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ABSTRACT 

We have-extended tfhe intranuclear cascade model of Chen 

>V +k to high-energy reactions between two heavy ions. The results 

of the calculations are conpared with experimental results for the 

inclusive proton and pion cross sections, two-particle correlations, 

particle Multiplicity distributions and spallation cross section 

distributions from light (l2C*12C) to heavy (4.°Ar*2-3-8U) 

projectile-target systens in the laboratory bombarding energy range 

E/A* 250-1000 MeVV The comparison shows that the model is fairly 

successful in reproducing the various aspects of high-energy reactions 

between heavy ions. JThe discrepancies between the calculations and the 

experimental results are probably due to sJiortcomings of the present 

calculation, particularly the neglect of interactions between 

cascade particles, and do not provide strong evidence for - -

cooperative phenomena in high-energy heavy-ion reactions. tfc~ i 7 

aiio_sJvow_ that the assumption that high particle multiplicities are 

indicative of "central" (small impact paremeter) collisions are well 

founded for heavy projectile-target systems. -• -



NUCLEAR REACTIONS: Compared predictior of intranuclear 

cascade model for high-energy heavy-ion reactions with 

experimental results for inclusive proton and pion cross 

sections, two-particle correlations, particle multiplicities, 

spallation cross sections. E=250-1000 MeV/nucleon. 
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I. Introduction. 

The recent interest in very energetic heavy ion collisions 

is due to the availability of a number of heavy ion accelerators 

capable of projectile energies from a few hundreds MeV to a few GeV 

per nucleon and the chance to detect various exotic phenomena which 

are predicted to occur in these reactions juch as nuclear shock 

waves [1], pion condensates [2] and nuclear density isoners [3]. 

More generally, it is of great interest to explore what happens when 

nuclei become highly excited, and possibly highly compressed. 

Due to the complexity of the relativistic quantum mechanical 

many-body problem there is little hope of constructing in the near 

future a theory which would make it possible to calculate reliably 

the exotic processes. One should however be able to separate the 

"conventional" from the "exotic" processes both experimentally and 

theoretically. It is therefore useful to construct a reasonably 

tractable theory, using suitable approximations, to identify the 

"conventional" features of the process. A number of models of this 

kind were recently developed, including the "fireball-firestreak" thermal 

models [4,5], the "relativistic hydrodynamics" models [6], the 

"classical equation of motion" models [7], the "direct knockout" 

models [8], models based on the Glauber theory [9], and the 

"intranuclear cascade" model [10]. 

In the present work we present a version oi the "intranuclear 

cascade" (INC) model which is applicable to relativistic heavy-ion reactions. 

Our approach is a direct generalization of the "VEGAS" calculation 

[11). This calculation treats fairly accurately the multiple collision 
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processes in the nucleus but disregards completely the possible 

nucleon-nucleon correlations. Both the target 

and the projectile are treated initially as cold Fermi gases in 

their respective potential wells. The entire calculation is based 

on concepts of relativistic classical mechanises - i.e. momenta and 

coordinates (trajectori*s) of the particles are treated classically. 

The nucleon-nucleon cross section used in the calculations 

are the "on-nass shell" free nucleon-nucleon cross-sections. The 

only quantum-mechanical concept incorporated is the Pauli principle. 

The pions are produced and absorbed via A-_- formation, decay and 

capture. 

Section II is devoted to the description of the generalization 

of the "VEGAS" calculation (11J to treat heavy ion collisions. In 

sections III and IV the calculated proton and pion inclusive cross 

sections are compared with experiment. Section V deals with the 

two-particle correlations. Results related to high-multiplicity 

events are presented in section VI. Section VII deals with the 

calculation of the residual nuclei. A number of systematic studies 

are described in Section VIII. Our conclusions are presented in 

Section IX. 



II. From "VEGAS" to Relativistic Nucleus-Nucleus Collisions. 

The technique of the, "tiKB-.Uke" Monte Carlo simulation of 

intranuclear cascades for the nucleon-nucleus and pion-nucleus 

collisions was described in detail in Ref. [11]. In the present 

section we list only the changes introduced to describe the relativistic 

nucleus-nucleus collisions by the sane simulation nethod. In the 

following we use the terminology and notation introduced in the 

Appendix of Ref. [11]. 

1. The nuclear density distributions in both the projectile 

and the target are approximated by a step-function distribution. 

The relative densities in the 8 constant density regions were fitted 

to the folded-Yukawa-sharp-cutoff density distribution with the sharp 

cutoff radius R^l.lSA1'3 £m (half density radius R1/2=1,1B[1-.85A~2/3]A1/3) 

and t*rfl .-r- g»2.4 fn; rQ ^ and rQ g being the radii at which the 

density drops to .1 and .9 tines the central density (which is always 

.145 fm ), respectively [12]. 

2. Both the target and projectile particles reside in 

potential wells. The momentum distribution of the nucleons in both 

the target and the projectile is assumed to be that of a degenerate 

'-'errai gas. The depth of the potential well for protons and neutrons 

is the sua of the corresponding Fermi energy and the separation energy. 

3. The projectile is Lorent- contracted in the target rest 

frame. All calculation are performed in the target frame. 

4. Effects of the Pauli principle are taken into account 

for both projectile and target. Cascade particle energies are not allowed 

to fall below the Fermi energies in either the target or projectile 
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systems. 

5. We consider interactions between the Fermi sea particles 

of the projectile and the Fermi sea particles of the target, or between 

the cascade particles (i.e. particles which have been lifted out of 

the Fermi sea) and Fermi sea particles of either projectile or target. 

Interactions between particles in the same Fermi sea are not allowed. 

In the present version of the program we neglect the interactions 

between cascade particles. 

6. The cascade particles in the region of overlap between 

the projectile and target are followed until they leave the region 

(independent of their kinetic energy}, whereas outside of the overlap 

region they are followed until they either leave the projectile and 

target volume, or their energy falls below a given cutoff energy. 

The prescription for the cutoff energy is the same as in ref. [11]. 

