Berkeley 
collaboration (Stc-k.Gutbrod,Sandoval, Poskanzer et al.,1979). They observe in 
central collisions of Neon on Uranium a strong sideward emission of nuclear matter, 
when high multiplicity events with a rather azimuthally symmetric fragment distri
bution are selected. This is just what has been predicted theoretically if the 
Mach shock phenomenon appears and strongly supports the earlier measurements of 
Schopper (Baumgardt,1975; Hofmann,1976). Secondly, in the same reaction strongly 
p-asymn,etric events with a large momentum transfer on a target-like fragment, ac
companied by the 160° correlated explosion of a deflected projectile-like object 
have been detected (Wolf,1979). This obviously must be inte.preted as a highly 
inelastic bounce-off (HIBO) of the projectile from the target. Our model calcula
tions indicate that these phenomena can be used to detect experimentally the in— 
pact parameter in these collisions and to deduce the compression rate in such col
lisions. This bounce-off is quite analogous to what is seen in Fig. 26 for reac
tions of equal mass nuclei. We will study theoretically collisions of Neon pro
jectiles with Uranium targets. For the non-relativistic cases let us again use 
the three-dimensional fluid dynamical model where the same nuclear equation of 
state and potentials as in the last chapter have been used. Again we work in the 
equal velocity frame, because of two reasons: First, the local shock heating can 
most easily be computed in all space within this system. Secondly, the computing 
time is only half of that when working within the lab frame, because the integra
tion time steps can be doubled. 

Results for Central Collisions 

First let us investigate theoretically with a normal equation of state the colli
sion of the Ne-projectile with an Uranium target at b • 0 (head-on collision) for 
F L A B 1 * 0 0 MeV/n. Fig. 28 shows a cut through the scattering plane. Snapshots of 
the collision are depicted in the form of contour plots of the density in the 
scattering plane. The density increases by 0.04 fm~3 from line to line. The outer 
line represents 0.02 fm~3, j. e. approximately a tenth of the ground state density 
P 0 « 0.17 fm"3_ The collision time in fm/c is indicated by the numbers within 
each plot. The length scale in fm is depicted at the left. Remember that our cal
culations proceed in the equal velocity frame, therefore the target moves to the 
left. As the target hits the projectile with hypersonic velocity Vp*0.46 c 
(while c6=0.15 c), a head shock zone is formed during the diving phase of the re
action (t~5-8). This strongly compressed and highly excited projectile-like ob
ject continues to interpenetrate the target with supersonic velocity, pushing the 
matter to the side, thus initiating the formation of a sidewards travelling Hach 
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shcck wave within the target nucleus (t-11-20). The density of the natter within 
the Hach shock decreases with the distance from the head shock, being always con
siderably smaller than the head shock density. Due to this effect and due to the 
d-celeration of the projectiles, the Hach shock is curved (not a clear cone as 
i.i a Hach sound wave). Because of the additional high temperature within the mat
ter, one expects that the emitted matter (mainly light fragments because of the 
high thermal excitation) will peak strongly, but not too sharply, to the sides. 
This peak should be narrower, when only a particles or other larger nuclei are 
investigated, because they carry most clearly the "collective direction" of the 
Hach-shock wave: They would be destroyed, if they make a temperature collision. 
Observing them thus means, that they are not temperature-scattered. There are al
so other reasons for observing the Hack shock in the a-particle window: The pi on 
condensate - a spin-isospin lattice - is expected to be formed in the Hach shock 
wave and to break up substantially into o-particles. Also, a-particles are expect
ed to be concentrated within the atmosphere of normal nuclei. Because a shock wave 
would eject mostly the surface particles, again an a-particle window would be pre
dicted.This narrowing of the sidewards Hach shock peak has been first reported ex
perimentally by selecting mainly a-particles in All particle track detectors by 
Schopper and co-workers(Baumgardt, 1975) . Indeed, also in the above mentioned ex
periment of the GSI-Marburg-Berkeley collaboration, the predicted sidewards emis
sion of matter has been observed in an electronic experiment measuring the proton 
angular distribution. However, the sidewards peak of the emitted protons can be 
seen only, when "central" events are selected, which are identified with high 
charged-particle multiplicities and azimuthally symmetric charge distributions.For 
Ne-̂ U at 400 MeV/n the peak position was found at 60° for Ep«50 HeV and at 50° for 
EpSlOO MeV. We calculated the angular distribution of the emitted matter averag
ing over impact parameters b e4 fm and - because of better statistics - over the 
calculated currents during the last 25Z of the reaction, where the matter expands 
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Fig.26. The density contour plots for 
the collision Ne*l! at b-0 fm 
and E L X B " 4 0 0 MeV/n as result
ing from our three-dimensional 
calculation. 

Fig.29. The experimental angular distri
butions (full curves) are com
pared to the theoreticall ob
tained curves (dashed). 
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and flows apart. Without fitting anything we find peaks in the angular distribu
tion, which are centered at 60° for Z^n'S0t20 MeV/n and at 50° for Eĵ ,,-100.110 
HeV(see Fig. 29). These are just the same peak positions as found experimentally. 
In our calculation, for smaller angular bins (±5° instead of ±10°) the peak posi
tions do not change. However, the peaks become rather narrow. The peak is broaden
ed due to the additional thermal smearing, caused by an isotropic Haxvellian di
stribution of the internal nucleonic velocities. Moreover, not only the peak po
sitions are in good agreement with experiment,but also the relative heifht of the 
peaks agree reasonably well. A complete angular distribution for various energies 
of the observed emission particles in high multiplicity events is shown in Fig.30. 
It is due to Meyer, Gutbrod, Stock, Sandoval, Poskan?er et al.(Meyer,1979). One can 
clearly recognize the Mach-shock particles with energies between 10 MeV/n and 2000 
HeV/n all peaking around 50°-60° and also the backward directed "diving splash" 
which is seen for particles with energies around 5-10 MeV/n. The latter is alsc 
predicted by fluid dynamics (see Fig. 27) and was already predicted in the very 
early work by Schopper and co-workers (Baumgardt,1975). 

10 

I ifc f mb I 
dEdOlsrMeVj 

bode splosh 

1.0 

0.1 -

0.01 

Moth shock particles 

*o 

2 0 u „ 197. „ 

(OOMeV/n, highM 

• W 

ElMeV] 

0 20 40 60 80 100 
IBl/GSi/u ol Martxry 

Fig. 30. The experimentally obtained double dif
ferential cross section d a/dfidE for 
Ne-*Au at 400 MeV/n triggering for the 
high multiplicities as obtained by Meyer 
et al. (1979). 

The comparison of our theory to the experimental data seems to support the interpre
tation that compression takes place in high energy heavy ion reaction and that Mach 
shock waves are formed in central collisions, which can allow for the search of ab
normal nuclear matter (see section 10). 

Results for Non-Central Collisions 

While the central collisions seem to be associated with a total desintegration of 
target and projectile, in non-central collisions large target- and projectile-like 
fragments can be observed. We would like to discuss here a new effect occurring in 
the intermediate impact parameter region, which can be viewed as a highly inelastic 
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bounce-off (H1B0) of the projectile from the target (Stacker,1979c). In this pro
cess, the projectile is scattered by a compression potential to the side, as is 
the strongly hit target natter, while a rather large part of the target stays 
bound. To this heavy target fragment a large transverse nomentuo is transferred, 
showing a collective responae of the whole fragment to the interaction. This high
ly inelastic bounce-off can be detected experimentally by measureing a large tar
get fragment with rather large perpendicular momentum it coincidence with many 
small fragments going into the forvard hemisphere, correlated to the target frag
ment in 180° in the azimuthal angle. The large amount of small, higher energy 
particles stem from the explosion (nearly complete instruction) of the projectile
like fragment. Fig. 31 shows this bounce-off effect in the Ne V collision at 
ELAB" 400 MeV/n as calculated within our model for three different impact parame
ters: b - 4,6, and 8 fm. Again, snapshots at various timesteps are taken. One no
tices that initially, when the srget is just hit by the projectile, for the more 
central b-4 fm collision again a head shock is formed, which additionally also ini
tiates a Hsch shock wave in the target. However, as the upper part of projectile 
and target appear to each other as if they were generally colliding equal nuclei, 
Elso a splashing out of matter perpendicular to the collision axis occurs just in 
analogy to what is seen in the case of a head-r.< collision of equal nuclei. The 
bonnce-off effect can be viewed as follows: The strong compression potential de
flects a considerable part of the projectile to the vacuum. Thus the first group 
of particles which should experimentally be detected are those deflected fast light 
fragments (heavy fragments will not survive the high excitation energy). The se
cond group of particles will stem from th* compressed direct reaction rone, which 
will also explode. Thirdly, a rather lar*e residual target fragment, which was 
not centrally hit, and therefore is not strongly enough disturbed for total des-
integration, can survive the reaction. It can get rid off its internal excita
tion by evaporating off particles. However, during the reaction a considerable 
amount of transverse momentum is transferred to the whole target-like fragment, 
while roost of the longitudinal momentum is transferred to the exploding direct re
action -(compression) zone, and partly is also carried away b>- the sidewards de
flected residual projectile-like fragment. 

UB S3! M& 2763 3139 
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Fig. 31. The density contour plot of the reaction Ne-*U at 400 MeV/n 
for intermediate impact parameters. 
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For b»6 and 8 fra qualitatively the same picture holds, however, the direct inter
action region becomes less compressed with increasing impact parameters, and there
fore the interaction between projectile and target is less pronounced (see also 
Table 1). 
The head- and Hach shock become less intense at b«6 fm and can no longer be seen 
clearly at b-8 fir. A very important feature of the more grazing collision is the 
change of the scattering angle of the projectile-like fragaient to more forvard anf 
les with increasing impact parameter (see Fig. 31). Ir can be viewed as the less 
pronounced repulsion from a smaller compression potential. We now will show that 
the dependence of the scattering angle on fie impact parameter is of great import
ance for further analysis of high energy nuclear reaction data, as it can serve as 
an unique tool to determine the impact parameter of each collision experirentally. 

TABLE 1 

b[fm] 

E, . >30 MeV) ,. , 37 32 27 21 16 kin (b) : a) <T1 > 

2.06 2.02 1.90 1.72 1.34 

c) T^^tMeV] (b) : 44 44 44 42 40 

The dependence of the mean multiplicity < ^ c
> of high energetic particles, 

the maximum compression and the maxim.-- temperature on the impact para
meter in Ke-*-U collisions at 400 KeV/n as obtained in th^ three-dimensic-
nal calculations. 

As the rate of compression in a reactic. does also depend strongly on the impact 
parameter, the above proposed experiment may be used to determine indirectly the 
rate of compression achieved in fast nuclear reactions. Therefore, similarly to 
the Coulomb deflection trajectory used to measure the impact parameter in low ener
gy nucleus collision the measurement of the bounce-off effect can be used for in-
pact parameter measurements in high energy nuclear collisions. To make our dis
cussion more quantative, ve define the characteristic variables of the "projertile-
like fragment" and "target-like fragment" as the variables at the respective re
gion of maximal density and determine the momenta, energy loss and deflection 
angle in a late stage of the collision, when the nuclear fragments have split again 
and thus the investigated variables stay constant in time. The results are plotted 
in Fig. 32 for the different impact parameters: Fig. 32a shovs the dependence of 
the deflection angle of the projectile-like fragment on :he impact parameter b. 
One notices the increase of the deflection angle * i*A3 with increasing centrali-
ty. However, it does not look at all as like elastic scattering of hara spheres, 
but must be viewed as a highly inelastic reaction with strong mutual interpenetra-
tion of projectile and target connected with strong compression and thermalization 
effects. The diving depth of the projectile into the target can be evaluated ap
proximately from the scattering ange by calculating the effective scattering 
radius 

b 
Reff ' TdifT < I 0> 

. * " dLAB 
" " 2 

of the scattering of a particle by a hard sphere from the scattering angle 8, 
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Fig.32. For the collision Ne U at 400 MeV/n we show (a) the dependence 
of the deflection angle @LAB °^ the projectile-like fragment on 
the icpact parameter b. (c) The forward momentum loss (dashed 
curve) and sidewards momentum gain (full curve) of the projec
tile-like fragment (open dots) with decreasing impact parameter 
and the transverse momentum transfer to the target (full dots). 
(c) The theoretically obtained deflection function SJJ^B '^in' 
is shown. 

The numbers in Fig.32a give the effective scattering radius Reff and shov that the 
diving depth d(b) is approximately given by 

d(b) ; (Rj. - b) (H) 
dsfl By measuring & " one may therefore also deduce the interpenetration depth for 

distinct reaction's. The measurement of the deilection angle of the projectile
like fragment, however, can not simply be detected, as the highly excited fragment 
explodes. Thus one has to measure in coincidence <:he angles and momenta of all ex
plosion products of thes projectile-like fragment to determine its center—of-mass 
values. The longitudinal momentum p of the projectile-like fragment is another 
quantity of interest (see Fig. 32b)): p decreases strongly with increasing cen-
trality and for rather central collision it is only of the order of IOZ of the 
initial momentum. The forward momentum is distributed over many particles and is 
carried auay by the explosion products also of the compressed zone, in which the 
projectile- and target matter are mixed up and strongly excited. The transverse 
momentum of the projectile is increasing strongly when b goes from 8 to 6 and 4 fm. 
It decreases again for b - 2 fm - this is due to the practically complete energy 
transfer ("sticking") to the dense and hot compression zone (head shock) in the 
case of nearly central collisions. Actually, the transverse momentum p /„ of the 
residual target-like fragment is considerably smaller than p / H of the projectile, 
as the residual target still has a rather large mass compared to the rest of the 
projectile As the dilute nuclear matter of the direct reaction region expands 
and still connects the projectile- and target-like fragments, we cannot determine 
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the mass of the residual target, the only conclusion possible in the moment is 
that the mass decreases with increasing centrality and is always much smaller than 
the original target mass. For a more detailed information also the evaporation of 
particles has to be included in the calculation. It is important to point out 
that the large momentum transfer on the whole heavy fragment implies a collective 
response of the whole fragment to the compression potential,which acts between 
the bounce-off projectile and the target. Therefore, the impact parameter depend
ence of the transverse moment vm transfer is an important information on the com
pression phenomena. Our theoretically obtained values 0.03 £ p /^< 0.1 are in 
good agreement with the recent data of the CSI-Marburg-Berkeley collaboration 
(Meyer,1979). They treasured strongly asymmetric events with 180° azimuthal corre
lation in the scattering plane; for various systems they observe on one side many 
fast (Ekin> 30 MeV/n) light particles and, on the other side, a heavy target (e.g. 
Z«26) at 90° in the lab (i.e. with small forward momentum) with transverse momenta 
P / M (e.g. they found values of p /K~ 0.036, which are in the same region as our 
results). 

In our calculations we obtain practically no longitudinal momentum transfer to the 
target-like fragment - the same as is observed experimentally. The calculated 
multiplicities of charges with Ei cj n>30 MeV/n depend on the impact parameter (see 
Table 1). In these experiments it is found that the production of such target-
like fragments is predominantly seen for rather high charged particle multiplici
ties <M C> -10-20 within Ej tj n>30 MeV/n. This in our model corresponds no impact parameter 
b~6-8 fit, when one takes into account the formation of composite particle 
which we did not discriminate in our < ^ c

> determination from single nucleon. 
Fig. 32c shows the deflection function of the Neon-like fragment at 400 MeV/n. 
The kinetic energy loss is larger than 902 of E L A B for s * 60°, which corresponds 
to a rather central collision (b<2 fm) f but already for 0^3*30° the kinetic ener
gy loss of the projectile-like fragment is of the order of 252. Contrary to the 
elastic Coulomb scattering in low energy heavy ion collisions, all scattering pro
cesses in the high energy region with impact parameters b<Rj lead to highly inela
stic events. By detailed coincidence measurements of these highly inelastic 
bounce-off effects it will be possible ir the future to measure the impact paraT 
meter alsc for collisions at relativistic energies. The various variables, which 
have to be determined experimentally to deduce the impact parameter, are: 
(a) The charged particle multiplicity of fast particles which increases with the 
centrality. (b) The azimuthal symmetry of the events - symmetry should only ap
pear for very small impact parameters b-2 fm. (c) The a2imuthal asymmetry with 
180° correlation in the intermediate impact parameter region. The correlation bet-
veer, the target-like fragment ol,C the exploding projectile-like fragment going 
hand in hand with the collective response (large perpendicular momentum transfer) 
of the fragments, the longitudinal momentum loss and the total kinetic energy loss 
of the projectile-like fragment and the deflection angle of the center of mass of 
the fast, sidewards pushed particles. From tht measuremen of these quantities we 
can deduce the degree of violence and the diving depth in the reactions, fror 
which not only the impact parameter, but also the compression rates and shock heat
ing can be estimated by comparison with the theory (see our Table 1). 
The compression rates obtained are low compared to one-dimensional shock calcula
tions, which at 400 MeV/n yield p/pg a x= 3.A. This is largely due to our three-
dimensional tratment; the matter pushed to the side can freely expand into the 
vacuum. To a certain extent this also comes from the smallness of the projectile, 
which dissolves before the stage of largest compression is reached. For examole 
in U-U collisions, one can reach a rather stationaly stage of constant compression 
in our calculations. The width of the shock fronts we obtain is of the order 1.5-
2 fm, but it depends on the reaction considered. This is more realistic than the 
infinitely sharp shock fronts used in the simpler model calculations and in a dif
ferent fluid dynamical approach. 
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Conclusjpns 

One can split violent collisions of light nuclei vith heavy targets into two types, 
namely nearly central collisions, which exhibit the strong compression phenomena 
most clearly by th-sidewards moving Mach shock wave and very high aziauthally 
asymmetric fragment distribution with strong sidewards peaks, and the intermediate 
impact parameter collisions leading to the highly inelastic bounce-off, where the 
compressed matter acts in analogy to a repulsive spring which releases strong col
lective transverse momentum transfer. In these 160° correlated events one can 
learn from the deflection angle and momentum transfer and -loss about the impact 
parameter and therefore about the compression phenomena in non-central collisions 
of fast heavy ions. We finally mention, that the results on the deflection func
tion and impact parameter do not depend very sensitively on the equation of state 
(i.e. compression constant K) used, as long as the nuclear equation of state is 
normal. If it contains exotic features like density isomers, we expect modifi
cations of the above resulty and even signatures for isomers in the deflection 
function. Such calculations are presently carried out. 