7. As a cascade develops the density in the participating 

Fermi seas is depleted. Since the detailed nature of the density 

rearrangement is unknown, we have applied two extreme prescriptions: 

(a) "fast rearrangement": After each collision with a 

target (projectile) partner, the density distribution p. of the 

"partner" type (i-denotes proton or neutron) in the target (.projectile) 

is instantaneously and uniformely reduced for the whole nucleus. In 

addition, any given particle is not alluded to interact hithin a distance 

smaller than pT from its last interaction. 
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(b) "slow rearrangement"; After each collision a "hole" 

of volume 1/p̂  is punched in the density distribution configuration 

space around the position of the interaction. No wore interactions 

are allowed in thij "hole" volume (13). 

The "holes" ma/ be either isospin dependent or isospin independentf 

i.e. we may "punch" them for protons and neutrons independently 

using their proper densities, or "punch" holes for "nucleons" using 

for the radius the total nuclear density. 

Most of the numerical results of the present paper were 

calculated using the "slow rearrangement time" prescription (b) with 

isospin-independent "holes". 

8. The residual excitation energies of the target and the 

projectile are the sums of the hole (in the particle-hole sense) 

energies and the energies of the particles which fell below the 

cutoff. The residual linear and angular momenta are calculated in a 

similar fashion. The projectile velocity is kept constant during 

the collision, the recoil being calculated at the end. 

As in the particle-nucleus version of the INC 

model we include the pion production and absorption modes via the A,, 

resonance formation in nucleon-nucleon scattering [14]. 

N • N * t>zi * N 

*33 * » * " 

No additional modes of pion production or capture are included. 
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The reflection and refraction of cascade particles at the 

boundary between two density regions and at the nuclear surface are 

neglected in the present calculation and in this respect the present 

model is equivalent to the STEPNO version of Ref. [11]. Isobar-

nucleon exchange scatttering is treated as in Ref. [14]. The pion-

nucleus potential is neglected (V -0). Pion-nucleus isobar (i-resonance) 

production is calculated using the Sternheimer-Lindenbaum prescription 

with p-wave decay as described in Ref. [IS). 

III. Proton inclusive spectra. 

The double-differential inclusive proton and pion cross 

sections are calculated by counting the particles leaving the system. 

When comparing our calculated cross sections with the experimental 

data the following points should be kept in mind: 

(a) Our calculation does not include complex particle 

production. Ne count the individual protons and neutrons leaving 

the system and disregard the fact that they may actually be 

constituents of d.t.aetc. Since the complex-particle inclusive 

cross sections decrease with energy faster than the proton inclusive 

cross sections we expect to overestimate the experimental proton 

inclusive cross section at low energies. 

(b) The spectra presented here do not include "evaporation" 

particles. The evaporation particles will fall mainly in the low and 

high energy regions of the spectra (corresponding to target and 

projectile evaporation). 

Fig. 1 shows the double differential cross section for the E/A-

tQ 238 
250 MeV Ne • U •* p • X reaction. Our results for both slow 



and fast rearrangement are compared with the data of Poskanzer [16]. 

The experimental spectrum includes both "free" protons and those 

bound in complex clusters. There is generally good agreement between 

the calculated results for slow rearrangement {solid-line histograms) 

and the experimental cross sections. We underestimate the experimental 

data for forward angles at low energies. Fig. 2 shows the inclusive 

proton cross section for the same reaction at 400 MeV/ nucleon 

bombarding energy. The experimental data of Poskanzer [16] are well 

reproduced. The experimental spectrum includes here only the 

"free" protons. This probably accounts for our small overestimate 

of the experiment for E<100 MeV whereas the underestimate at low 

energies and forward angles of the 250 MeV/particles data may be due 

to our neglect of particle evaporation from the target. The dip in 

our cross sections for E<25 MeV reflects the energy cutoff introduced 

in our calculations. 

In Figs. 3-6 we compare the calculated invariant cross sections 

for protons at 800 MeV/particle bombarding energy for four different 

projectile-target systems: light-on-light ( Ne+ Ne), intermediate-

on -intermediate (40Ar • 40Ar), light-on-heavy (20Ne • 208Pb) and 

intermediate-on-heavy ( Ar + Pb). The experimental data are of 

Nagamiya et^aj^i [17], and include "free" protons only. (The experimental 

projectile-target systems were actually Ne + NaF (Fig.3) and 

40Ar + KC1 (Fig.4]). 

Although there is generally fair agreement between the 

calculations and the data, there exist some systematic discrepancies: 

In all four systems the calculations overestimate the low-energy 

cross sections. The discrepancy grows with the mass of the projectile 
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and target. A part of this discrepancy may be due to the absence 

of complex panicle production in the calculation. (The complex-

particle inclusive cross sections grow with the projectile and 

target messes). In addition there is a tendency of our results to 

underestimate the high-energy,, backward-angle part of the spectra 

whereas for heavy systems (20Ne*208Pb, 40Ar+208Pb) we also 

overestimate the forward angle part of the spectrin. The origin of 

the above discrepancies is not clear. The underestimate at backward 

angles and high energies may at least be partly due to our neglect 

of reflections and refractions at the density boundaries and nuclear 

surface (11]. On the other hand it is possible that the discrepancy 

at high energy and backward angles points to a high momentum tail 

in nuclear Momentum distributions [18]. 

IV. Pion inclusive spectra. 

Pigs. 7-10 show a comparison between the calculated and 

experimental inclusive pion production at 800 MeV/particle bombarding 

energy for four different systems. The experimental data are those 

of Nagamiya et^aK [17]. Although all the experimental points 

represent negative-pion production data, we ha -̂  averaged oui 

calculations over positive and negative pion inclusive cross sections 

for the light N-Z systems (20Ne+20Ne, 40Ar*40Ar, Figs. 7 and 8) in 

order to improve statistics. 

The slope of the invariant cross sections is well reproduced 

for all the systems* energies and angles considered, but we overestimate 

the pion inclusive cross section. The overestimate is larger for 
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heavy systems and for backward angles. This may be due to too 

little pion absorption in our code. The inclusion of cascade-

cascade interactions will contribute additional pion absorption 

but also some additional pion production. Hence its total effect 

on the calculation is not clear. A part of the overestimate may 

also be due to our neglect of the pion-nucleus potential (14). 

V. Two-particle Correlations. 

The measurement of two-particle correlations in high-energy 

heavy-ion collisions yields information on the "thermalization" 

occurrring in these processes. This information is of particular 

interest for statistical models such as the "fireball" [4] and 

"firestreak" f5] models, which assume complete "thermalization" 

during the collision. Such models naturally do not predict correlations 

between the emitted particles. The assumption of complete thernalization 

seems unrealistic for collisions between two light ions in which 

the number of collisions per emitted particle is necessarily quite 

small. In these collisions some con elation between these particles 

is therefore to be expected. Our present calculation overestimates 

the size of the correlations between the emitted particles since it 

neglects the interactions between cascade particles. Indeed, our 

overestimate of this correlation night be taken as an indication of 

the effect of the collisions between cascade particles on the 

"theraalization" of the emitted particles. 



In Fig. 11 we compare our calculated two-proton correlations 

with the experimental results of Nagamiya et̂  a U [17] for E/A*=80l) MeV 

12C + 1 2C, 4 0Ar + 40Ar and 40Ar + 208Pb reactions. Our definition 

of the two-particle correlation follows here that of Nagaraiya et al.: 

If in a given cascade a particle ("trigger particle") is emitted 

in the laboratory polar angle 6
t e i e s c 0 D e ("telescope angle"), the 

particles in the polar angular range 35°<'J<45° ("tag counter angle") 

are examined and their azinuthal angle with respect to the trigger 

particle determined. C is defined as the ratio of the number 

of such particles in the azimuthal runge $»i8i)0±o4> (fi^lO0) to the average 

number of particles in the azirouthal ranges^ = ±90° ±A$. The azimuth 

angle of the "trigger" particle is <J>=0. C will be large (>1) if the 

number of interactions/particle in the collision is small (0« in the 

limit of only single elastic nucleon-nucleon collisions, neglecting 

Fermi motion) whereas C«l for a thermal distribution. C<3 is 

expected when the particles are preferably emitted in the same 

azimuthal hemisphere. Such a result might be expected for 

peripheral collisions with heavy nuclei due to a "shadowing" effect 

[17]. In the experiment the "trigger" and "tagv' particles wt?rt protons 

whereas in order to improve the statistics of the calculated results, 

12 12 
they pertain to both neutrons and protons. For O C both the 

experimental and the calculated results show C>1 and both peak at 

6 , » 40°. But the calculated maximum value of C is 02.7 
telescope 

whereas the experimental one is Ol.S. In other words the calculated 

results show a larger degree of correlation than the experimental ones. 

Preliminary estimates shov» that this discrepancy may be entirely due 

to the omission of the cascade-cascade interactions. 



The peak of the C-distribution at S , * 40° corresponds to 
telescope 

a laboratory opening angle of 80° degrees between *he tw« 

correlated particles which is consistent with quasi-elastic 

scattering. 

The results for Ar+ Ar agree very well. Neither 

experimental nor calculated results show an appreciable degree of 

correlation. As already mentioned the correlation is indeed expected 

to be considerably smaller for heavier systems. The experimental 

results for Ar* Pb seem to be somewhat lower thin C=l, indicating 

perhaps a slight degree of shadowing. The calculated results on the 

other hand are slightly above O l . The small discrepancy is also 

probably due to our neglect of cascade-cascade interactions. 

A somewhat Bore detailed study of the two-particle correlations 

was made by Gutbrod [19]. He measured the correlation between a proton 

in the kinetic, energy range 30-200 MeV detected in the particle 

telescope at a given polar angle 8
t e i e s t . Q D e

 a n d **u a n d atlv charged 

"tag" particle with kinetic energy above 25 MeV in the polar angle 

range 9°<6<£0° and azinuthal angle $. R ($) is defined 

Rf*l i number of "tag" particles detected at angle • j 
'•'•' s number of "tag" particles averaged over $ 

Hence R(+}." 0 if thercis no angular correlation between the "trigger" 

particle and the "tag" particles. Fig. 12 shows the experimental 

results for the reaction Ne+ U at an energy E/A-400 MeV for the 

telescope angles 6 • 50°, 90°, 130° together with our calculated 

results. The agreement is surprisingly good for both the absolute 

value and the angular trend of the two-particle correlation. 



VI. Particle multiplicity distributions. 

We r.tfxz Lonpare our calculated results with the 

experimentally measured particle multiplicity distributions. The 

measured quantity is the associated multiplicity m.i.e. thu 

number of "tag" particles measured in coincidence with a "trigger" 

particle detected in a given direction 9 and $=0. The "tag" 

particles are measured in a given polar angle interval 6iA6 but 

at any azimuthal angle $• Most of the experimental results 

available so far have unfortunately not been corrected for the 

incomplete coverage of the tag detectors in the azimuthal direction. 

We therefore "corrected" our calculated results for the 

experimental efficiency. This procedure has the disadvantage that 

the calculated results so "corrected" are pertinent only to the 

specific experiment in question and are of little general significanre. 

Moreover, the size of the corrections is very large, especially for 

high multiplicities. 

In Fig. 13 we compare our "corrected" results with the 

data of Nagamiya (17] for the reactions Ar+XCl and Ar+ Pb at 

E/A*800 MeV. The figure shows the normalised charged particle yield 

Y (6 ) / * Y (6 ) of given m as a function of the spectrometer (i.e. 

trigger particlel angle 9 . The "trigger" particle is a proton 

above E*100 MeV whereas the tag particles are charged pions (of any 

energy) and protons above E*100 in the polar angle range 35 <6<45°. 

The "calculated" azimuthal efficiency was 54%. The agreement 

between calculated and experimental results is good except for 

m>7 and m*8 where we underestimate the experimental results. 
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In Fig. U we show our results togvth-.-r with the experimental 

associated multiplicity distribution P(m) tor ~ Ne-* " Au at E/A=4P0 MeV 

of Gutbrod \19}. The "trigger" particle is a proton of energy 

<200 MeV and the "tag" particles are protons and charged pions with 

energy >25 MeV. The "trigger" particle was detected in a telescope 

positioned at 6. .=90 and the "tag" particles were detected with 

high efficiency in the angular range 9 <&<&0 and with very small 

efficiency in the range 120 <6<160 . Our calculated results for 

slow and fast rearrangement were again "corrected" for the 

experimental efficiency. However, for simplicity the "calculatpd" 

efficiency was assumed to be 80% for the angular range 9°-80° and 

zero at other angles. The calculated distributions are somewhat 

narrower than the experimental one (both the experimental and 

calculated distributions are normalized to £P(m)»l). As a result 

the calculated multiplicities are below the experimental one for low 

multiplicity and above the experimental one 10<m<15. 