High Density Nuclear Mach Shock Waves and the Search for Density Isomers in Re~ 
lativistic Collisions 

As the Mach shock experiments have not only been carried out at the nonrelativi-
stic energies, but experimental data have been obtained at Ej_»3 " 4.2 GeV/n as 
available in Dubna, v(> nov have to use a relativistic model for interpreting the 
fast nuclear collisions. We vill here investigate the dynamics of a relativistic 
heavy ion collision in terms of a simplified hydrodynamical model, using a para-
metrizetion of the Kach shock geometry similar to the results found in the nonre-
lativiscic calculation. This model allows to study the influence of the nuclesr 
equation of state using the relativistic shock equations. The geometric,thermo
dynamic- and kinematic variables and their time evolution as obtained in the more 
schematic calculations are used to yie2d the mean values of the mentioned variab
les and of the angular- and energy distribution of the reaction fragments. 
lr. Fig. 33 the typical time evolution as resulting from the calculation is shown. 
It looks quite similar to those obtained from the full non-relativis;ic calcula
tions. The calculations are carried out in the lab frame. Mainly three different 
phases of evolution during the collision can be seen (Baumgardt,1975). 

»• t» «' 

Fig. 33. The geomatry of the relativistic Mach shock model is shown 
for various time steps. 

The diving phar~: The kinematically contracted projectile enters the target, be
comes highly compressed and excited. In the diving process a splashing wave 
should lead to backward emission of matter. 
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Tiic- penetrating stage: The projectile interpenetrates the target» pushing matter 
to the side; thus initiating the sidewards travelling strongly compressed Mach 
phock vave. 

The evaporating phase: The projectile- and Mach shock matter leaves the residual 
target, which now evaporates, while projectile and Mach shock explode because of 
their very high excitation energies, which correspond to temperatures from 20-60 
MeV. 

The explosion of the head shock wave which contains at the end of the collision 
more than double the nucleons of the incoming projectile, is what has been named 
recently the explosion of the "nuclear fireball" which has been used to explain 
angular- and energy distributions in non-central high energy heavy ion collisions. 
It may be possible, that the strongly compressed and highly excited projectile ex
plodes inside the target during the interpenetrating state. This will lead to 
superstars vith enormous multiplicities. In this case the Mach angle will be wash
ed out and cannot be seen. This will be taken into account in a further calcula
tion. As mentioned earlier, the nucleus-nucleus encounters are quantum mechani
cal processes vith corresponding probability distributions. A classical Iiydro-
dynanical calculation can therefore be viewed at best as a calculation of the mean 
values of the quantur mechanical system in the sense of Ehrenfest's theorem. Super
imposed to that are always the quantum fluctuations. They lead under the sane 
initial conditions to events with sticking of the projectile and its explosion 
(superstars), to events vith a penetrating superstar and a creation of a Mach shock 
wave and also to events where the projectile is practically little disturbed by 
the target (setr.i-transparency). It is a formidable experimental task to discrimi
nate between these events by making e.g. the proper star-selections. 
To restrict the nur.ber of degrees of freedom, we parametrize the compression zone 
by two paraboloids, z = ajr 2 + zj, z = a2r 2 •* z2. which describe the shock front 
and the backside of the compression zone respectively. The undisturbed part of 
the target nucleus is described by the part of a spheroid of radius R up to the 
shock front {paraboloid I), while the residual nucleus is described by a spheroid 
up to the backside of the compression zone (paraboloid 2) with a drilled hole of 
radius F.p ir. it . The residual nucleus has not yet been incorporated in the pre
sent calculations. The projectile (head shock vave) is divided from the Mach 
shock zone by a third paraboloid z = -ajr 2 - Z2 (see Fig. ^ ) . Thus the geo-
r.e try of the sy*ter is determined by four variables: aj , s.2, z., z^. The 
dynamical variables (energy density, momentum, pressure, temperature, density) 
are obtained by assuming homogeneous density-, velocity-, and temperature fields 
in each compression region. Thus for the sake of simplicity we concentrate on the 
mean values of the physical observables in the different regions as a function of 
time. The shock equations yield an unique relation between energy, pressure, 
temperstuit, velocities, and the rest density in the compression zone. Using these, 
we can describe the stage of the syster by the four geometrical variables and the 
density in the >'.<jch- and head shock region. Tc describe the evolution of the 
systern in time, WE need six differential equations for these six variables. These 
equations are obtained by the conditions that the surface points on the paraboloid 
have to fulfil] the shock equations and that total baryon number A and total ener
gy E are conserved. One has to take into account the correct Lorentz-transforca-
tions for the various quant ities (density.energy,...) in the different regions.The 
time evolution of the physical quantities is obtained by simultaneous numerical 
integration of the fix differential equations in time-steps of At«0.I fm/c,which 
is sufficiently exact to ensure energy- and taryon number conservation better than 
one percent. 
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Besults of the Schematic Mach-Shock Calculations 

The head- and the Mich-shock densities pj and p2 as a function of tiaw art shown 
in Fig. 34 for various energies: In the beginning, the projectile ic strongly 
compressed, but this compression it substantially decreased later on. The Hacb 
shock density P2 is about 2P 0 below the Mach shock density p|. The Bean compres
sion in the head- and Mach shock (each at t-5 fa/c) is shown in Fie. 35a as func
tion of the bombarding energy. The mean kinetic energy Ejjj,, »((l-vf)-'"-l) V 0 

of the emitted particles (Fig. 35b) after the collision is smaller than 200 HeV/n 
for Mach shock particles up to bombarding energies of 5 GeV/n, while it is larger 
than this experimentally important threshold for the projectile (head shock) at 
high energies. The temperature in head- and Mach shock juii after the collision 
is shown in Fig. 35c. The fragmonts from projectile, Mach shock wave and the eva
poration residues fall within angular domains relative to the beam axis as shown 
in Fig. 36. 

Fig.34. The evoluton of the high den
sities in the head shock and 
Mach shock as a function of 
ticie. 

Fig. 35. The density a)kinetic energy 
As the mean head shock densities are ° f f r » p " « b) and tempera-
approxiuatelv equal to those calculated t u r e ?> ° f t h e v « " ° " * " « " 
within the one-dimensional model, we Ptession zones as a function 
can make use of the latter model to yield o f t h e indent energy, 
the pion production rate, when we take 
cure of the result, that the number of head shock particles is about 2Ap. The 
Mach shock angle $ is depicted as a function of lab-energy in Fig. 37. It smooth
ly decreases froD about 60 degrees at 0.1 GeV/n to 35 degrees at 4 GeV/n for a nor
mal equation of state. It is smeared out very much because of the temperature in 
the Mach shock and because of the curvature of the "Mach-"cone". The explosion of 
the highly excited head shock causes strong emission of fast particles into forward 
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bution of the evaporation residues is also shown. 
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Fig. 37. The Mach-angle <r in dependence of the projectile ener
gy for a normal equation of state ( ) and for an 
equation of state vith a density isomer ( - ) . 

directions, which may hinder the visibility of the Mach shock peak at small bom
barding energies. The energy spectra of the exploding projectiles (head shock) 
drawn in Fig. 36 were calculated by relativistic addition of the flow velocity 
and the mean thermal velocity in the head shock after the collision, taking into 
account the isotropic decay cross aection in the rest system of the projectile. 
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Fig. 38. Energy spectra of exploding projectiles for two dif
ferent incident energies. 

The Influence of a Density Isomer on Mach Shock Waves 

If we schematically assume a density isomer at o/p0i3, the above picture applies 
only below ELAE~0.2 GeV/n# as then the projectile density reaches the phase tran
sition region, i.e. the region of negative pressure (p<0). (See Figs. 39,40). 
The projectile collapses into the density isomeric state. Thus the"quasi-stable 
nuclear crystal" can move with rather snail dispersion through the surrounding 
normal nuclear fluid. One may thing of a piece of "nuclear i.ee" which moves 
through "nuclear water" - this is important for the appearance of the Mach shock 
wave, since a water droplet dumping into water produces too high friction and 
therefore soor. damps out the collective motion. This, in fact, can to some extent 
be seen in the full hydrodynar:c calculation (see last section ). 
As during the phase transitioi. the head shock velocity becomes small, the Mach 
shock angle I substantially decreases in this energy region, since the Mach shock 
moves faster than the collapsing head shock during this time period. The cry
stallization of the projectile causes a much more pronounced Mach shock peak at 
higher energy, because the projectile moves with much less friction through the 
target. At bombarding energies of about 1.5 GeV/n the Mach shock density appraches 
the critical region: Now the Mach shock matter collapses into the density iso
meric state and the Mach -shock velocity becomes small, so that the Mach angle now 
will be substantially increased (see Figs. 37 jnd 39). It will also be broadened 
out due to the rapid change, in Mach shock velocity within a small density regime. 
At even higher bombarding energies, the Mach angle shall decrease again as both 
VJJS and v^g tend to the light velocity c at very high densities, so that e-K) for 
very high energies. One also may think that higher phase transitions do occur, 
which may again produce such a characteristic dependence of the Mach angle <r on 
the bombarding energy. 

Comparison of the Calculations with the Experimental Observations 

High Density Nuclear Mach Shock Waves (HDNMSW) should be observable in central 
high energy collisions of light projectiles with heavy targets. The pioneering 
experiments of Schopper et al. (Eaumg»rdt,]975) tupplemented by the theory, have 



-407-

The diving of head shock and 
Mach shock into a possible 
second minimum of the equa
tion of state. The head-
and Mach shock densities as 
a function of projectile 
energy.p B indicates the 
position of the assumed 2nd 
minimum in E-(D) • 

Fig 

Wtlfrotl 

The time behaviour of head- and 
Mach shock densities for normal 
( ) and isomeric nuclear mat
ter ( ). Along the ordinate 
the energy density E c(p) is de
monstrated. 

set the stage for the criteria to discriminate the Mach shock events from others: 
1) In azimuthally symmetric central collisions, which can be identified by very 
high multiplicities and azimuthally symmetric distributions of the reaction frag
ments, e.g. by many prong sters in AgCl-detectors or emulsions, a preferential 
emission angle must be observed. 2)_ The kinetic energy of these particles will 
be smaller than 200 MeV/n. It may be decreased to even lower values, if the 
Mach 6hock density is in the secondary minimum. 3^ The Mach shock peak and the 
decay of the head shock should predeminantly be seen in the a-particle (or other 
complex nuclei) channel for three reasons: (a) A pion condensate with a struc
ture of a spin-isospin lattice preferentially decays into nucleons and a-particles 
as smallest lattice cells. The former can hardly be distinguished from evapora
tion particles, but the complex fragments can. (b) When the Mach shock wave 
approaches the nuclear surface, it kicks out the a-particles contained enhanced 
in the nuclear surface. (c) During the individual collisions of the constitu
ent particles in the high temperature zone of the Mach shock, mainly those a-
particles (and heavier clusters) sdrvive, which have not undergone a temperature 
scattering. Thus the mach angle is conserved by those clusters, while scattered 
and unscattered nucleons cannot be distinguished. £}_ One should find fast 
pions emitted by highly excited nuclear matter. The occurrence of pion condensa
tion should also lead to a large enhancement of the pion production crots section. 
5) Simultaneously to the medium energy sidewards Mach shock peak, a broad hJRh 
energetic forward ptak at 0-40°, stemming from the exploding head shock, will be 
seen. It may consist of protons and pions mainly because of the extremely high 
temperatures in the head shock, (see Fig. 38). The head shock particles are - in 
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the mean - of energy end can thus be (pertly) discriminated from the Maeh shock 
particles. 6) A nearly isotropic distribution in the lab fraae say stem from 
the residual nucleus with small temperatures and kinetic energies. 
In the presence of a density isomer the Maeh shock peak should be more clearly 
pronounced and also should have the above predicted dependence on energy. The ex
perimental data of Schopper et al. (Schopper,U79) which fulfill the above cri
teria on centrelity, energy- and a-particle windows, show a peak in the angular 
distributions of the reaction fragments. The systematic shift of the preferential 
angle with energy can be interpreted in comparison with our calculations as indi
cation for a phase transition in dense nuclear matter at p/p0~3-5 (aee Figs.37 and 
41 and figure caption). 
Deviations in the prong-angular distribution of multiprong stars have also been 
seen by the Heckmsn-group (see Fig. 42). These deviations agree with the peaks 
seen by Schopper et al. and thus supplement the Mach-shock picture. Also the pre
viously discussed angular distributions obtained by Cutbrod, Stock, Poskanzer et 
al. (see Figs. 29 and 43) show the peak in the same position as those of Schop
per. 

Fig. 41. Angular distribution of prongs for lsrge stars 
at various energies (after Schopper et al.,1979). 
The evaporation background had been subtracted. 
The systematic variation of the peaks can be recognised. 



-409-

Fig. 42. The angular distribution of emitted 
particles in the emulsion experiments 
of Heckman and co-workers. 
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Fig. 43. The angular distribution of protons of 90 HeV lab energy resulting 
from the collisions of Neon on Uranium at 2.1 GeV/n (left: do/dft , 
right: do/d 0). 
The sidewards peak is only seen with high multiplicity (election 
(i.e. central trigger) 
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Recently, both Heckman and Schopper have measured the angular distributions of 
only a-particles coming out of multiple prong tfrm in eaulsion. As vac theoreti
cally expected, the a-particle distribution shows the Mach-ihock peak much clearer. 
Also the rapidity plots of the Gutbrod-Stock-Poskanzer-group for various clusters 
(see Fig. 44) seem to indicate that the heavier particles (e.g. the a-particles) 
stem from a source of intermediate velocity (the collective Msch shock wave). It 
is this completion of the picture as well as the additional observation of Schopper 
(1979) and Baumgardt (private communication) that the velocity of the Mach-chock 
particles is significantly faster than the velocity of the background particles, 
which strengthens our confidence in the validity of the >iach-shock model. We pre
dict, that the observation of angular distributions of big clusf.rs out of azimu-
thally symmetric high multiplicity events will yield well recognizable peaks 
(Mach shock emission) whose dependence on energy will give us most valuable infor
mation about the gross features of the nuclear equation of state. 

Ne » U <»00 MeV/nucl 

Fig.44. Rapidity plot of tht heavier 
fragments measured by the GSI-
LEL-collaboration show emission 
from medium velocity source. 

10. STRONG BOUND PION STATES 

In this section ve shortly mention a purely speculative phenomenological idea: 
From the usual description of the pion nucieon interaction Hy a pseudo-scalar coup
ling 

l„ K - - i« * Y 5 T M-? 

where the pion field couples to the pseudo current 

,5i - * Y 5 , . , 
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oiii' might II|HII thai lur liigli nucleus densities fy f this interaction beeuwi; 
very strong, because of the very non-linear interaction between piont and nuclear 
matter, one does at present know vary little about quantitative aspects at high 
nuclear density. For the low nuclear densities one knows that the pion-nucleon 
interaction is rather well described by the Kisslinger (Kisslinger,1955) potential. 
Ericson and Hyrer (Ericson,1978) and others have shown that indeed for heavy nuclei 
(A>200) the Kisslinger potential Bay lead to bound pion states in the nucleus.the 
binding energy of the pion increasing with the nuclear density. This is shown 
qualitatively in Fig. However, the Kisslinger potential looses its validity 
at such high densities. Therefore it cannot be definitely concluded that the gap 
between the ir+- and ^"-states will actually approach xero for soate critical densi
ty P c, as suggested by the figure. For instance a strong repulsive interaction at 
high pion density (e.g. a d* term in the it-Lagrangian) nay prevent the two states 
shown in the figure from approaching each other. Though very little is known 
about strongly bound pionic states in high density nuclear matter. Such states, 
eventually leading to "spontaneous" ir*-it~-production i.e. without loss of energy 
should indeed by an exciting phenomenon if they exist. 