VII. Distribution of Residual Nuclei. 

The INC model assumes that a high-energy nuclear reaction 

can be divided into two stages: The fast or pre-equilibrium stage 

which is described by the INC model lasts MO-""11;; and the slow or 

equilibrium stage which is described by the statistical or evaporation 

model and lasts many orders of magnitude longer. 



One of the traditional tests of the validity of the 

INC model for high-energy nuclear reactions has been 

its ability to reproduce the experimentally measured distribution 

of the residual nuclei in these reactions. While this test is perhaps 

less detailed than the comparison with the double differential cross 

sections of the emitted particles, it tests one aspect of the reaction 

which cannot be examined through the measurement of the emission of 

the particles emitted in the fast stage of the reaction, namely 

the excitation energy of the nuclei at the end of the intra-nuclear-

cascade ?tage. As already Mentioned, this test requires the 

"addition" of an evaporation calculation at the end of each cascade. 

Ke have used the code of Dostrovsky et al. [20] with a=A/20 

(a - the level density parameter) for this part of the calculation. 

This code ignores the effect of angular momentum on the evaporation 

process. However, as will be seen below, the average angular 

moment tin imparted to the projectile and target nuclei in a high-

energy heavy ion collisions is quite small compared to their very 

high average excitation energy (i.e. the average angular momentum 

per emitted particle is small). Hence the omission of angular 

momentum effects will not seriously affect the calculated results. 
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Unlike particle-nucleus reactions, high energy nea^y-ion 

collisions result in two distributions of residual nuclei or 

spallation products: that of the projectile and that of the target. 

The two are mostly readily separated experimentally by their 

rapidities which center around the projectile and target rapidities 

respectively. Most of the projectile fragmentation studies 

[21-23] were done with very light (A5I6) ions. He therefore compare 

our calculations with the results of target fragmentation studies. 

An additional complication facing the comparison of our 

calculation with the experimental residual nucleus distributions 

is the fact that most target fragmentation studies of medium-mass 

targets were performed at an energy of E/A*2.1 GeV [24-26] whereas 

our calculation is limited to E/A<1.0 GeV. (We did not compare our 

calculation with the experimental results for uranium, lead and gold 

targets (27) because of the complication introduced by the 

appreciable fission probability of these targets at high excitation 

energies). On the other hand the limiting fragmentation hypothesis (2fij 

when applied to high-energy heavy-ion reactions predicts that the 

spallation cross sections are approximately independent of the 

bombarding energy for E/A >1 GeV. This seems to be borne out by the 

experiments of Cumming e£ al̂  [24,25,23]. We therefore feel justified to 

compare the experimental spallation cross sections taken at E/A-2.1 

GeV with our calculated results at f/.W.O GeV. 
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In Fig. 15 we show a comparison of the experiaental results 

for the target spallation cross section as a function of the residual 

nucleus mass number for the reaction C+Ag of Porile et_ a^. f2oJ. 

The experiment was performed at E/A*2.1 GeV whereas the calculations 

were performed at E/A-1.0 GeV. The experimental results are in the 

form of cross sections for the formation of about 100 radionuclides 

in the mass range A»40-105. (The different symbols indicate the 

fraction of the isobaric yield which was measured • For details see 

Ref. I26]). The calculated results have been averaged over 5 mass 

units so as to reduce statistical fluctuations. The solid anC 

dashed histograms refer to slow and fast rearrangement of the nuclear-

density distribution after each collision, respectively. The 

agreement between the experimental and calculated values for slow 

rearrangement is good, except perhaps in the mass region A=45-60 where 

the calculation overestimates the cross sections by ^3Q%. This is 

a region which is only reached in collisions in which a large number 

of nucleons were knocked out and consequently a relatively low-mass, 

very highly excited nucleus was formed in the INC, i.e. this is the 

mass region reached by the end products of "central" ( snail impact 

parameter) collisions. We have no explanation for this discrepancy. 

In Fig. 16 we show a comparison of the isotropic yield distribution 

for four elements for which at least four isotopes were measured. It 

seems that in all cases the calculated isotope distribution is wider 

than the experimental one. It has been suggested by Porile [26] that 

this may indicate the effect of isospi..' correlations in the nuclear 

ground-state which have been discussed by Bondorf e£ al_ [30], These 

correlations are at best very crudely taken into account in our model 
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(see below). It is however surprising that the discrepancy docs not seem 

to diminish with the Z of the residual nucleus, despite the 

fact that the isotope distribution for 2»27 (and to a lesser extent 

also for Z=33) is essentially determined by the nuclear evaporation 

process only (i. the (M-A) values and to a lesser degree pairing 

and shell effects) and are largely independent of the isotope 

distribution at the end of the INC, 

In Tig. 17 we show some of the results of a comparative 

12 40 i 40 
in-beam gamma-ray study of the reactions C+ Ca and He* Ca ai 

E/A = 400 of Shibata et̂  al_ [51], together with our calculated results. 

It is seen that the calculation reproduces very well tht; experimental 

12 cross sections for the C projectile but it seems to underestimate 

somewhat the cross sections of the light residual nuclei (" Ne and 0) 

4 12 

for the He projectile. This is of interest since for the C+Ag 

reaction at E/A*1.0 GeV the calculations seemed to overestimate the 

long INC-evaporation chains. 

VIII. Systematic studies. 

1. Depletion of the nuclear density distribution. 

Most of the results presented in this paper were calculated 

with the "Slow" rearrangement assumption (see Section II). In order 

to show the effect of this assumption, 

we show in Figs. 1 and 2 the results based on the fast rearrangement 

option in broken lines. It is seen -jhat in general the results for 

fast rearrangement are above those using the "slow" option and 

indeed the average number of particles emitted with the"fast"option 

is higher by ^30% than for the "slow" option, and in most cases the 
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latte" option gave somewhat better agreement with the experimental 

results for the inclusive cross sections. However, the 

fast rearrangement option seem* to #ive better agreement for very 

high multiplicities (.Fig- 14]. 

The results for fast rearrangement are also presented in 

broken lines in Figs. 15 and 16 showing the spallation residue cross 

i ? 
sections for O A g (nat) at E/A=l GeV. [t is seen in Fig. 15 that 

the fast rearrangement cross sections are in general lower by M5*» 

than t!.e "slow" cross sections in the mass range A=40-105. This 

however is not the case for A<40 where the "fast'V'slow" ratio 

increases rapidly with decreasing A and compensates for the lower 

"fast" cross section for A>40. (The total inelastic cross section 

is ^ 2400 •nb for both options). This behaviour of the two versions 

for density depletion agrees with -he results for the inclusive 

cross sections: The average number of particles emitted is larger by 

^30% for the fast rearrangement scheme. Comparing the two versions 

with the experimental results we again find that the slow rearrangement 

limit seems to give a somewhat better agreement with experiment. 

Perhaps the most interesting comparison between the two 

density depletion schemes is shown in Fig. 16 (isotope distribution 

for the selected elements), he mentioned that the narrower 

experimental distribution was taken by Poriie [26] to be evidence for 

ground-state isospin correlations. This correlation is treated quite 

differently by the two depletion schemes. In the slow rearrangement. 

isospin dependent limit used in Fig.lb this correlation is local in 

configuration space .in that a 'hole" of given isospin is created in the density 
4 

distribution at the site of an interaction with a Fermi sea particle 



of that isopin) whereas in the "fast rearrangement" linit this 

correlation is much weaker but is spread over the whole nucleus 

(the density of given isospin is reduced over the whole nucleus). 

Comparing the results of the two options for the isotope distribution 

we see that in general the "fast rearrangement" scheme results in a 

somevhat narrower distribution than the "slow" limit for 1 close to 

the target but this distribution is still wider than the experimental 

one. (As expected the two schemes yield a similar width for Z far 

removed from the target since here the isotope distribution is 

essentially determined by the evaporation following the INC). 

2. The geometry of the INC. 

Several models for high-energy heavy-ion collisions, among 

them the "abrasion-ablation" model [32] the "fireball" model [4], its 

modification in the form of the "firestreak" model [5] and the 

"rows on rows" model [9] assume that the number of nucleons taking part 

in the interaction ("participants") is given by the number of nucleons 

in the overlap region of the two interpenetrating nuclei (assuming 

straight line geometry) whereas the rest of the nucleons ("spectators") 

do not take part in the fast stage of the reaction. The mean (over 

the impact parameter probability) number of "participating" protons 

according to this assumption is [ 9]: 

Thus when the Man proton aultiplicity M (i.e. the average 

total niwber of protons eaitted in the interaction) is plotted as 

a function of g for all reactions, we 

expect on basis of this assumption all points to lie on the straight 
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40Ar+40Ar, 20Ne+208Pb and 40Ar+208Pb at E/A«800MeV in Figure 18. 

It is seen that the calculated results are in surprisingly good 

agreement with the simple geometrical overlap assumption (although 

the straight line shown in Fig. 18 is drawn through the calculated 

points and does not coincide exactly with M * g). Moreover, the 

H for other values of E/A also lies approximately on the same 

line. Finally the average number of charged particles, including 

charged pions, is shown in Fig. 18 to lie as well on a straight line 

though obviously with a larger slope (^cnarBe(i
 a l-5Z for E/A*800 MeV), 

The experimental results (16,19] show similar trends. Hokevor, since they 

pertain to associated multiplicities (i.e. in coincidence with a 

trigger particle detected at a given angle) they cannot be compared 

directly with the results shown in Fig. 18. 

3. Impact parameter dependence. 

In Fig. 19 we show the average proton 

multiplicity M as a function of the impact parameter b of the reaction 

40 40 for the symmetric reaction Ar+ Ca at E/A-10S0 MeV and for the 

light-heavy system Ne+" U at relatively low energies (E/A*25G MeV). 

The function M (b) is of particular importance since the 

design and analysis of high-energy heavy-ion experiments has generally been 

based on the assumption that high multiplicities are associated with small 

impact parameters and vice versa, i.e. that: 1) the average multiplicity 

increases as the impact parameter decreases, but also: 2) the width 

of the multiplicity distribution is small compared with the charge 

in the average value for -mail and large impact parameters. Fig. 19 



shows that both assumptions are reasonably well satisfied for heavy 

systems and that the average multiplicity is a good criterion for 

choosing the impact parameter of the reaction. Yet, by this 

criterion any interaction of iapact parameter b<^5 fm of " Ne+fc U 

at E/A*25Q MeV would be considered a "central" (i.e. b*0) collision. 

In Figs. 20 and 21 we show M (b) for two additional systems, 

12C+12C and 40Ar*208Pb at E/A = 800 MeV- Fig. 20 also shows the 

charged multiplicity (including charged pions). We see that the 

strong dependence of the multiplicity on the impact-parameter seems 

to be a general feature of all systems and energies. But for light 

12 12 
systems ( C+ C) the multiplicity is not a reliable measure of the 

impact parameter because of the relatively large width of the 

multiplicity distribution (Fig.20). 

In addition to the average multiplicity we also show in 

Figs. 20 and 21 the average excitation energy, recoil momentum and 

angular momentum of the two colliding nuclei at the end of the INC. 

It is seen that, as expected- the average excitation energy and 

recoil momentum of both target and projectile decrease within 

''OR -* 
increasing impact parameter. For the Pb target E and p arc 

approximately linearly decreasing functions of b whereas for the 

p ,* 

C projectile both c and p are rougly constant for b<^6, fm i.e. 

these quantities seem to reach saturation for impact parameters 

smaller than the above value. This is presumably the result of the 

almost compile disruption of the projectile at small impact 

parameters, rhe strong dependence of £ and p on the impact parameters 

for the " Pb nucleus makes it possible to discriminate between 

central and peripheral collision by the appropriate selection of 



these, variables. This is of practical importance for the recoil 

•omentum p which can be Measured directly be experiment. The system 

l7 12 -* 

C+ C (Fig.20) shows the same general trends for E (b) and p(b). 