Let us - phenomenologically - assume that strongly bound pion states exist in nu
clear matter and ask how such states would reveal themselves in relativistic heavy 
ion collisions. In some test calculations we assumed that the strong collective 
nuclear force in highly dense nuclear matter leads to a strongly bound pion state 
with a small effective pionic mass (m7i e"«»%)• which is supposed to arise from 
the repulsive - interaction. He found that, owing to the strongly bound pionic 
state the temperature in high energy heavy ion collisions will be reduced substan
tially at high densities p/p0*2 (see Fig. 45). A lot of pions are created in this 
strongly bound state of rather small energy, thus using up a large amount of the 
thermal energy of the system. This can lead to a drastic strong cooling even at 
rather small bombarding energies: These luv energetic pionic states can be popu
lated very massively already at relatively low temperature. The sudden reduction 
of the temperature above the critical bombarding energy necessary for the forma
tion of such a strongly bound state may be detected experimentally as the 

Fig. 45. The presence of a strongly bound pionic state would strong
ly cool the reaction cone in high energy heavy ion colli
sions above the critical energy. 
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evaporation spectra of the reaction products and the swan pion multiplicity strong
ly depend on the temperature of the compression zone. The pion production rate 
will be changed additionally because of the following processes: Thar* will be 
less direct production of free pions as calculated above. However, two step pro
cesses, e.g. the excitation of pions from the bound state into the continuum, be
come important. Also the expansion of the compression zone after the reaction 
makes the production of free pions, which were originally created in a bound state, 
feasible.This is so, because of the "adiabatic" extraction of the pions (similar 
to electron-hole production in intermediate superheavy quasi-oolccules) when ap
proaching the upper continuum for smaller densities. Such a process may also lead 
to a decrease of the limiting temperature in central high energy nuclear colli-

THE LIMITING TEMPERATURE - THE HADROMC MA*S SPECTRUM 

Another important question, which can be raised in connection with high energy nu
clear collisions is the search for a "limiting" temperature, as suggested by 
Hagedorn (1965) to occur in a single n-n collision, and suggested for nucleus-nu
cleus collisions by us (Scheid,1974; Greiner,1975). In the experimentally deter
mined hadronic mass spectrum one notices a fast (actually nearly exponential) in
crease of the number of particles (resonances, mesons) with the mass of the par
ticles. Presently, because of the limited accelerator capacities, the particle 
spectrum is practically only known for masses m£3 GeV. However, if the hadronic 
mass spectrum is assumed to increase exponentially for all masses(which is a con
sequence of the bootstrap equations) there should exist an upper bound to the tem
perature which can be reached in high energy particle collisions. This so-called 
"limiting temperature" T M a x originates physically from the fact that hadronic mat
ter with rising thermal excitation prefers to create particles of increasing mass 
(see Fig. 46). So, instead of increasing the temperature, higher excitation energy 

I) M i ] 
Fig. 46. The probability Aj for the excitation of 

various resonances as calculated in the shock 
model is shown as function of the bombarding energy. 
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is transformed into mass of heavy particles. This can be teen clearly for the 
case of nuclear collisions in Fig. X ,where the lowering of the temperature due 
to the excitation of resonances is shown (Hofmann,1976). If the number of resonan
ces taken into account is increased, the temperature is substantially decreased 
compared to the calculation with a lower reaonance number. This fact say also be 
viewed as the distribution of the internal energy over aore degrees of freedom, 
which leads to a lower temperature. With the presently known experimental exponen
tial increase of the hadronic mass spectrum, Hagedorn derived a limiting tempera
ture for hadron-hadron collisions which is of the order of the pion rest mass 

T M * X = m^c 2 - 140 MeV (I) 
However, according to fluid dynamical calculations one may reaM such a large tem
perature only for rather high bombarding energies, EJJ^JJIG GeV/n. The best way to 
test vhether a limiting temperature exists should be in a colliding beam experiment, 
with the much larger CM-energies available. One can convince oneself that a pre
sent CM-energies of the order of I GeV/n.it may be difficult to decide experimen
tally whether the limiting temperature T ™ * is reached, because of various concur-
ting processes. One indication of a limiting temperature is that the pion produc
tion rate no longer increases, as the limiting temperature is reached. However,the 
decay of the known heavy resonances mainly prodi.-cee pions, to<n s> ahould neverthe
less still increase. 
Let us nov consider another phenomenon, which may lead to a strong cooling of the 
nuclear system: According to Uuber and Dilling(197I), the excitation energies of 
the isobaric resonances can be lowered coherently in a nuclear density, the so-
called "Giant Isobaric Resonances", where 

EG1R _ free K" = ^ _ ^ 
1 

Such an effect, if it exists, may become even stronger in heavy ion reactions at 

1 [MeV] 

Fig.47. Shows the influence of the lowering of the resonance 
masses by 140 HeV each (dashed curve c)on the tempera
ture. Co'i-VE- ') was obtained assuming a density isomer 
of depth - U O MeV. 
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high densities, and thus would lead to enhanced transforation of excitation energy 
into resonance masses,thus lowering the temperature of the system drastically (see 
Fig. 47). For an exponentially increasing hadronic Bass spectrin a coherent lower
ing of the hadronic masses in the strongly interacting medium should lead to a col
lective limiting temperature T B a x , considerably lower (l25Ji«TfeJt) than for the 
free hadronic masses. Recently, however, it has been shown By different authors 
(Kapusta,1978; Weiner,1979) that the existence of a quark phase excludes an expo
nential raise of the hadron mass spectrum and therefore a limiting temperature. 
In fact there are experimental indications (Friedl»nder,J979) that there is no li
miting temperature. 

12. SPECULATIONS ON THE FORMATION OF EXOTIC NUCLEI 

The high excitation energy per nucleon achievable in relativistic nuclear colli
sions may also serve as a tool for the production of exotic pieces of natter like 
e.g. A K* nuclei, i.e. nuclei which include several nuclear resonances at once of 
even consist exclusively of nuclear resonances. This would allow the <tudy of the 
many-particle interaction of N* with each other. In close analogy, the formation 
of strange nuclei and even nuclei consisting of strange particles only may be fea
sible. A number of interesting problems concerning the mutual strange particle in
teraction have -till to be solved. For very large energies, anti-nucleon produc
tion becomes feasible, where the total energy for baryon pair production as a col
lective process is large enough, while the energy per nucleon'is still too snail 
("sub-threshold production"). These opportunities seem very speculative for the 
moment, however, some preliminary evidence for a strongly enhanced strange particle 
production process was recently discovered by Sandoval, Stock, Schroeder and co
workers (Sandoval,1979) in a streamer chamber experiment at Berkeley, where they 
found an order of magnitude increase of the A production in RHI-collisions com
pared to pp-reactions. They measured the proportion <m*o>/<m_-> for the system 
Ar-* at 1.8 GeV/n and found 

< m Ao > /< m^- > - 1.7Z , (I) 
which is nearly an order of magnitude increase of the strange particle production 
compared to nucleon-nucleon collisions. This enhanced strange panicle production 
is very exciting, as it points further to a collective production inechanism for 
heavy baryons. We can estimate the strange particle formation within the one-di
mensional shock calculations as presented in section . The thermal excitation 
probability for a A" in this model is given by the product of the probability of 
Kaon production and A 0 production 

K° * K 
n - A° + K' 

< m A C > 
£ 

- V - v 2 

<m > £ 
e T~ ' e T~ 

<2) 

67<. HeV 
T s . (3) 

The excitation function for A°-production then looks similar to the Tr-production 
shown in Fife. 24 , however, with a much smaller value. Inserting the temperature 
T as obtained in the simple shock calculation into equation (3), we find 

< m . 0 > / < m > = 0.0033. (4) 
i\ n 

Thus, from this rough estimate we obtain 

< m Ao > / < m„-> = 2.9Z (5) 
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in reasonable agreement with the preliminary experimental result of Sandoval.Stock, 
Schroeder and co-workers (Sandoval,1979} and in fact an order of magnitude larger 
than what has been measured in pp-reactions. 

13. SUMMARY AND OUTLOOK 

We attempted to demonstrate that Relativistic Heavy Ion physics can open new 
fields in fundamental research. Very important is the unique opportunity to study 
the properties of nuclear (hadronic) matter under extreme conditions in fast nu
clear collisions: We gave - in our viev convincingly * circumstantial evidence 
for the existence of shock vaves, i.e. various high compression and temperature 
effects in relativistic heavy ion collisions. The once promoted general transpa
rency of nuclear matter at high energies does - as a general effect - not exist. 
It might only have validity as a quantum-fluctuation, which can, however, be separ
ated experimentall from the strongly interacting nucleus-nucleus encounters. 
The high densities which may be achieved in relativistic collisions enable us to 
search for phase transitions (like pion condensation, density isomers) in nuclear 
matter and in particular for a transition of baryon into quark matter. These 
phase transitions themselves amplify because of critical scattering the validity 
of hydrodynamical and thermodynamical concepts. Therefore ve ctn expect high com
pression effects to occur even up to bombarding energies of 10 CeV/n and higher. 
Also the experimental determination of the nuclear compression constant and sound 
velocity seems feasible. The high thermal excitations allow to study the succes
sive transformation of nuclear matter into highly excited hadronic matter and the 
search for a limiting temperature. The collective formation of very heavy partic
les, bulks of strange matter and antimatter are further intriguing possibilities. 

There are indications in the Mach-shock experiments of Schopper and fiaumgardt 
(1979) that a phase transition of some kind (perhaps into a density isomeric confi
guration) might occur between 1.2 and 1.8 GeV/n. To check this out convincingly 
more refined experiments (excitation functions of* -particle angular distributions 
from multiplying events, pion production excitation functions) are necessary. Most 
important in this connection is also the further continuation of these experiments 
tc higher energy up to e.g. 10 CeV/n and even higher energies. 
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NUCLEAR PHENOMENA AND THE SHORT DISTANCE STRUCTURE OF HADRONS 

Stanley J. Brodsky 
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ABSTRACT 

In certain cases, nuclear corrections to hadronic phenomena depend 

in detail on the nature of quark and gluon Interactions, as well as the 

effects of jet development within the nuclear medium. In this talk I 

review applications of quantum chromodynaraics to fast particle produc

tion in nuclear collisions, nuclear form factors, and shadowing in deep 

inelastic lepton processes. I also discuss a new approach to particle 

production in hadror-nucleus, nucleus-nucleus and deep-inelastic nuclear 

reactions from the standpoint of a color-neutralization model. 

K Work supported by the Department of Energy under contract number 
DE-AC03-76SF00515. 
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1. Introduction 

A basic premise of this workshop is that there are aspects of 

hadronic physics which can only be studied in nuclear collisions. The 

most dramatic possibility is that novel collective hadronic degrees of 

freedom or a new phase of hadronic matter will be initiated in central, 

high-energy heavy-ion collisions. Even if this turns out not to be the 

case, one can argue that the nucleus is an essential tool for the study 

of fundamental hadronic mechanisms at distances where the quark and 
2 gluon degrees of freedom are relevant. 

In this talk I will discuss several topics invoj ving nuclear colli

sions where one can possibly test and study interesting aspects of quantum 

chromodynamics (QCD). These include 

(A) Hadronic production in hadron-nucleus, lepton-nucleus and nucleus-

nucleus collisions. 

(B) The question of shadowing in deep inelastic nuclear reactions. 

(C) The structure of the nuclear wave function at very short distances 

and nuclear form factors. 

Of course, the advantage of being able to study hadronic mechanisms 

in close proximity to other quarks and gluons in nuclei has to be counter

balanced by the complexity of the nucleus. By turning to nucleus-nucleus 
3 

collisions we exactly reverse Feynman's famous analog, in which he 

compares proton-proton collisions to the smashing together of two delicate 

watches; it is obviously much simpler to study elementary 'gear-gear" 

interactions, as in e e collisions. The nucleus-nucleus collision seems 

to be the analog of the collision of two grandfather clocks, or perhaps 
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even whole jewelry stores! Despite this, there are fascinating, contro

versial questions concerning the physics of nuclear collisions which 

appear to depend in detail on basic mechanisms at the quark and gluon 

level. This talk touches on only a fraction of these problems, but I 

hope it will serve to stimulate further experimtntal and theoretical 

studies. 

II. Hadron Production in Nuclear Collisions 

There is now expensive data on hadron production in nuclei from 
4 meson, baryon, and lepton beams at laboratory energies up to 200 GeV. 

The subject is fascinating to theorists, but there is little concensus 

on the basic particle production mechanisms within the nucleus. This is 

understandable, since it is not clear we even understand particle produc

tion in ordinary nucleon-nucleon collisions! The simplest particle 

production model consistent with the framework of QCD is the gluon-

exchange model of Low and Nussinov. 

Let us suppose that two protons interact by the exchange of a single 

soft gluon (a color octet). This leaves the spectator quarks in each 

nucleon excited as color octets [see Fig. 1(a)3. The subsequent color 

neutralization of these two "jets" and the recombination of the gluons 

and quarks into hadrons Is evidentally similar to the particle production 

mechanism which occurs in e e -»• qq -* hadrons. This picture is obviously 

oversimplified, however in analogy with jED it predicts (a) a uniform 

central rapidity distribution — expanding as log s (due to the spin-one 

nature of the gluon) [see Fig. Kb)], (b) a transverse momentum cutoff 

(due to hadronic wave function fall-off), (c) a multiplicity distribution 
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which rises faster than log s (similar to analogous effects in soft 

photon radiation in QED) , and (d) a nearly constant total cross section 

which depends on the color dipole moment, and hence the size and quark 

content of the; interacting hadrons. 

In effect this color-neutralization model leads to final states not 

so different from the standard multiperipheral model productions, but the 

underlying mechanisms and time sequence are quite different. 

Let us now consider the implications of this picture for a hadron-

nuclear collision. Figure 2 illustrates an event where a gluon is 

exchanged between an incident hadron H and a nucleon N. in nucleus A. The 

quarks and gluons produced in the color-neutralization can subsequently 

interact and color-excite further nucieons; the figures represents an 

event where v = 3 nucieons in A are "wounded." For the average number of 

wounded nucieons we can use the standard geometrical estimate v = 

Ao /tfjj. . For simplicity we will first consider the case where one 

quark of H (and its neutralization cloud) interacts; multiquark inter

actions will be taken into account later. 

The expected multiplicity distribution corresponding to the v = 3 

event of Fig, 2 is shown in Fig. 3(a). We plot the ratio R„A(y) = 

[dN/dy]u./CdN/dy^L (the multiplicity distribution normalized to nucleon-

target data) in order to isolate the nuclear effects. The multiplicity 

distribution ratio for y < y A reflects the wounding of v= 3 quarks: 

IL,A(y) - v. The multiplicity for y > y„ in the projectile region in the 

simple model is Ru/ity) • 1; a more detailed model which allows for multi-

quark interactions would give Rrii(y) < 1» reflecting energy-momentum loss. 

Our analysis here will closely follow the formulation of Ref. (8). 
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Let us now assume that the rapidity of any of the secondary quarks 

or gluons which excite N„ and N, in Fig. 2 occur — on the average — 

uniformly in rapidity in the central region. (This simple assumption 

is in fact controversial since it can be argued that the fast constituents 

produced in the first neutralization tend to be produced outside the 

nuclear volume. This would bias the secondary interactions toward target 
9 

rapidities. ) Averaging over events then gives the "ramp"-like distri
bution ratio R U A W shown In Fig. 3(b). Analytically, one finds for 
y A < y < v 8 

"HAW ml-HV)"] (2.1) 

where y c = y„ - y. ~ log s Is the length of the central region. The first 

term in (2.1) represents the hadrons produced from the v nuclear excita

tions. The second term represents the multiplicity produced by the 

repeated excitation of H and its products. Integrating over the central 

region gives the ratio, 

(The second term v/(v+l) gives the mean fraction of the central region 

populated by H and its products.) Including the fragmentation regions 

/v + v \ <nCEMTRAL>HN + - < nFRAG >N +
 < nFRAG 

V \ 2 v+l/ Soi^D " ̂ W H N <nTOT>l 
(2.J) 

'OT HN CENTRAL HN FRAG N where <nT0T>,,„ = <n„„„TT,„.T >„„ + <nTO,„>„ + <n T O^>„. Thus 
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(M) - h. * (h^) 
where the upper limit is reached for a •*• ". Note that &,, only depends 
on the projectile cross section through v - A a n « n /"m • * comparison 
of this simple prediction with the data of W. Busza ̂ t al. is shown in 
Fig. 4(a). The prediction given in Eq. (2.1) also gives a good repre
sentation of the 200 GeV p-A (pseudo-rapidity) data of Azimov et^ al. 
in the central region [see Fig. 4(b)]. For y > y , the data shows that 
TL,. < 1, indicating energy-momentum losses for the fast fragments of H; 
for y < y. there are indications of cascading in the nuclear target 
fragmentation region, at least for heavy nuclei. 

Let us now turn to nucleus-nucleus collisions B + A -»• X, and consider 
the multiplicity ratio (normalized to nucleon-nucleon collisions) 

( y ) , dH/dy (B + A-X) . . 
Vy' dN/dy (N + N -* X) K i ' 3 ' 

In virtually all models one expects the ratio in the fragmentation regions 
(y < y., y :> y R) to equal the number of wounded constituents (nucleons) , 

W A " A aNB^°AB' a n < i W B " B 0NA^ aAB i n A a n d B r e s P e c t i v e l y • The interesting 
question is what R J J M looks like in the central region. Several very 
different possibilities are implies by models in the literature [see 
Fig. 5(b)L In the Reggeon-calculus multiple-cut model of Ref. 12, inde
pendent (multiperipheral model) chains contained within the projectile 
wave function are excited and produce multiplicity throughout the central 
region (subject to overall energy conservation). In the early parton-
model approach of Ref. 13, the multiplicity produced due to nuclear 
excitation occurs only locally in the nuclear target fragmentation region. 
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The quark-constituent model of Ref. 14 leads to a "3-step" picture since 
only flat plateau regions are allowed. In the color-neutralization model 
discussed here, there is no such constraint and the central region 
smoothly interpolates between the two fragmentation regions. 