It may at first sees surprising that the average angular 

momentum 1(b) also increases with decreasing impact parameter, a; 

can be seen in Figs. 20 and 21. The reason is that except for the 

relatively few cascade particles which are "captured" in the nuclear 

potential well of the two nuclei, the angular momentum as well as 

the excitation energy and linear (recoil) momentum of the nuclei 

is due to the holes (in the particle-hole sense) created by the 

"elevation" of particles out of the Fermi sea. The number of holes 

naturally increases with increasing overlap, i.e. with decreasing 

impact parameter. A qualitative measure of the relative importance 

of captured cascade particles vs. holes for the linear recoil 

momentum is given by p( .(b), the average momentum parallel to the 

beam axis: The captured cascade particles have a strong parallel 

momentum component (forward for the target in its rest frame, backward 

for the projectile in its rest frameJ whereas the hole momenta are 

almost randomly oriented. We see that p;((s) has the same dependence 

as p(b) impact parameter. (The actual number of captured cascade 

particles is somewhat dependent on the energy cut-off used in the 

calculation isee Ref.ll)). The "random" orientation of the hole 

momenta is the reason for the large width of the p(b) and 1(b) 

distributions. The actual magnitude of the angular momentum is 

quite small compared to the excitation energy associated with it (the 

angular momentum per evaporated particle is <n). Angular momentum effects 

any therefore be neglected to first approximation in the calculation of the 

deexcitation of the residual nuclei at the end of the INC. 



A quantity of great theoretical interest is the average number 

of interactions which a particle- has undergone before it is detected. 

The various "thermal" models such as the "fireball" [4] and 

"firestreak" [5] models assume this quantity to be large enough so 

that the spectrum of emitted particles is essentially thermal in 

some center of mass systems. Other models [&} assume that most 

particles undergo only one interaction before leaving the interaction 

region. 

The lumber of interactions is in general a somewhat 

ambiguous concept. In the present model, which does not include 

cascade-cascade interactions, it is defined in the following way: 

The two nucleons which ire emitted in an interaction between a 

particle of the projectile Fermi sea and a particle of the target 

Ferni sea are "first" generation particles (one interaction). When 

these particles next interact with further particles of the projectile 

or target Fermi seas the resultant four nucleons are all "second 

generation" particles (two interactions) etc. 

It is seen in Figs. 20 and 21 the average number of 

intexaction/particle is quite small and even for central collisions 

dill ? n a l"> 11 

of *yAr+iU0Pb (Fig. 21) it is v2. For "C+ C (Fig. 20) ?t 

is less than 1.5. These numbers are much lower than those assumed 

by the "thermal" [4] and other models [9 ]. It should however 

be remembered that our results are a lower limit because the 

calculation does not include cascade-cascade interactions. 

They also do not include particles emitted in the slow evaporation 

stage which follows the INC and which are purely thermal. Preliminary 

estimates «how that the inclusion of cascade-cascade interaction may 

increase the average number of interaction/particle by approximately 
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a factor of two for central collisions. 

IX. Summary and Conclusions, 

Me have described a model for the interaction of two high-

energy heavy ions which is an extension o.. tne 

INC aodel [11] which has been fairly successful in describing most 

of the features of high-energy particle-nucleus interactions in the 

energy range of *v 100 MeV to 1 GeV. We have compared the predictions 

of the model with experimental results for: 1) Inclusive double-

differential cross sections for the emission of protons and charged 

pions from very light (Ne+NeJ to heavy (Ar+Pbj systems and bombarding 

energies in the range E/A*250-8OO MeV. 2) Two-particle correlations 

12 12 
for light ( C+ C) to heavy (Ar+Pb) systens at bombarding energies 

of E/A*400 and 800 MeV. 3) Particle multiplicity distributions for 

a number of systens at these bombarding energies. 4) Spallation cross 

section distributions for medium heavy ( C+Ag) and lighter systems 

at E/A»1.0 CeV, the highest energy of the present version of the calculation 

and at E/A * 400 MeV. It is one of the advantages of the INC model 

that it is capable of making detailed quantitative predictions for 

all the above aspects of high-energy heavy-ion reactions without any 

additional assumptions or free parameters. (For the evaluation of 

spallation cross sections the INC calculation Must be followed by an 

evaporation calculation). However, this same feature may also be one 

of the disadvantages of the model : 

Its very iietail and complexity make it sometimes difficult 

to determine easily the few underlying physical principles which may 

explain most of the features of high-er.crgy interactions of two complex 



nuclei. Another disadvantage of the INC model is the Monte-Carlo 

method which is invaraibly used for the actual calculation and which 

is almost inherent to the model: It makes it very time-consuming 

to calculate with reasonable accuracy processes of very low probability. 

There exist methods [33] [34]' to overcome this particular deficiency 

but they were not used in the present calculations. 

The comparison between the experimental and calculated 

results show that the INC model is reasonably successful in 

reproducing the various aspects of high-energy reactions which 

have so far been determined experimentally except for the emission 

of complex particles which so far has not been included in the model. 

However, while the agreement is generally satisfactory there are 

nevertheless discrepancies which require further study: 

1) Proton inclusive spectra: The calculations tend to 

overestimate the differential cross sections at forward angles and 

underestimate it at backward angles. The inclusion of cascade-

cascade interactions will decrease this discrepancy. 

2) The pion inclusive spectra are in some cases overestimated 

by the calculation, particularly at 90° (lab) and backward angles. 

3) The two-particle correlations are generally well reproduced 

by the model except for the lightest system ( ~C+ "C") for which it 

overestimates the amount of quasi-elastic two-particle correlations. 

4) Because of the complexity and uncertainty in the corrections 

for the experimental detection efficiencies which strongly affect the 

high particle multiplicities the quality of the agreement of the 

calculations with the experimental results is not clear. 

There are however, indications that the calculations underestimate 



the very low Multiplicities or overestimate the medium ones. 

5) The model reproduces satisfactorily the experimental 

12 
spallation cross section distribution for O A g at E/A'2.1 CeV 

although the calculations here done for E/A«1.0 GeV due to the 

limitations of the present computer program. It seems, however, 

that the experimental isotope distributions for given atomic numbers 

are narrower than the calculated ones, and this has been taken as 

a possible evidence for isotopic-spin correlation effects which 

are not properly taken into account in the calculation. 

Yet with the possible exception of isospin correlation effects 

none of the above mentioned discrepancies seem to be due to 

collective phenomena which were not taken into account in the 

present model. Hence we draw the conclusion that based on the 

experimental results which were discussed in the present paper, 

we see no compelling evidence for cooperative phenomena in 

high-energy heavy-ion reactions. 

In our systematic studies we found that the average proton 

multiplicity is surprisingly well reproduced by a formula based on 

simple geometrical considerations of the "abration-ablation" model 

|52,9] . We also showed that the experimentally measured proton 

multiplicity may be taken as a fairly accurate measure of the impact 

parameter of the reaction thus substantiating the often made assumption 

that high multiplicities are indicative of central collisions. 

Our results show furthermore that the excitation energy at the end of 

the INC and to a lesser degree the linear recoil momentum and 

angular momentum of the two ions are also strongly correlated with 

the impact parameter of the interaction, all of them increasing for 
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more central collisions. 
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APPENDIX 

In this appendix we discuss briefly two aspects of the 

present calculation which are specific to nucleus-nucleus collisions 

and hence did not arise in the particle-nucleus case [11]. 

a. Discreet vs. continuous density distributions. 

In the particle-nucleus calculation the Fermi sea of the 

target nucleus is treated as a continuous density distribution 

whereas the incoming particle and the "cascade" particles (i.e. the 

particles which were "lifted" out of the Femi sea in an interaction) 

are discreet particles of well defined position and momentum. In the 

nucleus-nucleus calculation one has two Fermi seas interacting with 

each other, and hence the following prescription is used: For the 
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purpose of calculating the interactions between the nucleons of 

projectile Fermi sea and the nucleons in the target Fermi sea, the 

projectile Fermi sea is assured to consist of a gas of discreet 

particles whose positions in space and momenta are randomly chosen 

from the appropriate distribution whereas the target Ferni sea is 

represented by a continuous distribution. However, for the 

purpose of calculating interactions between the (discreet) 

"cascade" particles and the Ferwi seas of the projectile or target 

the latter two distributions are considered continuous. This 

procedure was chosen so as to calculate the collision in the same 

manner as was done in the particle-nucleus intranuclear cascade 

calculation. It ensures the equal treatment of projectile and target, 

i.e. the Lorenz invariance of the calculation. This point was 

checked by calculating reactions in both the projectile and target 

rest frames. The results of the two calculations agreed within 

<10A. The difference between the results of the two 

calculations is indicative of the effect of approximations in the 

covariant formulation of the calculation. 

bj The target and particle potentials. 

[n the present model both the projectile and target nuclcons 

are initially bound in their respective nuclei 'ry real potential wells 

which are uniquely determined for a degenerate Fermi gas by the 

nuclear density. Since the potential energy of a particle cannot be 

transferred covariantly from one Lorent3 frame into another, the 

projectile nucleons (i.e. nucleons originating from the projectile}, 

are assumed to feel the projectile potential while they are in the 

projectile volume and are treated as free nucleons outside this 
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volume, i.e. they do not feel the target potential even if they are 

inside the target voluaw. Siailarly for target nucleons. After an 

interaction between "target" and "projectile" nucleons, the identity 

("projectile" or "target") of the outgoing nucleons is decided 

according to their amentias relative to the projectile and target 

fraaes. This procedure sight be considered a crude approximation to 

a velocity dependent potential which vanishes for high velocities. 

The pion-nucleus potential is neglected, i.e. the pions are 

considered free particles throughout the calculation. 
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FIGURE CAPTIONS 

Fig.l: The inclusive double-differential cross section for the 

20 238 

emission of nucleon charges in the reaction Ne* U at 

a boabarding energy of E/A-250 NeV. The data represent 

the experimental results of Pcskanzer (Ref.16). The 

solid-line histograms are the calculated results for 

"slow" rearrangement and the broken-lin? histograms 

are the calculated results for "fast" rearrangement. 

Fig.2: The inclusive double-differential cross section for 

the emission of protons in the reaction Ne* U at 

a boabarding energy of E/A-400 NeV. The dots represent 

the experimental results of Poskanter (Ref.16). The 

solid line histograms are the calculated results for 

"slow" rearrangement and the broken-line histograms are 

the calculated results for "fast" rearrangement. 

fit.3: The (invariant) inclusive double-differenUsl cross 

section for the emission of protons in the reaction 
20Ne*20Ne at a boabarding energy of E/A-800 NeV. The 

dots represent the experimental results of Nagaaiya 

e^al for the systea 20N*»haF (Ref.17). The histograms 

show the calculated results. 

Fig.4: The (invariant) inclusive double-differential cross 

section for the amission of protons in the reaction 
40Ar»40Ar at a bombarding energy of B/A-«00 NeV. 
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The d o t s represent the experimental results of Nagamiya 

40 
e£ al for the system Ar+KCl (Ref.17). The histograms 

are calculated results. 

Fig.5: The (invariant) inclusive double-differential cross 

section for the emission of protons in the reaction 

20Ne*20ftPb at a bombarding energy of E/A«800 MeV. 

The dots represent the experimental results of Nagaaiya 

*1*I (Kef-17)- The histograms show the calculated 

results. 

Fig.6: The (invariant) inclusive double-differential cross 

section for the emission of protons in the reaction 

20Ne+208Pb at a bombaridng energy of E/A-800 MeV. 

The dots represent the experiaental results of Nagaaiya 

•£ *i (Ref.17). The histograms show the calculated 

results. 

Fig.7: The (invariant) inclusive double-differential cross 

section for the eaission of pions in the reaction 

Ne* Ne at a bombarding energy of E/A-800 MeV. The 

dots represent the experiaental results of Nagaaiya 

et al for the systea Ne+NaF and for negative pions 

(Ref.17). The calculated results (histograms) are the 

average of the positive and negative pion eaission cross 

sections. 

Fig.8: The (invariant) inclusive double-differntial cross 

section for the emission of pions in the reaction 



Ar+40Ar at a boabarding energy of E/A-800 MeV. The 

dots represent the experimental results of Nagamiya 

40 
et al for the system Ar+KCl and for negative pions 

(Ref.17). The calculated results (histograms) are 

the average the positive and negative pion emission 

cross sections. 