The calculation of the multiplicity ratio in the color-neutraliza
tion model for nucleus-nucleus collisions A + B •»• X is only slightly more 
complicated than the nucleus-nucleus case. Notice that each nucleon of 
A can potentially break-up any nucleon of nucleus B. The average number 

inel. inel of times each nucleon in A interacts in B is v. B Bo, NK /ogJJ". We then 
find: 8 

, . . dN/dy (B + A) . 
V 7 ' dN/dy (K + N) W' | X mv^-m 

(2.6) 
and the integrated ratio in the central region is 

KBA 
'B + A 

<n> W. 
N + N 

+ W, 1-
v A + l 

(2.7) 

There i3 very little data for nuclear-nuclear collisions. One example 
is R_. * 3.8 for o + A, A > 100 from Eq. (2.7) compared to a ratio of 
order ~4 from cosmic rays. A comparison of Eq. (2.7) with the model 

14 of Bialas, Czyz and Furmanski is shown in Fig. 6. Me also note that 

for y - 0 , Eq. (2.6) predicts 

W A + W B 
* RAB ( y c m - 0 ) * W A + W B (2.8) 

the ratio is maximal at y "0 If A»B. cm 
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Having worked out the nucleus-nucleus case, It Is simple to 

generalize the model and allow any or all of the quarks of each nucleon 

to Interact; we simply count "wounded" and interacting quarks rather than 

nucleons For example, we can apply Eqs. (2.6) and (2.7) to N-N colli

sions, taking each nucleon as a "nucleus" with 3 quarks; then 

and 

giving the ratio 

qq qN 

dN/dy 
dN/dy ̂ • 4 - ( ^ ) % - ( ^ ) ' l "••' 

An amusing feature of this result is that dN/dy(p + p) has a bowed dis

tribution, maximal at y =0 even if dN/dy(q + q) is flat. This also 

predicts that dN/dy(Tr-N) is less bowed but is slightly asymmetrical 

about y =0. The previous results for RuA{y) a m * R A B ^ ^ a r e u n c n a n 8 e ^ 

if ff „ - TT o ™ , a = -=• o .. (since they are normalized to N-N collisions); 
qN 3 NN * qq 3 qN s J ' 

thus one only expects minor changes for the multiplicity ratios for nuclei 

even if the quark cross sections .ire screened. 

In order to justify the simple counting of quarks as constituents 

in inelastic reactions, let us consider a meson-nucleus collision where 

both the quark and antiquark each exchange a color gluon with the target 

[see Fig. 73. After two soft gluon-exchanges, the qq system can be in 

either a color octet or color singlet state. If we assume that the 

resulting hadronic multiplicity is proportional to the color charge 

(Casirair operators 9/4 and 0 respectively), then the statistical average 
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over events gives 

? - ( f )«(!)• 8) •<« - 2 

i.e., the same result as an incoherent sum. Nevertheless, color coherence 

implies that the multiplicity distribution vill have large fluctuations 

about the mean. 

It is interesting to apply the color neutralization model to deep 

inelastic lepton scattering on a nuclear target [see Fig. 8]. For large 
2 Q , the interaction begins with the scattering of a quark in the target 

along the virtual Y (oi W) direction. The particles produced in the 

color-neutralization of *..e separated q and qq than can interact and 

excite additional nucleons in the nucleus. Thjs, even though the 

observed crccs section is linear in the nucleon number A, several nucleons 

can be "wounded" in the deep inelastic process. These expectations can 

be compared with the inelastic p 1 . = 150 GeV/c rauon-emulsion data shown 

in Fig. 9(a; from the Cornell, FNAL, Cracow collaboration. The shape 

of the multiplicity distribution (in pseudo-rapidity n) for incident 

150 GeV y is not ̂ «ry dissimilar from corresponding 60 GeV/c pion-

emulsion data! The magnitude of the produced multiplicity in the central 

region is not quite as large as the pion induced multiplicity, but the 

data in Fig. 9(b) shows that mean cotal multiplicity in deep inelastic 

muon-emulsion collisions is much larger than the corresponding u-p 

multiplicity, independent of the value of u = 2q-p/Q . These results 

give strong evidence that the energy associated with "quark jet" produc

tion is effective in producing hadrons in its passage through the nucleus. 

The similar shapes for dN/dy for up and up gives support to the idea that 
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the same color-neutralization mechanisms are effective in both processes. 

Fi'rther study of particles produced in deep inelastic processes in heavy 

nuclei, especially the Drell-Yan reaction, H + A •* v u X, is clearly very 

important for understanding the basic interactions of q and qq jets in 

the nuclear medium. 

The color-neutralization model presented here, though simple, is 

based on QCD and should give a reasonable guess on what happens in 

nucleus-nucleus collisions if such mechanisms are relevant. Although 

I have done a complete analysis, I believe that this color approach is 

consistent with generalized Glauber theory; the hadronic multiplicity 

can be computed from unitarity cuts of the forward scattering amplitude. 

In principle, there could be mechanisms operating in high energy 

nucleus-nucleus collisions which would not occur in hadron-nucleus 

collisions. For example, the color neutralization of many jets in a 

single collision could lead to some type of anomalous phenomena, such as 

an overall excitation or "heating" of the nuclear system. The observables 

include dN/dy (A. + A-), the fl/K ratio, charm production, leading particle 

production, the associated multiplicity in massive lepton pair (on and 
18 off resonance), and the rate of i) or • production or direct photon 

production, as a hint of anomalous gluon production. I should emphasize 

that the analysis presented here is only semi-qualitative. However, the 

basic formulation and results are so simple that they may well be useful 

as a guide and parametrization of the data. 
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III. Shadowing In Deep Inelastic Lepton Scattering on Nuclei 

It is well known that the photoabsorption cross section for on-shell 
19 20 

photons on nuclei at SLAC and Cornell energies is not additive in the 
nuclear number; empirically a . ~ A cco „ where A -,/A - .85 ± .05. r ' yA eff YN eff 

2 2 For virtual photons with Q 2 1 GeV , A rf/A — 1. The central question is 

what variable controls this "shadowing" phenomena. Two very different 

points of view have been discussed in the literature. 
2 2 

(A) One can argue that fixed Q , o> * 2mv/Q -*• °° electroproduction 
2 21 

data connects smoothly to Q - 0 photoabsorption physics. This corre-
22 spondence principle argument is reinforced by the fact that for large 

a), the photon converts to hadronic matter well before the interaction 

with the nucleus. Thus one predicts that the cross section is shadowed 

vVC / AvW < 1 I for sufficiently large OJ, independent of the valu-i of 
2 Q . However, there is a momentum sum rule for the area under vW_ 

(assuming a conventional gluon-quark momentum fraction balance). Thus 
13 

as noted by Nicolaev and Zakharov, there must be an anti-shadowing 

region probably at x = u = m /BL. where vWV > AvwL Tsee Fig. 10(a)3. 

Such a phenomenon would imply to a new type of dynamical interaction 

between wee partons within the nucleus. 
o 2 2 

(B) The alternative view, which I favor, is that for Q > Q Q ~ 

1 GeV2, vW^(x) = AvW^(x) for all x < 1. (In addition for 1 > x > A, 

there is the standard high momentum tail.) [see Fig. 10(b)] Thus for 
2 sufficiently large Q , the pointlike interactions of virtual photons in 

the nucleus are essentially incoherent and additive. 
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More formally, one can write the total photoabsorption cross section 
23 in the spectral form 

(v,Q2) - c/ *"*£-* 2 o , t V ) a _(v,Q2) (3.1) °YN 

where +M is the mass of virtual hadronic state which couple to the photon. 

The spectrum is computed from the e e annihilation cross section 

In order to obtain Bjorken scaling at large in [modulo 
e e~ 
logarithmic scale-breaking] the meson-nucleon cross section must behave 

as a (fJf.Q2) ~ t ^ + Q 2 ) " 1 for large v. Notice that only..*2 2 0(Q2) 
2 -1 contributes to the a - (Q ) scaling region. But in this region a 

is numerically small, and in the case of nuclei, shadowing of the large 
2 g 

Q cross section cannot occur! The quark-partons of the nucleus at low 

x thus act independently and incoherently. Further tests of this idea 

can also be made using the Drell-Yan process pA •• u u X. 
IV. Short-Distance Processes In Nuclei 

One of the most interesting questions which can be analyzed using 

ordinary nuclei is the study of hadronic matter at high density. Here 

we will be interested in processes such as nuclear form factors at very 

large momentum transfer, and fast particle production in nuclear colli

sions (beyond the usual nucleon kinematic limit) each of which probe 

the high momc-ntum tail of the nuclear wave function. These reactions 

are sensitive to the behavior of the quark fields in regions of strong 

overlap. 
24 There is now extensive data (primarily from H. Steiner «̂t_ al_. at 

LBL) available for the reactions A. + A- -+ H+X for the coll is ions of 
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nuclei such as C and He, at E. . < 2 GeV/nucleon and the production 
2 3 4 of systems such as H • w, p, H, H, He at longitudinal momentum k- well 

beyond the nucleon-nucleon kinematic limit. In principle the produced 

hadron H could have nearly all of the momentum of the beam nucleus* but 

this is clearly exceedingly rare. The question is how rare? Instead of 

using standard variables such as k_/k_ or E/E . it is most convenient ° X unax max* 
25 to use the light-cone fraction 

k + k 
r0 r3 

where k Q and k~ are the energy and longitudinal momenta of H and P Q
 + P3 

are the energy and momentum of A.. Notice that x is invariant under 
3 2 boosts along P-. The invariant phase space is d k/kn = d k dx/x where 

k is the transverse momentum of H. 

The nuclear momentum space wave function [see Fig. 11(a)] can be 

written as ¥.(x , k )» where by momentum conservation Y*k = 0 , A a * la J *-* la 
^ x =1. Since k_ = k~+(k + m)/(k-. + k_) for each constituent, the 
a 
standard energy denominator is 

a 

7 r—i k + m 

i E ( P 0 + P3) - n\ - L ̂ V ^ (4-2) 

In the adiabatic limit where the binding energy € vanishes, we have 

k •+ 0, x •+ m /M, and AE -* 0. Thus x - m_/M. corresponds to the quasi-x a a A a a A 

elastic peak. For example, for the deuteron 
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(4.3) 

M2, - 4M2, - 4 k 2 ~ OCMpt) I f x ~ 1/2 

2 "N "N 2 
"D " O " O ~-2-2S ̂  l f x~ 0- 8 

Thus, by examining the deuteron wave function In a configuration where 

one nucleon has SOZ of the maximum momentum, the state is probed far 

off-shell where, in fact, asymptotic freedom perturbative quantum chromo-

dynamic (QCD) calculations should be valid. In this far off-shell regime, 

the analysis of the high momentum tail of the nuclear wave function 

clearly involves the synthesis of quark and nuclear physics. 

At high energies where cross sections become nearly energy-independ

ent, the reaction A. +A_ -•• H + X can be thought of as the materialization 
26 of the off-shell wave function [as in Fig. 16]. Thus we expect 

T r U . + A , - H + X) = — i - l - ^ - d \ 
d x 1 2 °inel J d 3k/k Q nel J i 

rLyU.( 5:,^)| 2n[d\ a]n[dx a] (4.4) 
where the integration is over all unobserved momenta, consistent with 

momentum conservation. (The inverse factor of 1-x arises from the 

spectators' phase space.) If we use perturbative QCD then the off-shell 

kinematics for x -*• 1 requires the repeated iteration of the QCD scale-

invariant kernel in order to "stop" each quark spectator in ifi, . Each 
A l 2 iteration yields an additional (1-x) fall-off, and one readily obtains 

u ii •. " 26,27,26 
the spectator quark counting rule , 
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^ (H/A) ~ C(l-x) S - C(l-x) 5 (4.5) 

where n is the number of quark spectators (originally bound in A) left 

behind after forming H. For nuclear problems n • 3N_, where N„ is the 

number of spectator nucleons. The constant C is proportional to the wave 

function at the origin, i.e., the probability amplitude to find all the 

quarks at the same point. The spectator counting rule can be derived in 

QCD, with calculable logarithmic modifications arising from the anomalous 
29 dimensions of the hadronic wave function. [In additior one finds that 

(a) the helicity of A and H tend to match as x + 1, (b) additional spin 

suppression factors of (1-x) can occur in the case of electromagnetic or 
29 30 weak interaction probes, ' snd (c) gl'ion bremsstrahlung in QCD increase 

the exponent of (1-x) by a log log s term which is proportional to the 
32 color charge (Casimir operator) of H. This latter correction does not 

26 occur when H is a hadron.] The simple spectator rule gives dN/dx ~ 

(1-x)3 for q/p, (1-x)1 for q/M, (1-x)5 for p/D, (1-x)9 for q/D for the 

leading power of the distribution as x •* 1. Notice that the prediction 

(l-x) O J for p/C can also be obtained via the sequential fragmentation 
47 17 

(1-x) for a/C convoluted with (1-x) for p/a. A compprlson of the 
24 a/C and p/C predictions with the data of Steiner e_t_ al. shown in Fig. 

12. A systematic comparison of theory and experiment has been given by 
28 "^& 

Blankenbecler and Schmidt. An effective nucleon-constituent model*" 

can also be devised to reproduce (4.5). 

The recent forward angle data [see Fig. 13] for p/a apparently 

indicates two components to the fragmentation distribution, possibily 

reflecting an intermediate regime from dN/dx (p/d) — (0.5- x) . The 

region beyond x > 0.4 is fit to (1-x) and is not inconsistent with 
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the (1-x) prediction. Such comparisons could be more definitive if 

the light-cone variable x were used. 

Although the application of quark-gluon dynamics to such relatively 

low-energy nuclear data may seen radical, I emphasize that it is justified 

by the fact that quite far off-shell kinematics are really involved. 

Perhaps the most dramatic application of short-distance physics to 

nuclear targets concerns nuclear form factors at large momentum transfer. 
2 2 The elastic form factor F(t) Cwith t = q = -Q < 03 is the probability 

amplitude that the target system stays intact and unexcited upon deflec

tion from p to p + q in the electromagnetic collision eA -*• eA. The 
23 

dimensional counting rule for the (helicity-conserving) form factor 

F(t) i j (|t| » M 2 ) (4.6) 

(where n is the minimum number of elementary constituents) reflects the 

fact that the more complex the target, the faster the power-law fall off. 
2 N 5 From this formula one predicts tF (t), t G u(t), and t Fn(t) are each 
34 35 asymptotically constant. The comparison * with experiment is shown 

in Fig. 14. The dimensional counting rule can be rigorously derived in 

QCD, modulo logarithmic modifications (suppression) from the anomalous 

dimensions of the hadron wave function; e.g., for the nucleon form 

factor QCD predicts 

a?(t) 
V C > = Yl a n log N - t / A 2 ) [l + #(m 2 / t , o s(t>)] (4.5 

n=0 

where the y are known positive numbers (amonalous dimensions) and 

a (t) ~ C/log(-t/A") is the QCD running coupling constant. In general, 
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the power law reflects the fact that at large t one must pay a penalty 

of a (t)/t to move a constituent from p to p + q. The usual identifica

tion of the form factor with the Fourier transform of the static charge 

distribution is inapplicable to the relativlstic regime. 

Is it possible that these quark-gluon results can be applied to 

systems as complex as nuclei? The answer is certainly yes, although the 

fact that the momentum transfer must be partitioned among the constituent 

nucleons implies that the momentum transfer required to reach the truly 
35 

asymptotic regime increases with A. 

Nevertheless, tht quark concept is useful in the subasymptotic domain 

where the nucleus can still be regarded as a bound state of nucleons. 

For example, the deuteron form factor FD(t) must clearly fall at least 

as fast as F (t/4)*F (t/4) since each nucleon must change momentum from 

—p/2 to ~(p 1-q)/2 and stay intact. Thus we should consider the "reduced" 
35 37 form factor f^CO defined via ' 

FD(t) = F (t/4) Fn(t/4) fD(t) (4.8) 

Note that fn(t) must decrease at large t since it can be identified the 

probability amplitude for the final state n-p system to remain a ground 

state deuteron. In fact, the dimensional counting formula (4.6) 
. , . 35,37 implies 

fD(t) ~ \ (4.9) 

In general, we can define the reduced nuclear form factor 

F (t) 
f A ( t ) -= T^ T ( 4 - 1 0 ) 

At/A*) flv 
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which has the effect of the nucleon form factors removed. By dimensional 
A—1 counting f»(t) ~ 1/t (as if the nucleons were elementary!), and one 

expects this result to hold even for moderate values of |t|. In contrast, 
1-3A the complete scaling of FA(t) ~ t requires very large momentum 

transfer." 
A v 

35 

A comparison of the data for fD(t) with the prediction t fn(t) + 

const, is shown in Fig. 15. The asymptotic regime seems to hold for 

|t| a 1 GeV . Recent data on inelastic electron scattering on deuterons 

also indicate that the inelastic transfer form factors y + D + X where 
2 nu is below the pion threshold have a similar behavior. Although, the 

comparisons with experiment are less decisive, the He and He high 
39 momentum transfer form factors measured at SLAC by Chertok ̂ t al. also 

appear to be consistent with the scaling behavior predicted by Eq. (4.10) 

[see Fig. 16]. 

The types of diagram one encounters when computing the deuteron form 

factor are shown in Fig. 17. Diagram (a) corresponds to a simple 
35 democratic chain model. Because a single gluon cannot couple to a 

color singlet, this contribution only is relevant for the part of the 

nuclear state which contains "mixed color", i.e., does not correspond to 

a state which can be separated into two color singlet 3 quark systems. 

The asymptotic form factor for such diagrams behaves as F (t) ~ 

C/(|t| +m ) where m ~ nm, and n = 3A for nuclei. For the deuteron 1 ' n n 1 
state with an ordinary two-nucleon color singlet wave function, the quark 

interchange diagram of Fig. 17(b) contributes, and gives a contribution 

of the form of Eq. (4.8) with fD(t) ~ C/(|t|+nig). This contribution 

can also be identified with the standard amplitude of Fig. 17(c) where 
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T * 1/t Is the off-shell np scattering amplitude at 9 - 90°. np-»-np r cm 

Exchange current (meson-exchange) contributions can also be identified 

with this amplitude. 

In general, one expects that the deuteron ground state consists of 

a linear combination of a standard color singlet |np> wave function plus 

a "mixed color" |6q> amplitude. The latter component has a high energy 

(~270 MeV) in the MIT Bag Model, but it in fact may dominate the high 

momentum components of the wave function since the np state is suppressed 
40 by short range repulsion of the n-p interaction at small distances. 