9: The (invariant) inclusive double-differential cross 

section for the emission of negative pions in the 

reaction Ne+ Fb at a bombarding energy of 

E/A*800 MeV. The dots represent the experimental 

results of Nagamiya et̂  al̂  (Ref.17). The histograms 

show the calculated results. 

10: The [invariant) inclusive double-differential cross 

section for the emission of negative pions in the 

reaction Ar+ Pb at a bombarding energy of 

E/A-600 MeV. The dots represent the experimental results 

of Nagamiya et̂  al_ (Ref.17). The histograms show the 

calculated results. 

11: The ratio C of "in plane" (A*-180°) to "out of plane" 

the polar angle ("telescope angle") of one of the particles. 

The second particle is detected at a polar angle of 

40°±5°. &« is the difference in azimuthal angle between 

the two particles. The figure shows the data for C+ C, 

4 V 4 0 A r (exp. 4°Ar»KCl) and 40Ar.208Pb at a 

boabarding energy of E/A'800 HeV. The experimental results 



(dots) are the results of Nagaaiya et̂  al_ for two-proton 

correlations (Ref.17). The histograms show the calculated 

results for both protons and neutrons. 

Fig.12: The ratio R(+) [( the two-particle correlation between 

two particles at a given azimuthal-angle difference <p 

to the average over all $ ) -l] between 

a proton (30<E<?O0MeV) detected at a given polar angle 

("telescope angle") and azinuthal angle **0 and any 

charged particle (E>25 MeV) detected in a polar angular 

range 9°<?«20O for the reaction Ne+ U at a bombarding 

energy of E/A-400 MeV. The dots are the experimental 

results of Gutbrod (Ref,19) and the histograms show 

the calculated results. 

Fig.13: The normalized charged particle yield for given associated 

multiplicity m as a function of the polar angle of the trigger 

particle (spectrometer angle) for the reactions Ar+ Ar (exp. 

Ar+KCI)and Ar+ Pb at a bombarding energy of E/A=800MeV. The 

"trigger" particle is a proton (E>100 MeV). The "tag" 

particles are charged pions (of any energy) and protons 

(E>100 MeV) detected in the polar angle range J5°<9<450. 

The points are the experimental results of Nagaraiya et_ al̂  

(Ref.17) and the histograms show the calculated results 

which have been "corrected" for the experimental azimuthal 

detection efficiency and for Multiple counting cf the tag 

detectors. 
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Fig.14: The normalized associated multiplicity distribution 

P(m) for the reaction Ne* Au at a bombarding energy 

E/A*400 MeV. The "tag" particles are charged pions 

and protons with energy >25 MeV detected mostly in 

the forward hemisphere £9°<9
taB

<80°» see Ref.20 for 

details). The trigger particle is a proton of energy 

<200 MeV detected at the polar angle e
t e l=

9 0°' The 

points are the experimental results of Gutbrod (Ref.19) 

and the histogram shows the calculated results which 

were "corrected" approximately for the 

experimental azimuthal detection efficiency by assuming 

detection efficiency of n*0.80 for the polar angle range 

9 <8<80° and n-0 elesewhere. The solid and bmKen 

line histograms were calculated for "slou" dnd "fast" 

rearrangement respectively. 

Fig.15: The mass distribution of the residual nuclei in the 

12 reaction C+Ag (nat) at a bombarding energy of 

E/A-1000 MeV. The circles, triangles, and squares 

denote the experimental results of Porile et̂  a_l_ (Ref.26) 

at a bombarding energy of E/A*2.1 GeV. The various 

symbols denote different fractions of the isobaric 

yield measured (circles: >50*, triangles: 20-50%, 

squares: 10-20%, for details see Ref. 20). The solid 

histograms show the calculated results assuming slow, 

isospin-dependent-rearrangement of the nuclear density 

and the broken-line histograms denote the calculated 



results for fast rearrangement. 

16: The isotope distribution of the residual nuclei 

for selected eleoents in the reaction C+Ag (nat) 

at a bombarding energy of E/A*1000 MeV. The points 

are the experimental results of Porile et a^ (Ref.2b) 

at a bombarding energy of E/A*2.1 GeV. The histograms 

show the calculated results (solid line - slow isospin-

dependent density rearrangement, broken line - fast 

rearrangement). 

40 
17: Selected spallation cross sections of a Ca target 

12 4 
bombarded with C and He ions of energy E/A=4Q0 MeV. 

The experimental results are those of Shibata et al 

(Ref.31). 

18: The calculated average total proton and charged particle 

multiplicity <H> as a function of the average number of 

"participant" nucleons (average number of nucleons in 

the overlap region) g for various projectile-target 

combinations at a bombarding energy of E/A=8O0 MeV. 

The lines are drawn to guide the eye. 

19: The calculated average total proton multiplicity <H> 

as a function of the impact parameter h for the reaction 

40 40 

Ar+ Ca at a bombarding energy of E/A=1050 MeV and 

for the reaction Ne+ U at an energy E/A»250 MeV. 

The "error bars" denote the width (standard deviation). 
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Fig.20; The calculated average value (solid line) and standard 

deviation (broken line) of the excitation energy, linear 

recoil momentum and angular momentum distributions of 

the residual nuclei at the end of the 

INC process as a function of the impact parameter 

12 1"* 
b for the the reaction *"0 ~C at a bombarding energy 

of E/A=800 MeV. The dashed-dotted line shows in the 

linear momentum plot denotes the average value of the 

parallel component p. of the linear momentum. Also 

shown are the average value and standard deviation of 

proton multiplicity, charged particle multiplicity, 

and number of interactions per particle for the reaction. 

Fig.21: The calculated average value (solid line) and standard 

deviation (broken line) of the excitation energy, linear 

recoil momentum and angular momentum distributions of 

the projectile and target nuclei at the end of the 

INC process as a function of the 

impact parameter b for the reaction Ar+ Pb at a 

bombarding energy of E/A«E00 MeV. The dashed-dotted 

line in the linear momentum plot denotes the average 

value of the parallel component p of linear momentum. 

Also shown are the average value and standard deviation 

of the proton multiplicity and number of interactions 

per particle for the reaction. 
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