Dubokov and Kobushkin have argued that the |6q> mixed color component 

can account for the anomalous photon polarization seen in np •*• dy. The 

|6q> mixed color state is the prototype of new quark matter which, if 

QCD is correct, must exist within the nuclear wave function. It clearly 

deserves much more study. 

V. Conclusion 

As I have outlined in this talk, there now is substantial evidence 

that the quark and gluon degrees of freedom play a role in phenomena 

involving ordinary nuclear matter. This evidence is based on the 

successful predictions based on QCD from 

(a) Elastic form factors of nuclei at large momentum transfer, 

(b) the tail of the momentum distribution In nuclei observed 

in fast particle production in nuclear collisions, and, 

possibly, 

(c) the multiplicity distribution observed in nucleon-nucleus 

and lepton-nucleus scattering. 
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It is important to explore these phenomena more thoroughly, both by use 

of higher energy and higher momentum transfer experiments, as well as 

more theoretical analysis. I should emphasize that the processes (a) 

and (b) probe amplitudes where quarks are in close proximity, and mixed 

color states may be playing an important role. 

Studies of the final state in deep inelastic processes, especially 

the Drell-Yan reaction A+B -*- £lx, inelastic lepton scattering JtA -*• £fX, 

and the production of hadrons and. jets at large transverse momentum are 

especially interesting since in such reactions one can study the evolu-
42 tion of colored matter through the nuclear medium. The energy loss 

43 patterns of leading particles are particularly interesting. It is also 
5 important to determine what are the essential parameters (Q or w?) 

which control shadowing of the structure functions and photoabsorption 

cross section. 

Elastic scattering large momentum transfer experiments on nuclei, 

although difficult, are also of considerable interest. For example, 
+ large angle K -nucleus scattering can test whether quarfe. interchange 

44 mechanisms are dominant. The momentum transfer dependence of such 

reactions can be predicted using the reduced form factor analysis of 

Section IV and Ref. 27. 

The analysis of nucleus-nucleus collisions which I have presented 

here is conventional in the sense that I have used only standard features 

of quark and gluon physics. On the other hand, there could be further 

surprises as one approaches a new regime of high-energy heavy ion colli

sions where nuclear matter is forced into new configurations. In any 

event, we are clearly only at the beginning of the study of high energy 

processes within the nuclear environment. 
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FIGURE CAPTIONS 

1. (a) Simplified representation of particle production in a simple 

color-gluon exchange model, 

(b) Rapidity distribution of particles produced in a simplified 

model where hadron production is proportional to the soft 

gluon distribution Csee Ref. 7]. 

2. Schematic representation of hadron-nucleus interactions in a color 

excitation/neutralization model. An event where 3 nucleons are 

"wounded" is shown. 

3. (a) Schematic representation of the rapidity distribution of hadrons 

produced in hadron-nucleus collisions for the "event" of Fig. 2. 

The distribution is normalized to hadron-nucleon collisions. 

(b) Rapidity distribution ratio obtained after averaging over events 

of the type of Fig. 2 t assuming interactions occur uniformly in 

rapidity in the nucleus. 

4. (a) Comparison of the prediction of Eq. (2.4) with the data of 

Ref. 10 for the A-dependence of particle production in nuclei, 

(b) Comparison of the prediction of Eq. (2.1) with data for particle 

production in proton-emulsion collisions (normalized to pp-

collisions). The value v = 3 Is used. The predictions for 

the fragmentation regions must be modified to take into account 

nuclear fragment cascading for y < y. and energy-momentum 

loss of fasc particle for y > y„. The data are from Ref. 11. 

5. Idealized predictions of various models for the rapidity distribution 

of hadron production in nucleus-nucleus A+L, •*• X collisions, normalized 

to nucleon-nucleon collisions (see tsxt). 
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6. Theoretical predictions for particle production in nucleus-nucleus 

collisions A + B -*• X normalized to nucleon-nucleon collisions. The 

color-neutralization model discussed in Section II (and also in 

Ref. 8) is compared with the quark-constituent model of Bialas 

et al., Ref. 14. 

7. Schematic representation of sequential gluon exchange for meson 

collisions. The statistical average over events gives the same 

result as an incoherent sum of single-gluon exchange events. 

8. Schematic representation of particle production in nuclei for deep 

inelastic lepton scattering. 

9. (a) Comparison of particle production for p emulsion inelastic 

scattering at pi , " 150 GeV/c with hadron-emulsion data (vith 

incident hadron momenta chosen to roughly match the effective 

virtual photon energy). 

(b) The ratio of muon-nucleus to muon-nucleon multiparticles as a 
2 

function of • = -q-pN/q . The data are from Ref. 1/. 

10. Schematic representation of the ratio of the deep inelastic lepton 

scattering structure functions illustrating (a) the 

possibility of shadowing and anti-shadowing region, or (b) the 
2 possibility that there is no shadowing for sufficiently large Q . 2 Here x = -q /2q'p„, 0 < x < A. 

11. (a) Illustration of the momentum-space wave function for a nuclear 

bound state using the light-cone/infinite momentum frame variables, 

(b) Mechanism for the production of hadrons or sets of quarks or 

gluons via Pomeron or gluon exchange. 
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12. Comparison of the spectator counting rule Eq. (4.5) with a and p 
12 production in C-C collisions at p. , • 1.05 GeV/nucleon. The 

data for the inclusive cross sections are from Ref. 24. A 

systematic comparison of theory and experiment is given in Ref. 28. 

13. Inclusive cross section for a + C •*• p + X, compared with the p/a 

and p/d predictions of the spectator counting rule. The data are 

from Ref. 24. 

14. Comparison of the dimensional counting rule t F(t) -*• const. 

(|t| » M ) with data. The compilation is from Ref. 34 and 

references therein. 

15. The reduced form factor of the deuteron, divided by a monopole form 

factor. Dimensional counting predicts this ratio should approach a 

constant at large t. The data are from Ref. 38. 

J6- Form factor data from Ref. 39 for tl, "Tie and He compared to the 

quark interchange model predictions of Ref. 35. 

17. (a) Example of a simple gluon exchange mechanism for the deuteron 

form factor at large t. 

(b) Quark-interchange contribution to the deuteron form factor. 

(c) Relationship of the deuteron form factor to off-shell n-p 

scattering. 
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Z î; * 

00 * 
vfr 0.2 — — 

+ 

^ o.i 
LL. 

n 
0 

: 2 (GeV2) 

Fig. 15 

t 



-463-



- 4 6 4 -

D 9 ) D D 

Z 
(a) (b) 

Fig. 17 



-465-

CRITICAL ANALYSIS OF MODELS FOR HIGH-ENERGY HADROR-flUCLEUS INTERACTIONS 

S. A. Azimov, K. G. Gulaaov* 

and 

G. M. Chernov, U. G. Gulyamov''' 

ABSTRACT 

Models of high energy hadron-nucleus interactions proposed recently 

are critically reviewed and compared with experimental data. An attempt 

is made to clarify what characteristics and what regions of the phase 

space are most crucial for different models. Some interesting points 

where further theoretical and experimental investigations are of importance 

are discussed. 
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INTRODUCTION 

During the last few years, as a result of increasing interest in 

the physics of nuclear production, considerable experimental material 

has been accumulated on inelastic hadron-nucleuB (hA) interactions in 

the range from a few to hundreds of GeV. Although this material is 

by no means sufficient for answering all the questions of importance, 

in our opinion, it allows one to draw certain conclusions about the 

degree of adequacy of some of the numerous model approaches to the 

subject. Just such an attempt constitutes the main purpose of the 

present talk* 

Theoretical approaches to the problem are such that some of them 

describe production on nuclei by making use of characteristics of 

elementary hN collisions a' posteriori, while the othere pretend to 

explain all types of multiparticle processes. Needless to say, the 

second class of models is preferable; among them approaches based 

upon the notions of composite quark-parton structure of elementary 

particles are of most interest sinia they allow one to understand 

the underlying mechanisms of multiple production. As regards phenomtn-

ological approaches, it is hard to expect that they would describe 

the totality of experimental information on nuclear production. Tliase 

models, as a rule, are far enough from each other in their axiomatics, 

although they nevertheless have some common general ideas. Below, 

when considering concrete models and discussing their physical motivations 

and consequencess for the observables, we shall mainly be interested 

in the range of their applicability and in the ability to systematize 

the existing experimental material. 
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Due to time limitation, preference shall be given to models that 

are developed enough in the quantitative respect and to experimental 

data that is, in our opinion, crucial enough for distinguishing between 

different models. We shall bear in mind that some of the model predictions 

are of asymptotic nature while the existing data belong to the region 

of intermediate energies. More complete description of theoretical 

concepts together with references to many original works of importance 
1-13 

not reflected in our talk can be found in earlier reviews. 

It should be noted that we shall discuss only normal (small p. ) 

processes of incoherent production on nuclei constituting the larger 

part of the production cross section since the coherent reactionp 

and large p, processes will be covered in other talks ac this workshop. 

The talk is organised aa follows. In Section 2 we shall give a 

brief outline of the ideas that arise when studying ultra-relativistic 

nuclear collisions and their realization in a few concrete models. In 

Section 3 the experimental data on one-particle distributions, the 

leading particle spectra, the nuclear response, and correlation phenomena 

will be presented and compared to the predictions of models under 

consideration. Finally, in Section 4 we shall present our main conclusions 

and suggestions. 

MODELS OF MULTIPARTICLE PRODUCTION ON NUCLEI 

The Cascade-Evaporation Model 

The main assumptions of the model are: 1) the time of realization 

of intranuclear hN collision is much less than the time interval between 

two such collisions. This requirement (instantaneous production) 

is necessary in order to reduce an interaction of a hadron with a 
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nucleus to a sequence of separate statistically independent intranuclear 

collisions; and 2) the De Broglie wavelength of particles participating 

in intranuclear collisions is much leBS than intranucl jaic distances. 

Only in such a case would the picture have quaBi-classical features and 

one might be able to say something about trajectories of particles 

and two-particle interactions inside the nucleus. In this case an hN 

interaction is considered to be a superposition of elementary collisions 

of primary and produced particles with nucleons—the branchy cascade— 

(see Fig. la). In accordance with the model, the process has two stages. 

During the fast stage, produced particles anrt recoil nucleons appear as 

a result of intranuclear collisions, then the slowest particles appear, 

which are nuclear fragments resulting from the decay of the excited 

residual nucleus through evaporation. A lot of papers are devoted to 
. . 2 . 

concrete calculations with this model; a generalising monograph is 
of special interest. 

Difficulties that arose when describing cosmic ray data (too 

fast rise of the multiplicity with E 0 and A) necessitated modification 

of the model. The purpose was to decrease the total number of intranuclear 
2 collisions with the following taken into account: a) absorption 

of low energy pions within the nucleus; b) the Pauli exclusion principle; 

c) the existence of leading particles and the related trailing effect, 

i.e., the decrease of nuclear density after the passage of the fastest 

leading particles; and d) multiparticle interactions. From a theoretical 

viewpoint, inclusion of multiparticle interactions, i.e., a lengthy 

virtual phase, contradicts asumption (1) above and means nothing more 

than leaving the frameworks o2 the traditional cascade model. In 



-469-

regard to the trailing effect there exist two opinions about its 

significance. In the cascade model this effect plays an essential 
2 role. Zn accordance vitr the other viewpoint the displacements of 

recoil nucleons cannot lead to a noticeable decrease of nuclear density 

during the fast stage of the process for the overwhelming rajority of 

produced particles since velocities of recoils are considerably smaller 

than those for particles produced. ThiB controversy can probably be 

resolved by studying nucleus-nucleus (AB) interactions where the trail

ing effect, if it exists, should manifest itself stronger and not 

only in the target but in the projectile as well, facilitating its 

investigation. 

Nevertheless, even when accounting for all the above factcrs, 

the model cannot describe the stability of the multiplicity of slow 

particles (particularly, recoil protons) with the primary energy, 

though it reproduces the multiplicity of relativistic particles (see 

Fig. lbl. Discrepancies are observed also for a number cf other observ-

ables in hA interactions. So, if the cascade is forbidden, at least 

in high energies, it means that assumption (I) above is not fulfilled 

since assumption (2) works better as Che energy increases. 

The question arises at what energies and in what regions of phase 

space does the cascade model work? In order to answer this question 

it is very attractive to use AB interactions at, day, p 0 > 10 GeV/c per 

nucleon. The advantage of AB collisions is that the cascade there 

should manifest itself stronger than in hA collisions and the choice of 

P 0 is related to the fact that at lower energies the cascade multiplication 

of particles produced can effectively be damped due to simple energetic 
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reasons. The importance of the problem is related to the fact that 

we don't know which parameter with dimension of length in the theory 

of strong interactions can be identified with the radius of strong 

interactions. It is is clear, of course, that its value is comparable 

in order of magnitude with intranucleonic distances in nuclei. Therefore, 

disregarding a'priori the off-mass-shell virtual effects is by no 

means justified even at a few CeV. 

The Growth of Longitudinal Distances Essential for Production 

The postulate of the cascade model about "instantaneous" production 

is open to criticism: the decrease of longitudinal momentum transfer 

(qiJ as E 0 increases leads to spatial sizes of the interaction volume 

considerably larger than the intranucleonic distances in the nucleus. 

Also, the Lorentz delay of time at E0-*••» would lead to unlimited growth 

of realization time of elementary interaction (if the proper time in 

the c.m.s. t 1*0). o 
Therefore at sufficiently high energies the notion about the 

hA interaction as a totality of elementary collisions of free particles 

should become incorrect rnd the charcteristics of the interaction must 

depend on properties of lengthy virtual phase. 

These ideas have been discussed already in classic works by Landau 

and Fomeranchuck who showed that if multiple scatterings during the 

bremsstrahlung of a relativistic electron in amorphous medium destroy 

the coherence of the particle field at distances 1 < 1,, then the brems-

atrahlung is damped and deviations from the Bethe-Heitler formula 

should be observed. The length 1. proportional to the photon energy 

plays the important role in processes of emission of fast particles 
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and is referred to as the coherence or formation length of the photon 

(and/or regeneration length of an electron). The meaning of Landau-
18 

Pomeranchuk phenomenon (confirmed experimentally ) is that if fast 

electrons, when emitting photons due to multiple scatterings in the 

medium, could undergo more than one collision on the length 1 < 1,, 

the emission would be damped. 

The growth of longitudinal distances is of importance also in 
19 deep-inelastic lepton-hadron scattering. There large distances 

play an essential role at high p 0; the scaling behavior of electro-

production cross sections corresponds to the version with linear increase 

in the laboratory frame If: If ~v/Q . 
An example of a hadronic process where this notion is of primary 

20 significance is coherent diffractrve production. Here the longitudinal 

momentum transfer decreases with P 0, 

% - (-H^o > ( 1 ) 

so that at high p 0 production occurs at distances 1~ > 1/<!T (considerably 

larger than hadronic sizes) and at the same distances the coherence 

of amplitudes will be conserved. It is seen from Fig. 3 that at 

energies presently available the contribution of coherent production 

increases with energy. 

Due to the absence of a rigorous theory of strong interactions 

it is impossible to perform a model-independent analysis of Che character 

of the growth of formation lengths (and related formation times - tf) 

for incoherent production. Host of the models considered below consider 
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that, for a secondary particle having the energy K and the mass M, 

one has 

(2) 1 - i_ £_» tf - - t • f m • * a o 

where a is soae characteristic hadronic «— s. Due to the rapid decrease 

of hadronic aaplitudes on off-aass-shellt assumption (2) aeans that 

secondary particles do not participate in intranuclear collisions at 

distances 1 < If. Only if we have If < 1 can one use the usual classical 

considerations. 

The aajority of nuclear production Models can be separated, crudely 

speaking, into two groups. In Che first group scattering on a nucleus 

is interpreted as a series of approximately independent (in many important 

cases this independence is destroyed by the energy-aoaentua conservation) 

collisions with single nucleons. In order to elucidate how the presence 

of a virtual phase is accounted for in such models it is useful to 

clarify the following points for each concrete aodel: a) what do.-* 

interact with intranuclear nucleons, b) what is the cross-section 

for intranuclear collision, and c) how are we to relate intranuclear 

interactions with free hR collisions, i.e. what are the characteristics 

of the final state after the single intranuclear collision. 

In the second group of models, the projectile collides with the 

"tube" of nuclear aater, which is usually considered to be structureless 

and to behave as an "elementary" particle. In order to come to the 

point of such models it is necessary to clarify: a) what parameters 

depend on the characteristics of the final state, b) how are we to 
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relate the characteristics of hadron-tube interaction to those of 

h» collision, and c) what are the characteristics of the tube itself. 

Landau Hydrodynamic Model (IBM) 
24 Description of aultiparticle processes in the LBH is based upon 

the following assumptions: 1) as a result of high energy interactions 

a considerable amount of energy is released into the Lorents-contracted 

disc, the volume of which, Vi n, is considerably smaller than that nec

essary for the observed Multiplicity of produced hadrons; 2) aince the 

interaction is strong, the relaxation time is small and it is supposed 

that the formed hadronic blob is under local statistical equilibrium. 

The system is considered to be a relativistic fluid characterised 

by density of energy, pressure, end by distribution of four-velocities 

of fluid elements; its collective motion is described by equations 

of relativistic hydrodynamics. The hsdronic cluster thus produced 

undergoes later hydrodynamic expansion; 3) the dynamics of the process 

is conditioned by both the choice of the equation of state of hadronic 

matter, p - f(I), (p and I are macroscopic pressure and energy density, 

respectively) and the boundary conditions imposed on the hydrodynamic 

equations. 

The most remarkable feature of the LBM is the very long time 

between the moment of formation of the excited hsdronic matter and 

its "materialization" into free particles. 
9 ID The model was generalized to hA collisions (see, for details ' ) 

by introducing an additional assumption that in this case the projectile 

interacts collectively with all the nucleons contained in a tube along 

its path. The radius of cross-section of s tube is OhH. Since the 
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realization time for interaction is large, real hadrons of the final 

state are produced well outside the nucleus. Characteristics of the 

final state crucially depend on the concrete physical content of 

three stages of the interaction process—production of excited hadronic 

natter, its hydrodynaaic expansion, and its decay into real particles. 

So, the choice of the initial volume Vi n strongly affects the A and 

Bo dependencies of the average Multiplicity, the hydrodynaaic expansion 

deteraines rapidity distributions of particles produced, transverse 

momentun distribution depends on the final stage, and so on. It should 

be noted that the one-diaensional versions of the aodel usually considered 

do not take into account the expansion in the transverse direction 

and lead to factorized inclusive distributions 

Eo fp^ " f<Pj..P||-s> " f1(P1.e)f||(li|.e). < 3 ) 

so that transverse moaenta of secondaries are conditioned only by the 

thermal aotion during the final stage of the process. It is quite 

clear from the above that, strictly speaking, no siaple relation exists 

between the characteristics of hN and hA interactions at the same 

projectile energy. 

The weak ponts of the aodel are: 1) the classical consideration 
25 of the initial stage of the process contradicts the uncertainty relation ' 

(see also discussion in Refs. 9 and 21); and 2) the aodel does not 

take into account the existence of leading particles. 

There are two approaches to the leading particles in modern 

calculations in the frameworks of the LHM. In one, leading particles 

are produced from the hydrodynaaic syBtem (see, e.g., Ref. 28). Such 
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an approach has some difficulties, for instance, the problem with 

quantum number conservation. In the second approach leading particles 

are not included in the composite system, in accordance with the laws 

of relativistic hydrodynamics, and characteristics of leading particles 

are adjustable parameters of the theory. It is usually supposed that 

the hadronic system produced takes the energy kE , where k is the 

inelasticity coefficient. 

It should be noted that the region of applicability of the model 

begins at high enough energies, at leaat at E of an order of magnitude 

or larger than hundreds of GeV. Therefore it is attractive to extend 

it to the region of intermediate energies where most of the experimental 
29 results have been obtained. Following this idea a model has 

been proposed (the model of effective target). In such a model a 

projectile interacts not with the whole tube but with its forward 

part. The model can be used at energies 5-300 GeV, at lower energies 

it turns into the cascade model, at higher energies it coincides with 

the LHM. The main idea is that, in the range 5-300 GeV, a hadron 

collides in a nucleus with the effective target having the mass 

M - m n CF. L, (4) 
eff H m 

where n is the nuclear density, 0i n is the inelastic hN cross-section, 

and the value of the quantity L is the smallest one among two quantities: 

a) the formation length averaged over the produced particles spectrum 

L - C E 1 / 2 
Lf Cl Eo (5) 



-476-

(Cj is the parameter of the model taken to be 2.4 fGeV- ' ) and 

b) the geometrical length of the tube 

L g - 2(R2 - b 2 ) 1 / 2 , (6) 

(b is the impact parameter). So, at the energies considered, there 

exist three regions in the nucleus (Fig. 3). Region I corresponds 

to the diffuse edge of the nucleus, region II is where the length 

of tube is shorter than the formation length and, finally, region 

III is where L > L, is. g f 
Hadron-effect ive targe t i n t e r a c t i o n i s considered in the model 

in f u l l accordance with hydrodynamical es t imates 

< n ( M e f f , E 0 ) > - <«pp(W ( M e f f / - n ) a , (7) 

d n « . , UL(t [ fr-VW2] (8) 
^ a(K. H )^T [ 20»(He£f) J 

where a =0.65-0.75. As noted by inventors of the model, its predictions 

pertain to characteristics of produced particles outside the fragmentation 

regions, i.e., the leading particles are not taken into consideration. 

The Coherent Tube Model (CTM) 

The CTM is presently being developed most actively by three groups 

(Refs. 7,30,31 and references therein). It should be noted, of course, 

that actually there exist several versions of the model and sometimes 

calculations performed even by CTM inventors do not agree with each 
7 30 

other. The first version of the model, ' the most simple and attrac
tive, has been criticized in many papers and as a result significant 
modernizations and complications of the model were introduced in 
papers of the inventors themselves (see, e.g., Ref. 41, 42). In a 
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recent paper, although the ten CTM ii used, the phenomenological 

model considered is much more complicated and multiparameter than 

earlier versions and is very close in spirit to the statistical-

hydrodynamical approach* 

Here we briefly discuss the original formulation of the model, 

its new versions shall be discussed below when considering experimental 

data. The model is based upon two assumptions: 1) the projectile 

interacts collectively with all the intranuclear nucleons contained 

in a tube along the direction of its motion, the tube is considered 

as a structureless "elementary" particle. For a tube containing i 

nucleons, the squared total energy in the c.m.s. is 

s(i) s 2imnE0 » is, (9) 

where a is the corresponding quantity for hN collision; 2) quantities 

not depending on the precise quantum numbers of colliding particles 

in hN interactions are supposed to be independent of them in h-tube 

collisions as well. It is assumed for such quantities that an h-tube 

collision looks like a hN interaction at the same cm. energy, i.e., 

at the energy VT~ times larger than the cm. energy of the hN collision 

for the given projectile momentun. Such quantities, as noted in Ref. 7, 

include the average multiplicity, multiplicity distributions, and 

inclusive cross-sections for production of particles with normal p^. 
7 30 It has been supposed in the model ' that for fixed A 

(i> - A 1 / 3 (10) 

independent of the type of projectile. Assuming that in hN collisions 

the multiplicity 

<n^ - sa, (ID 
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vhere a « 0.25, and by Baking use of assuaption 2) and Eq. (10) the 

authors of Ref. 7 obtained for particles produced in hA collisions 

{ " W ~ ( < i > * ) C t • < n > M j t f l / 3 • < 1 2 ) 

The most attractive feature of the model in comparison, for instance, 

with the LHH is the claimed possibility of using, for universal 

characteristics of hA interactions, the same characteristics from 

hN collisions at energies V I - tines larger, i.e., the simplicity in 

calculating of multiplicities and inclusive distributions. 

Cluster Type Models 

As discussed above, the time of formation of free hadrons in 

high energy collisions could be very large and one can consider that 

not tbe usual hadrons but some hadronic complexes (clusters and fireballs) 

would propagate through the nucleus after the first intranuclear collision 

of a projectile. Such consideration constitutes the basis of cluster 

models. One can note that such an idea had been proposed many years 

ago in Ref. 33. 
3 34 In Gottfried's model ' the cascade ci energy flux is developed 

inside the nucleus, the flux being analogous to one-dimensional shock 

waves in the LHM. In hA collisions under certain postulated conditions 

this cascade results in production of v+1 hadronic blobs (Gottfried's 

hadrons): one fast cluster occupying 2/3 of the full available interval 

of rapidity and v slow clusters. Here V is the number of inelastic 

intranuclear collisions defined as 

v - Aaf /J* . . (13) 
inel prod 
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Fast Gottfried hadrons take away the main amount of the primary energy 

decays outside the target, whereas slow parts of the energy flux, 

which could decay inside the target, do not produce additional particles 

within the nucleus for energetic reasons. Since the space-tiae dimensions 

of the fast hadron on intranucleonic distances are of the sue order 

of magnitude as for usual free hadrons, the cross section for repeated 

interactions of the fast part of the energy flux with downstream nucleona 

is taken to be equal to the croas-section of the projectile. Character

istics of the final state in the model are conditioned by decay properties 

of fast and slow hadrons, which, in turn, are taken fro" hH interactions. 

So for the multiplicity the energy flux cascade (EFC) aodel gives, 

at presently available energies, 

R " < n , h A A l l > h N = 1 + 3 < < V > - 1 > + 0 f l » ^ ) ' ( 1 4 ) 

i.e., the contribution from a slow hadron is twice as small as the 

multiplicity from a fast Gottfried hadron 

< n ) s l o w - C 1' 2> < n >fast " W W - W 

Another type of cluster model is based on the diffractive picture 

of hN collisions (the hypothesis of limiting fragmentation). ' In 

these models the first intranuclear collision of a projectile results 

in production of two fragmentation clusters, che fast cluster being 

related to the projectile and the slow one related with the recoil 

nucleon. The fast cluster then undergoes repeated interactions with 

all downstream nucleons with the samo cross-section as a projectile and 

decays outside the target. In each intranuclear collision the system 

is reproduced and characteristics of the final state are conditioned 
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by decay characteristic* of cluaters, which, in turn, are supposed 

to be taken from experimental data on tiH interaction*. 

It should be noted that all cluster models suggested so far seem 

to be rather crude and do not take into account aoac important effect* 

arising during the passage of hadronic complexes through nuclear * cter 

(see, e.g., Ref. 76). 

Models of Multiple Re*cattering« 

The Fan Diagram Dominance Model. FDDH i* moat developed in paper* 

by Nikolaev and co-worker* (see review, Ref. 11) end is baked on the 

following parton interpretation of the multiperipheral model. A fast 

hadron before reaching a target produces parton fluctuations with 

approximately uniform distribution of parton* in the rapidity apace 
2 (Fig. 4). A* partons are pointlike objects with cross-section -IT* , •* 

being their wavelength, only the slowest, wee partons are capable 

of interaction with a target, whereas for fas'- partons it i* tranaparent. 

So, one can speak about the parton wave function of a fast hadron 

and the latter can be considered a* a multiperipheral ladder of partons 

having a wee parton. As regards the number of such ladder* (or wee 

partons) the FDDM assumes that as long as we are considering the 0._ 

to be a pole-dominated contribution, multiladder state* can be neglected. 

When considering an hA collision, there would ariae, in contrast 

to hN collsion*, in accordance with the model, multiple rescatterings 

related with comparatively slow partona. The first interaction with 

a nucleon of the target can only be induced by the wee parton of the 

initial ladder of partons. Due to the interaction the coherence of 

the initial ladder becomes destroyed and it ia possible that some 
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relatively slow partons from the first ladder emitted near the bottom 

would turn into hadront inside the nucleus (as If — K), which, in turn, 

would produce wee partons of the "second*' generation. If such a 

transition takes place inside the target, one would have secondary 

interactions with intranuclear nuclcons. Therefore one can expect 

that some low-energy caacading would develop for large nuclear targets. 

As regards fast parton*, they traverae the real nucleus without interaction* 

and the spectra of fast particles would coincide with those from hit 

collisions. Of course, if one takes into account the energy-momentum 

conservation «t existing moderate energies, then there would be some 

depletion of spectra of fast particles in nuclear production. Since 

in Reggeon calculu* *uch a process is described by the so-called fan 

diagram of Fig. 5, the model i* referred to a* the fan diagram dominance 

model. One of the immediate properties of the model is that due to 

the short-range character of correlations, characteristics of nuclear 

response would not depend on projectile identity and the crias-section 

on nuclei should factorize. The data do not show such a behavior 

and therefore it is necessary to consider other ways of introducing 

multiple reccatterings inside the nuclear targets. 

The Leading Particle Cascade Model. This phenomenological mod-

(LFCM) is bssed on the assumption that within the nucleus only the 

leading particle interacts successively with all the nucleons in its 

path, whereas for produced particles the target is completely transparent. 

Ho rigorous arguments exist justifying such a picture except for the 

rather intuitive guess that nuclear matter is anisotropic for a high 
37 energy particle. The reason* may be related with a very strong 
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trailing effect, (discussed above in the aection on the cascade evaporation 

mod^l) and with very strong angular colliution of secondaries in high 

energy interactions. Then the fastest leading particle would interact 

with downstream nucleons, whereas the particles produced would traverse 

a target in the region of small densities. This model has a straight

forward relation with the Glauber model and corresponds to consideration 

of diagrams shown in Fig. 6. 
38 There exist theoreticsl objections to this model related to 

disregarding inelastic intermediate states. Of course, one can note 

that recently the Clauber model, including some types of such inelastic 

screening* and supplemented by the AGK cutting rules, has been developed 

for inelastic production on nuclei (see review, Ref. 12), but here 

we shall concentrate on a more probabiliatic picture. 

In the leading particle cascade model one can easily obtain the 

following expression for inclusive density of particles in hA interaction 

dn h A(y;E Q) A V , dnhN(y-y (E );E) 
W^'J, p ( v ) I ! "fci-'i-r 0

 d y

 d V as) 

where P(v) is the probability that the leading hadron undergoes exactly 

inelastic collisions, dn (y-y0(E£);Ei)/dy is the inclusive density 

in hN collisions and W(Ef,Ej_i,i) is the probability that as a result 

of i-th intranuclear collision the leading particle loses the energy 

AE"Ei_2-E£. The latter is evidently related to the x * P|/pi m a X distri

bution of the leading hadron in hN collisions, so that for the average 

E£ one has 
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E £ - (1 - k ) i _ 1 E 0 , <16) 

k being the average inelasticity coefficient. One nay cote also that 

the rapidity shift y 0 reflects the fact that the center of dn /dy 

decreases with decreasing Ei-

It is quite obvious froa the above that the cross section for 

successive interactions of a leader is the sane as that for a projectile* 

The Capella-Krzywicki Constituent Model. It is assumed in this 

quasi-eikonal model that the parton wave function of a fast particle 

cont~ains multiladder configurations (and corresponding wee partons); 

an interaction between Reggeons (ladders) is being neglected. In 

hN collisions the contribution of nultiladder exchanges playing the 

role of correction terms is assumed to be small (o is pole dominated), 

while in collisions with nuclei it rises drastically. No attempt 

is made in the CKH to seriously consider the projectile fragmentation; 

it is simply assumed that a multiladder process can be considered 

as a superposition of "elementary" hN collisions. 

So, the model is based on the following intuitive picture. An 

incident hadron has many (in principle, an infinite number) constituents, 

each corresponding to a ladder. In hN collisions the contribution 

comes mainly from interaction of one of the constituents with a nucleon. 

When passing to hA collisions there arise additional contributions 

due to interactions of a few constituents with intranuclear r.ucleons. 

In fact, projectile consituents interact with all the nucleonB along 

the direction of motion of a projectile, i.e., the quantity controlling 

the probability that v constituents are involved in the interaction 
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with the nucleus coincides with P(v) defined in the fessasork of 

the Glauber model. The main result of the CKM for inclusive production 

dn^CyjE > A , dn(y-y (E');E') 
J y ~ I VP(V) /p(E',Eo,v) 2_ d E . ( 1 7 ) 

which, controlling the energy partition, is taken to correspond to 

equipartition of primary energy among constituents. 

Some comments are in order here. Formally the difference between 

the LPCM above and the CKM is that the planar vertices of Fig. 4 are 

substituted by non-planar Mandelatam vertices of Fig. 7b. This results 

in different formulae for inclusive densities. In the first, model 

interactions occur successively and any two interactions are separated 

by some time interval. As regards the second model, here, as shown 

in a recent analysis, production is dominated by the exchange of 

Reggeons overlapping in time. So, one can imagine the specific type 

of collectivity—a projectile interacts simultaneously with several 

nucleons along its path to the target; indeed, this type of collectivity 

has nothing to do with that considered when discussing tube models of 

nuclear production. 

The Additive Quark Model. In the AQM a fast hadron, say a proton, 

is considered to be composed of three spatially separated constituent 

quarks, each valence quark having a parton cloud. When one of the 

constituent quarks interacts with a target the others play the role 

of spectators. 
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It ia well known that the additive quark model explaina successfully 

the static propertiea of hadrona and dynamic feature* of hH interaction*. 

It is important to note here that the additive quark model by itself, 

being the Model of sy—letry, strictly speaking, does not contain the 

dynamics of the interaction process; it is necessary to supplement 

it by some mechanism for quark-quark interaction. It ia usually supposed 

thet such an interaction has a multi-peripheral character. When such 

a picture is applied to hA interactiona (aee Ref J. 11, 43, 44 and Kefs, 

therein), multiple rescatterings of a projectile inaide the target arise 

due to interactions of constituent quarks. If one uses the impulse 

approximation implying that hlf cross-section can be taken aa a sun 

of quark-quark cross-sections (0 - lOmb) and ignored intranuclear cascading, 

production on the nucleua would be conditioned by an appropriate sum 

of diagrams shown in Fig. 8 for an incident baryon. The probabilities 

of such processes occurring can be calculated through the usual optical 

(or Glauber) formalism for absorption of a particle with the cross-

section equal to o^. 

One can note that after an interaction occurs the conatituent 

quark loses its parton cloud and does not practically participate 

in further rescatterings, i.e., it has only one related parton ladder. 

In the models considered ' ' ' contributions of multi-Reggeon 

exchanges in constituent quark-nucleus interaction are assumed to 

be small. 

It should also be noted that there is the difference in production 

mechanisms in fragmentation and central regions in the AQH: particles 

from fragmentation regions are strongly influenced by the spectator 
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quarka, whereas particle* fro* the central region are produced vainly 

front the *ea. 

EXPERIMENTAL DATA AND THEIR COMPATIBILITY KITH MODEL PREDICTIONS 

Inclusive "Longitudinal" Di»tribution» of Produced Particle* 

The nain experimentally well-established property of "longitudinal" 

(rapidity, p*eudorapidity, variable x - Pi/Pi * n d *° o n ' distributions 

of relativistic particles is that the presence of the nuclear target 

leads to a noticeable decrease of the number of fastest and essential 

increase of the number of relatively slow produced particles. 

Typical examples of the ratio r(x) » P (x)/P Cx) of inclusive 

densities p(x) • (l/0)(da/dx) for nuclear and nucleon targets are 

exhibited in Fig. 9. It should be noted that presentation of data 

in terms of the normalized density r(x) has the following advantages: 

1) this allows one to avoid effects related to the fenai motion of 

intranuclear nucleons, usually disregarded in analyses at least at 

y > 0 (and/or n > 0); 2) this allows one to avoid parametrization de

pendent effects when comparing with theoretical calculations; and 

3) this allows one to avoid effects related with the use of ps. -jdo-
E+p, 

rapidity r\ - lnctg(Q/2) instead of true rapidity y - 1/2 In (— ) 
E-pj 

It is seen from Fig. 9 that, in the available range of primary 

energies E 0 5. 400 GeV, the A dependence of the ratio r(y) changes with 

y gradually and continuously, without any anomalies expected, for 

example, in the fram ;:orks of the EFC model. There exists the point 

y c, such that r(yc) - 1; it is interesting that it weakly (if at all) 

depends on A and the number of intranuclear collisions . ' At 

y> yc» rty) < 1, and the larger y, the stronger the inequality becomes; 
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this is the effect of "extinction" of fastest particles which will 

be considered in detail in the section on the projectile fragmentation 

region. In contrast, at y < y C f r(y) > 1 and the smaller y, the stronger 

the inequality becomes. At minimal y the ratio r(y) is larger than 
1/3 the value A expected in model approaches not taking into account 

the low-energy cascading. 

In Fig. 9a we show, as examples, results of calculations of the 

ratio r(n) performed in the framework of some models previously discussed. 

One can conclude from the comparison of theoretical calculations with 

the data that: 

1. The FDDM does not describe the data at high energies. It is 

important to note that the data do not demonstrate the specific 

limiting behavior of the ratio r(n) + 1 >t large pseudorapi-

dities predicted by the model (see curve 1 in Fig. 9a) and 

appear to be due to the noninteracting fast part of the parton 

ladder. This is seen most clearly from Fig. 10, where p„-

dependence of the difference ymax'lc (?max being the kinematical 

limit of rapidity) is plotted in comparison with model expecta

tions. These data give strong support to models in which 

fast particles and/or projectile constituents undergo multiple 

rescatterings. It should be noted that the exact value of 

this difference seems to be sensitive to concrete assumptions 

of multiple scattering modelB (i.e., the energy partition 

among constituents) and it is of interest to measure it for 

different projectile particles. 

2. Multiple scattering models which do not take into account 
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the possible low-energy cascading, such as LPCM and CKM, 

are not consistent with the data at y or n < 1.5. These, as 

well as other data discussed below, indicate that in this 

kineutic region the low-energy cascading does manifest itself 

most strongly. 

3. The most satisfactory description of general features of 

inclusive distributions can be reached in the fraaeworka 

of the AQM and the LHM. 

4. As seen fro* Figs. 9c, d, the inequality r(y) <1 holds for 

y> yet n o t <>oly for the "leading", but for produced particles 

as well. This important feature of the data will be discussed 

in aore detail in the next section. 

Another interesting property of inclusive "longitudinal" distributions 

of relativistic particles froa hA collisions is that they do depend 

on the nature of a projectile—see an example in Fig. 11. There appears 

the evident biaodality of pseudorapidity distributions in 7T-A interactions 

at 200 GeV/c. An indication exists that the same bimodality of 

pseudorapidity distributions is seen also in pA interactions but at 

higher primary energies. The difference of distributions plotted 

in Fig. 11 and the biaodal structure can be considered as manifestations 

of different production mechanisms contributing to different kinematic 

regions of longitudinal variables. 

An increase in the number of alow produced particles, when passing 

froa nucleonic to nuclear target, leads to deformation and shift of 

longitudinal distributions. In Fig. 12 we illustrate such a deformation 

of O-distributions in T A interactions at 200 GeV/c with increasing 
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nuaber of recoH nucleons (the nuaber of grey particles—n») character

izing the thickness of nuclear matter along the path of incident pions. 

Hote that at all nf ".-distributions can be satisfactorily described 

by the sum of two Gaussiana (see also below). Two main peculiarities 

of the shift of longitudinal distributions are: 1) the centers of 

rapidity and pseudorapidity distributions shift go-independently towards 

smaller values with increasing A (and V, and n g) (see Fig. 13); and 

2) the widths (dispersions) of y and n-distributions weakly (if at 

all) depend on A and V slowly decreases with n g. It is important 

that such behavior of the widths of inclusive distributions is observed 

for all types of relativistfcally produced particles (Fig. 14). 

The latter observation has direct relation to the adequacy of 

the CTH to the data. It has been pointed out that the logarithmic 

growth of widths of longitudinal y- and ^-distributions with energy 

in hN collisions leads, within the CTH, to a logarithmic rise of these 

widths with A, in contradiction with data of the t>^e plotted in Fig. 14. 

It should be noted that the CTM is the only model in the field leading 

to Buch distributions with dispersions increasing with A (and/or tube 

mass). 

In relation to this observation, it has been suggested by the 

CTM inventors '" that the target fragmentation products should be 

eliminated from consideration. In the modified CTM the growth of 

longitudinal distributions must take place either for separate types 

of particles produced (for ir~ from pA interactions, for instance), 

or for particles belonging to the central and projectile fragmentation 
41 regions. But the data of Fig. 14 do not show the growth of dispersions 
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for any type of secondary particles and the data of Fig. IS can be 

used to conclude that the second way suggested also does not improve 

the situation. In fact, as is seen from Pig. 15, where the ng-depender.ce 

of the dispersion of the right Gaussians of Fig. 12 corresponding 

to particle production in the central and projectile fragmentation 

regions is plotted, the decrease of o(n) with n g takes place also 

for particles produced outside the target fragmentation region. The 

same result has been obtained by us for all ensembles of hA interactions 

in the range 20 to 400 GeV/c. (Let us note, by the way, that the 

opposite conclusion of Ref. 41 is an artifact of the wrong £3sumption 

that the energy transfer to target does not depend on the target mass). 

On the other hand one can see from Fig. 14a that the hydrodynamic 
29 model quite reasonably describes the data on the n„-dependence of 

o(n) in this range of energies. The important question arises as 

to what is the cause of such cardinal divergence of predictions of 

the CTH and the hydrodynamic model, though both models seem to be 

very close in the sense that they are based on the common "tube" 

concepts. 

It is well known that in hN collisions the decrease of a(y) with 

the multiplicity is related with simple phase-space effects (the energy-

momentum conservation). Obviously the same is true also for hA interactions. 

In fact, from the sum rule for the total energy 

"„ - / a df - c o s h y m

t

d y . (is) 

by making use, for the sake of simplicity, of the Gaussian approximation 

for (l/o)(da/dy) one can easily obtain that 
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^ ( y ) * const + (y - 20.) InA , (19) 

where a is the parameter of the approximation <n>,./<n> - A . 

One can see from Eq. (19) that a(y) has po, ive A dependence if o < 1/G. 

In the CTH a = 1/2 and therefore o(y) increaaee with A; in the hydro-

dynamic model, a - 0.2 and o(y) decreases with A. One can note alao 

that the rate of decrease of a(y) grows with a in contrast to the 

height of y distribution. The latter would increase with A and the 

rate of increase is larger for larger values of a. 

So, we see that the difference between the CTH and the hydrodynanic 

model lies in the assumption of the models—in the latter one 

the final state is conditioned not only by larger energy in the c.m.s. 

than in hN collisions (as in the CTM), but by a larger initial volume 

as well. One can note that the theoretical critique of the CTH was 

given in Ref. 49 and the fact that in the CTH the A dependence of 

the multiplicity contradicts experimental data was also discussed 

in Refs. 5, 29 and 50. 
32 In a recent paper, an attempt actually has been made to essentially 

increase the A dependence of tube size; although the term "CTH" is 

used there, the model considered is considerably more complicated and 

multiparameter. The author considers four bodies in the final state: 

a leading hadron, a pionization cluster, an excited knocked out tube 

and a residual nucleus. The effective number of nucleons in the tube 
~2/3 has the A dependence of A (1) which is equivalent to a huge increase 

of inelastic hN cross-section ('*p to -120 mb instead of 32 mb for 

pp interactions). The model predicts that, in contrast to the CTM, 
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d(y) is a decreasing function of A. It is easy to discover in this 

model the general tendency to return to old statistical-hydrodynamical 

concepts, at least for the central pionisation region. In fact, the 

preliminary investigation of statistical consideration for pioniration 

cluster hea yet been perforated within the model by the save author. 

Needless to say, in any statistical approach the initial volume plays 

the decisive role for many observables* 

Leading Particles in the Projectile Fragmentation Region 

Let us consider in mere detail the region of large longitudinal 

momenta of secondary particles where the main contribution comes from 

the surviving (leading) particles and products of their fragmentation. 

This region seems to be sensitive enough to various model assumptions. 

Last year, special attention was paid to this region in connection 

with the experimentally observed weak A dependence of inclusive spectra 

at large rapidities. Along with very weak A dependence of the average 

transverse momenta of particles produced and inelasticity coefficients, 

this observation led to a number of strong hypostheses about the character 

of the propagation of fast particles through nuclear matter—the hypothesis 

about the full passivity of the leading particles after the first intra

nuclear collision, about the transparency of the nucleus for fast 

particles produced, and so on. These hypotheses were included into 

many phenomenological models of hA collisions. Of course, since the 

new more accurate data do not display the A independence of particle 

spectra in the projectile fragmentation region, thfc Hypotheses above 

need clarification and the real situation seems to be more complicated. 
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In fact, as is quite clear already from the data discussed in 

the previous section, a wide-spread opinion about the coincidence 

of spectra on nucleonic and nuclear targets at large rapidities is 

wrong: no region in rapidity exists (except for a point y c) where 

the ratio r(y) is A independent. In the range of large rapidities 

(and/or large momenta) ratio r(y) is less than unity, i.e., the target 

nucleus absorbs fast particles. This finding, first observed in emulsions, 

is now well established in most accurate counter experiments. As an 

example let us consider Fig. 16. It is evident that an increase in 

the atomic number of the target results in "extinction" of all types 

of fast secondaries and the degree of this extinction within errors 

does not depend on the primary energy. 

So, it is clear that claims about the full passivity of leading par

ticles inside the nuclear targets £re wrong. Also, all the models making 

use, directly or indirectly, of this assumption and/or leading to r(y) * 1 

in the projectile fragmentation region for any type of secondary particles 

are incorrect there, at least at presently available energies (to them one 

attributes the EFC model, fragmentation models, the FDtM, and some others). 

Let us go to the quantitative comparison of model predictions 

with experimental data in the considered kinematic region. 

It is shown in Fig. 17 that the data on spectra of leading protons 

from pA interactions at 19.2 GeV/c can be reproduced nicely by the 
53 Glauber model. Besides, one can learn from this figure how changing 

the different types of rescatterings contributes to the yield of fast 

protons. The same conclusion about the compatibility of the LPCM 

with the data on reaction pA •*• pX at 21 GeV/c comes from Ref, 45. The 
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same model reproduces veil the experimentally observed increase of 

the average transverse momentum of the leading particles passing through 

the nuclear target. So, one can conclude, the Glauber aodel reproduces 

the basic characteristics of leading particles in hA interactions 

within the existing accuracy of experimental data. 

As regards spectra of particles producei in the proj«;tile fragmentation 

region, the situation in the LPCM is not satisfactory. Inadequacy 

of the LPCM in this kinematic region for produced particles already 

follows from the Eq. CIS). In fact, bearing in mind that within the 

LPCM only the first intranuclear collision contributes here, and since 

the first collision appears in all terms of the sum in Eq. (IS), one 

can easily conclude that for the fastest produced p tides r(y) is 

equal to unity. It is obvious that this circumstance is related to 

the disregard of various inelastic intermediate states usually discussed 

when considering inelastic hA cross-sections and processes of diffractive 

coherent production on nuclei. So, we see that inclusive spectra 

of produced particles also contain information about the structure 

of these states which are important for the theory. Within the framework 

of the Glauber model itself it is difficult to quantitatively account 

for such intermediate virtual effects; one needs some additional, 

essentially model-dependent assumptions about both the mechanisms 

of fragmentation and cross-sections for interactions with downstream 

nucleons (this is important, for instance, for processes like 

pA •* K X, pA+TT X and so on). 

It should be noted that the CKM 4 0, although leading to r(y) < 1 

for both the leading the produced particles in the projectile fragmentation 
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region, also does not contain the detailed consideration of projectile 

fragmentation in hA collisions. 

The additive quark model which Bakes use of the quark combinatories 

in order to describe the spectra of fast particles (both leading and 

produced, including resonances) lacks this shortcoming. The AQM, 

being the model of symmetry, contains in itself rules necessary for 

predicting tbi composition of particles in the kinematic vegion under 

consideration. In Fig. 18 some examples are collected showing a good 

description of spectra of various types of fast secondaries within 

the frameworks of the AQM. 

As concerns collective models of hA interactions, no reliable 

quantitative calculations exist for particles belonging to the kinematic 

region under consideration. Nevertheless, one can note that versions 

of the LHH in which the "leaders" are included into the hydrodynamic 

system (see, e.g., Ref. 28) qualitatively reproduce the "extinction" 

of leading particles with increasing A. Of course, in such models 

the problem arises, unresolved up to now, with quantum numbers conservation. 

Besides, another difficulty is related to ci>e uncertainty of how one 

could describe in these models the growth of transverse momenta of 

the leading particles since the practical solutions of hydrodynaaic 

equations belong to the one-dimensional case. 

In models where the leading particles are not included in the 

hydrodynamical (or statistical) system, the problem of a detailed 

description of the behavior of such particles leaves the framevork 

of the models and remains open. 
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Fhcnomena in the Target nucleus Fragmentation Region 

Another region of importance where both the differences between 

theoretical models and the specific properties cf nuclear matter could 

reveal themselves is the region of particles that are relatively slow 

in the laboratory system. Aa noted above, the fact that in this region 

the A dependence of different characteristics of secondaries ia most 

strong seems to be attractive for distinguishing betweeu different 

models of hA interactions. For example, we have noted above that 

too strong an A dependence of inclusive distributions at small rapidities 

cannot be explained by model approaches which completely ignore the 

possibility of low-energy cascading in high-energy hA collisions. 

At present the larger part of information available on recoil 

protons in hA collisions belongs to the kinematic region p < 1 GeV/c 

(the region of the so-called grey or g-particles in emulsion terminology). 

It has been shown 5 7' 5 8 that <n >~A~2^3, whereas < v> -A 1' 3, so that 

the low-energy cascading plays an essential role in formation of protons 

with momenta p < 1 GeV/c. It is very interesting to discuss the data 

on characteristics of relativistic (p > 1 GeV/c) recoil protons from 

hA interactions that have become available over the last few yeais. 

The presence of appreciable numbers of relativistic protons in 

hA interactions has been established in emulsion and bubble chamber 

experiments. Let us consider the main results on the A dependence 

of the number of knocked out protons versus their momenta. 

In Fig. 19a the momentum spectra of protons from inclusive reactions 

ir~ C •+ pX and ir~p + pX at 40 GeV/c are plotted and compared with each 

othf.r. It is seen that in the range of considered momenta (hundreds of 
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MeV/c) the ratio r(p) - P,j_c (p)^.- (p) decreases with the amentia of 

the protons. Hence, at relatively low Momenta the A dependence of the 

number of recoil protons strongly depends on p (see Fig. 20a, where the 

corresponding p dependence of the paraaeter ct(p) in paraaetrization 

r ^ p ' " PhA* p" PhH* p' " A " P l o t t e d ' B o t e t n * t h e t « t h e 

data on ir N •* pX have been used for normalization). 

In Fig. 19b the momentum spectra froa reactions p b •* pX and pM ** pX 

at 21 GeV/c are plotted for recoil protons having 1 GeV/c < p < 3 GeV/c. 

In contrast to the region p < 1 GeV/c, one has for relativistic recoil 

protons: 1) ppx(p) has the same shape as Ppn(p); 2) the ratio r(p) 

within errors does not depend on p; 3) a dependence of the number 

of relativistic recoil protons is practically independent of p (see 

Fig. 20b), the exponent a(p) has the value a - 0.26 ± 0.04. 

It is necessary to point out that protons with aoaenta p/po < 0.15 

(this value of p/p0 corresponds to protons emitted to the backward 

hemisphere in the c.a.s. of pH collision at 21 GeV/c) can be referred 

to as recoil protons only conditionally. In fact, in this region there 

may exist the leading protons undergoing "catastrophic" energy losses 

and, on the other hand, some recoil protons would pass froa this region 

to the kinematic region of g-particles due to rescatterings within 

the nucleus. One, of course, may hope that these effects would, at 

least partially, cancel ech other. 

In order to discuss quantitatively the data of Figs. 19 and 20 

one needs to know the A dependence of the number of recoil protons 

in different models, for example, in multiple scattering models. 

In this case it is easy to show that, if a projectile collides with 
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nucleons of a nucleus having 7. protons and A-Z neutrons and the probability 

of inelastic charge exchange for a nucleon is q, one would have 

A 7 

n (hA) /n (hN) - V * vP(v) [q + (1 - Zq) f]. (20) 
P P i—l A 

V-l 

It follows from this formula that if q < 0.5 (experimental data on hN 

Alteration give q = 1/3), the A dependence of the considered ratio would 

be weaker than the A dependence of ( y). In particular, for emulsion 

nuclei under a power law approximation n (pA)/np(pN) ~ A , the value of 
59 the exponent was found to be a • 0.25, instead of 1/3 as for < y K 

So, one can conclude, the results of the calculation are in a good 

agreement with the data of Fig. 20b (in the range 1 GeV/c < p < 3 GeV/c). 

It is now clear that the rapid increase of a(p) at p < 1 GeV/c 

(Fig. 20a) indicates the presence of other additional mechanisms of 

formation of protons in that region of momenta; we can attribute them 

to cascading, cumulative production, evaporation, and so on. It is 

interesting to note that angular distribution of protons also essentially 

depends on their momenta; the overwhelming majority of protons having 

p > 1 GeV/c turn out to be emitted to the forward hemisphere in the 

laboratory system. At p < 1 GeV/c an amount of protons emitted to the 

backward hemisphere (the region kinematically forbidden for hN collisions) 

rapidly increases with decreasing p. 

It is important that the number of fast recoil protons was found 

to be essentially dependent on the quantum numbers of a projectile. 

So, in IT Ne and TI Ne interactions at 10.5 GeV/c studied in identicaJ. 

experimental conditions, these numbers turn out to be 0.78 and 0.46, 
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respeetively. It is even sore interesting that the senaibleness of 

the yield of nucleons (neutrons and protons) to the quantum numbers 

of the projectile conserves even in the region of cumulative production. ' 

It is necessary to say that there exists another way to study 

multinucleon interactions in nuclei. One can also investigate distribution 

of the total charge of relativistic particles Q • n + n - The 

data available for ti'c interactions at 4 (Ref. 78) and 40 (Kef. 77) 

GeV/c and for ̂ ±Ne interactions at 25 and 50 GeV/c (Ref. 79) show 

that: 1) <Q> weakly (if at all) depends on E 0; and 2) Q distributions 

are reproduced satisfactorily within the Glauber model framework. 

Finally, it is necessary to discuss important results of very 

recent experiments on the measurement of polarization of particles 

(nucleons and A-hyperons) in the target fragmentation region 

from hA interactions in a wide range of primary energies (up to 400 

GeV). The main results of these experiments are as follows: 1) nucleons 

and A-hyperons from hA interactions turn out to be polarized; and 

2) polarization decreases with increasing A and decreasing momenta 

of nucleons in the nucleus fragmentation region. 

The totality of data presented in this section cast doubt on 

all models of hA interactions in which, as a result of collisions 

with a projectile, the nucleus as a whole or its part (tube) turns 

into highly excited state with subsequent decay leading to formation 

of the final system of nucleons. The data presented do not necessitate 

inclusion of collective effects for describing phenomena in the target 

fragmentation region, the only exception being the region of cumulative 

particles. But the existence of polarizations of cumulative particles, 
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in our opinion, give the cogent argument indicating that the origin 

of this collectivity (i.e., the aechanissi of formation of cumulative 

particles) is related not with "large" properties in spatial dimensions 

objects (like tube), but with local propertiea of hadronic matter. 

This means that most probably the short-range effects between intranuclear 

nucleons and "fluctuons" are responsible for cumulative production 

of particles. 6 7' 7 1 

Before ending this section we would like to stress once more 

that the considered kinematic region is very important for distinguishing 

between different models simply due to ' he fact that only intranuclear 

nucleons are spectators and probes of the production process. Therefore 

the new, more accurate and definite experimental data in this region 

are of urgent necessity, especially at higher primary energies and 

for different projectiles. 

Correlations in hA Collisions 

When studying hN interactions it has been recognized that sometimes 

standard characteristics of the process are not sensitive enough to 

discriminate different models of multiple production; therefore much 

attention is paid now to the study of multiparticle (correlation) 

phenomena. The same is true for nuclear production as well. 

Two-particle rapidity (or pseudorapidity) correlations among 

relativistic particles produced in hA collisions have been investigated 

in a number of papers (see, e.g. review Ref. 58) using correlation 

functions 
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The pain results obtained froa analysis of two-particle correlation 
functions in hA interactions are as follows: 

1. It is observed that there exist positive short-range 
correlations (similar to those observed in hN collisions) 
which cannot coapletely be explained by trivial and kineaatic 
factors. They are present in a wide range of investigated 
energies (20 to 400 GeV) and probably increase somewhat with 
E 4 6 

2. In hA interactions, in qualitative analogy with hN collisions, 
correlations between pions depend essentially on the signs 

+ — — — + — 72 73 
of charges of pions (n i , u i , u n , ch-ch). ' In parti
cular, correlations between pions with different signs of 
charge are considerably stronger than for pions with the 
same sign of charge. 

3. Values of the normalized correlation function R2 decrease 
considerably with increasing atomic number of the target, the 
number of g-partides, and v. It is necessary to point out 
that the decrease of R2 has been experimentally observed for 
many types of particles produced in hA interactions. So, for 
instance, the values of R2<0,0) have measured at 0.68±0.18 
and 0.34±0.09 for pairs of y-quanta, and 0.26±0.04 and 

- - - -12 0.09±0.8 for TT TT in 7T N and IT C interactions, respectively, 
at 40 GeV/c (Ref. 73 and 74). Further in a very nice counter 
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experiment on pA interactions at 400 GeV/c, Ref. 75, it has 

been observed that in the central region for particles of 

various species the larger nucleus decreases correlations. 

The quantitative calculations of correlation functions in the 

framework of different models of nuclear production have been performed 

in two cases: 

In the first case, correlation functions were calculated in the 

framework of the CTM with the Monte Carlo method, as reported in Ref. 46 

and 48. It has been shown that in the CTM the function R2 practically 

does not depend on A, which disagrees with the data up to 400 GeV/c 

(see an example in Fig. 21a). The same conclusion has been drawn in 

Ref. 11, and the observation was also made that the observed A dependence 

of R2 is consistent with predictions of multiple scattering models. 

In Ref. 41 it has been stressed that within the CTM, Rj (h-tube) " 

R2(hN) only outside the target fragmentation region. We have discussed 

above that in the central region R2(0,0) decreases for particles produced 

in hA interctions even at very high energies (see Fig. 21b for an 
72 example of TT~BII interactions at 50 GeV/c.) These results are in 

41 obvious disagreement with the CTM predictions. If one assumes that 

the central region, even at such high energies, contains products 

of tube fragmentation, this would simply mean that even at the highest 

FNAL energies the CTK is not yet applicable. 
68 

The second case was a very recent paper in which two- and three-
particle correlation functions have been calculated in the framework of 
several multiple scattering models. In all these models, correlations 
do decrease with A. The authors demonstrate that the models considered 
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lead to different quantitative results. Therefore it is very instructive 

to develop investigation of correlation functions in nuclear production. 

As an example we replotted in Fig. 22 the dependence of R2(0,0) on A for 

AQM and the quasi-eikonal model along with experimental results for pEm 

and 7T Em interactions at 200 GeV/c; it is seen that the data, although 

not decisive, show better agreement with the predictions of the AQM. 

More direct and visual information about the character of correlation 

relations between produced particles can be obtained from analysis 

of correlations in the transverse (azimuthal) plane. 

In Refs. 45 and 69 the normalized differences 

6inc ' (< V e > f/2" < »2>E < „/2)/(< n2> £ > w / 2 + < n ^ < „,,) < 2 1> 

of associated multiplicities of particles of type 2 in inclusive reactions 

h + N | 
h + A \ 

have been considered as a function of species of charged particles 1 

and 2, the relative distances among them along the longitudinal axis 

(for example Ay = | yi~y21 o r An = An -n J) and for different kinematic 

regions. The quantity £ in Eq.(21) is the azimuthal angle among particles 

1 and 2 E = arccos. 

The quantity 6inc n a s a simple meaning; it is the average amount 

of the transverse momentum of "trigger" particle 1, compensated by 

one partner particle of type 2. It is easy to calculate 6 for the 

simplest (the so-called global) mechanism of pjj compensation (for 

statistical production from one "center", for examle), if one knows 
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•ultiplicity distributions of "visible" (for example, charged) and 

invisible (neutral, for instance) secondary particles. 

Figure 23 exemplifies the dependences of 6i n c on pseudorapidity 

of particle 1 (1 and 2 are relativistic particles) in pH and pA interactions 

at 24 and 67 GeV/c in comparison with a calculation performed in accordance 

with a statistical-type model that takes into account the presence 

of invisible (neutral and recoil) particles. One can observe good 

agreement for N interactions, whereas for pA interactions correlations 

caused by the conservation of transverse momentum are weaker considerably 

than in the model. The following is of importance here: 1) the same 

picture turns out to be conserved up to 400 GeV/c (only the absolute 

values of 6i n c in both interaction classes decrease with E 0 and (n), 

and 2) dependence of Sjnc on 1] does not depend on An (for details 

see Ref. 69), i.e., correlations have a long-range character. 

These features of correlation relations between particles in 

hA interactions seem to be vaguely understood both in purely collective 

and in cascade type models. The fact that "local" compensation of 

P1X does not exist contradicts also such models as the model of indepen

dent clusters. Most naturally, although qualitatively, the observed 

weakening of azimuthal correlations in hA collisions may be reached 

in models with hadronic constituents. 

We would like to note that it seems to be of urgent importance 

to further investigate correlation phenomena in hA interactions based 

on more accurate data, especially quantum numbers correlations. 
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CONCLUSIONS 

Let us briefly generalize results of our discussion starting 

with some trivial remarks. 

The models of hA interactions considered above have the following 

mutual properties: 

1. At A •* 1 they reproduce (or must reproduce a"priori or 

a'posteriori) characteristics of elementary hH collisions; 

2. they take into account conservation laws, which play an outstanding 

role in the range of presently available nonasymptotic energies; 

3. all of them (with the exception of the cascade model) assume, 

more or less, the suppression of intranuclear interactions 

of fast produced particles, though the mechanism of such 

suppression is different in different models. 

These factors, along with the obvious scarcity of precise data, 

result in the fact that most of the models at first glance describe 

satisfactorily general trends of standard experimental characteristics 

and only a detailed analysis including a systematic consideration 

of a wide variety of experimental material, especially belonging to 

fine features of the process, could clarify differences in predictions 

of the modelB and their adequacy in describing reality. Such an analysis, 

in our opinion, allows one to conclude the following: 

1. With sufficiently high degree of confidence the totality 

of experimental data already existing allows us to rule out 

(in the range of accelerator energies) some models of hA 

interactions which are unable to describe a number of experimental 
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characteristics of Che process. In particular, the following 

concrete models are examples: a) the cascade model, b) the 
3 34 35 36 

?nergy-flux cascade model, ' c) purely diffractive models, * 

d) the coherent tube model, ' ' and e) the fan-diagram-

dominance model (see Refs. in Ref. 11). 

2. Statistical-hydrodynomical and multiple rescatterings appi /aches 

(especially those taking into account the composite structure 

of hadrons) describing a sufficiently large volume of experimental 

information and having a goo:, adaptability to new data and 

characteristics can be attributed to the most attractive 

theoretical approaches to the problem. For all this, the 

existing concrete realizations of these approaches do not 

necessarily describe all the experimental data. In particular: 

a) statistical-hydrodynamical approaches do work well in 

the central region of hA collisions, like in hN interactions; 

note that this does not contradict microscopic (constituent) 

models in which production mechanisms are different in 

the fragmentation and central regions; 

b) difficulties arise in the frameworks of statistical 

approaches in the projectile fragmentation region, where 

effects related to the composite structure of hadrons 

probably play a considerable role (again in the exact 

analogy with hN collisions); 

c) all the existing models of hA interctions have difficulties 

in the quantitative description of phenomena in the target 

nucleuB fragmentation region, where the low-energy cascading 
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and locally collective properties of nuclear matter probably 

play the considerable role. 

It seems to be probable, that the real mechanism of hA interactions 

should have two or amiticomponent character and the contributions 

of the components depend simultaneously on the atomic number of the 

target and on the incident beam momentum. 

We would like to stress that the present situation with both 

the volume and accuracy of experimental data available on hA interactions 

and the degree of the quanf ' ive elaboration of theoretical approaches 

to the problem is not satisfactory. From the experimental point of 

view we have no practical information about the cross sections and 

other characteristics of resonances in nuclear production, about the 

character of quantum numbers compensation and other fine correlation 

phenomena, about the composition of secondaries in different kinematic 

regions, and BO on, which undoubtedly would have the decisive role 

in the construction of a realistic picture of the complicated process 

of hA interactions. 

In conclusion we are glad to express our sincere thanks to 

A. M. Baldin, V. G. Grishin, 0. V. Zhirov, E. M. Levin, G. A. Leksin, 

N. N. Nikolaev, A. V. Tarasov, and Yu. M. Shabelsky for useful discussions 

of topics presented in the paper. We are deeply indebted to L. P. 

Chernovs, A. I. Bondarenko, V. Sh. Navotny, and V. I. Petrov for help 
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FIGURE CAPTIONS 

Fig. 1. r) Tbe structure of the final state in the cascade-evaporation 
model. 

b) The energy dependence of multiplicities of different types 
of secondaries in the tiEa interactions; the curves belong to the cascade 
model.2 

Fig. 2. The energy dependence of total and topological cross sections 
in coherent production by protons on emulsion nuclei.21 

Fig. 3. Three regions in the nucleus corresponding to different lengths 
of the effective target in the model.29 

Fig. 4. Fast hadron represented as a parton ladder. 

Fig. S. a) Multiperipheral production process giving the main contribution 
to the inelastic scatterin on nucleus in the FDDM. 

b) The fan diagram of Reggeon calculus. 

Fig. 6. Scattering on the nucleus as viewed in the leading particle 
cascade model. 

Fig. 7. a) The multiladder state of a fast hadron. 

b) Non-planar Mandelstam diagram for the double scattering. 

Fig. 8. Processes contributing to inelastic baryon-nucleus scattering 
in the additive quark model framework. 

Fig. 9. a) r(n) as a function of n in p-Em interactions at 24, SO, 
200, and 400 GeV/c.*6!5? The solid curves (1) correspond to the FDDM,11 

the broken curves (2) belong to the AQM,11,55 the chain curves belong 
to the CKM,39>40 curve (4) belongs to the LHK, 8 4 and the dotted curve 
(5) belongs to the LPCM.81 

b) y-dependence of o(y) in the parametriration r(y)-A for 
positively and negatively charged particles from nA interctions at 
300 GeV/c 8 2 

c) r(y) as a function of y for TT and IT mesons in 
interactions with several protons v-2 and 3 at 40 GeV/c. Selection 
of events with v-2 and 3 has been performed through the study of distribution 
of the total charge of the final system of relativistic particles. 
Fig. 10. The energy dependence of ymtjt-fle *-n D B * interactions. The 
solid curve belongs to the FDDM, the broken line corresponds to multiple 
rescatterings models.*° 
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Fig. 11. Inclusive redistributions in ir~A and pA interactions in eaulsion 
at 200 GeV/c.* 7» 5 7 

Fig. 12. Inclusive redistributions in 1T~A interactions *t 200 GeV/c 
with different n g values.*7 The curves correspond to the approximation 
of experimental data by sua of two Gaussians. 

Fig. 13. Dependence of (n.) on n g in pA interaction in eaulsion at 
24, 50, 67 and 200 GeV/c (froa the bottom, respectively). 

Fig. 14. a) a(n) versus n, in pA interactions in emulsion at 24, 
50, 200 and 400 GeV/c (from the bottoa, respectively).37'*6 The curves 
for 24 and 200 GeV/c belong to the UK.80 

b) ng dependence of "(y) for IT (0), IT (0) and protona (x) 
in pA interactions at 21 GeV/c.*' The straight lines show the saae 
for pN intentions. 

c) o2(il_vp) - o2(Trp) for it and Tr aesons as a function 
of v in TT~1^C interactions at 40 GeV/c.*3 

Fig. 15. n g dependencies of <n>fr(o), <n>- <n>fr(») and o(r|) 
of the right Gaussian of Fig. 12, corresponding to production of particles 
in the central and projectile fragmentation regions, in n En interactions 
at 200 GeV/c. 

Fig. 16. The ratios of yields of pions and protons produced in pA 4 < 6 < 6 
interactions at 19.2, 24 and 70 GeV/c52,86,B7 at 4 < 0 < 6 mrad in dependence 

i max 
OT * " "«/"<» • 
Fig. 17. Spectra of protons froa pA interactions »' '-i.l GeV/c 5 2 in 
comparison with the LPCM predictions.3^ Different curves in Fig. 17a 
show relative contributions of manifold scatterings. Figures in brac
kets show the number of inelastic and elastic scatterings, respectively. 

Fig. 18. a) The normalized yields of protons asd K+-meflons in pA 
interactions at 19.2 GeV/c 5 2 in comparison with the AQM predictions.55 

b) The same but for A-hyperons at 300 GeV/c. 5 4« 5° 

Fig. 19. a) Inclusive distributions of protons in ir~C •* pX and 7i"p X 
at 40 GeV/c.°8 The curves are Ferai-Dirac distributions; 

b) Integral aomentua distribution of relativiatic recoil 
(i.e. hving p < 0 in the pN c.m.s) protons froa pN •+ pX and pEm •+ pX at 
21 GeV/c.5? 

Fig. 20. The momentum dependence of the <x(p) in the paraaetrization 
phA C)/ phN i p) " A a ( p ' for ir"C interactions89 and for pEa interactions 
at 21 GeV/c.59 
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Fig. 21. a) ng-dependence of the correlators 1*2(1 1J12) *"& R2(°>1) 
in pEn interactions at 400 GeV/c. Curves belong to the calculations 
in the CTM framework. 46 

b) R2^yi»y2) f° r ""-J" *n<* c n ~ c n combinations in ""£• and Tr"p interactions at 50 GeV/c.'2 

Fig. 22. The A-dependence of the R2(0,0) in pA(a) and TTA (b) 
interactions within the AQH (curve 1) and the QEM (curve 2) frameworks. 
The data points belong to pEm and iTEm interactions at 200 GeV/c.68 

Fig. 23. Dependence of 6 t t on A} in pN and pEn interactions at 21 
and 67 GeV/c. Curves belong to the statistical model, the broken 
lines show the experimental average values. 
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Figure 12 
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