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1. IN'l'OODUCI'ION 

Nuclear physics and nuclear chemistry developed during the past 

half century as fields of research concerned with the nature of nuclear 

matter at or near equilibrium. The arergence in recent. years of heavy 

ion accelerators with energies surpassing 100 A MeV (where A is the 

nuclear mass ntmlber) has opened the possibility of studying in the 

laboratory the effects of c:arpressing nuclear matter to densities too 

or rrore times greater than normal while simultaneously "heating" the 

matter to temperatures in the 100 MeV range. This article is devoted 

to an assay of the present status of high energy nuclear collsion 

studies, and of the important questions which remain to be addressed. 

A collision of two nuclei may be labeled by the inpact parameter 

b. At one extrerre is the case of maximum b, a peripheral or grazing 

collision, in which only one or a few nucleons leave the projectile 

or the target, and large, slightly excited projectile and target 

. fragments remain. Such a process is widely supposed to be predictable 

in te:rms of conventional nuclear structure and collision theory. 

Indeed, plausible rrodel approximations in this frante\\Ork give a fair 

account of experimental data. Thus, frcm the viewpoint of a nuclear 

theorist, peripheral processes might be thought of mainly as a testing 

ground .for conventional concepts. However, nuclear theory does not 

always attain that degree of precision and reliability required to 

make theoretical predictions useful for applications. For this reason, 

1 

if no other, it has proved important to study such processes, especially 

projectile fragmentation, which plays a critical role in determining 

the ccmposition of cosmic rays in proximity to the earth, and relating 
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that canposition to the nature of cosmic 'ray sources. 

At the opposite extrerre in impact paramter is a central collision, 

in which the projectile and target overlap completely. Such collisions 

could produce the high densities and temperatures which might lead to 

important and perhaps surprising transfonnations of nuclear matter. It 

is obvious that theoretical predictions of such phenortlalla must be 

difficult and unreliable. However, the experimental analysis of 

central collisions is also a fo:rrnidable challenge. First of all, there 

is not even an established criterion to identify a central collision. 

Secondly, assuming unusual effects occur during a stage of high 

canpression, it is not clear how such effects \\Uuld be manifested in 

the final distribution of reaction products. 

The study of high energy nuclear collisions, then, has arrived at 

a natural "vista point" at which to appraise the progress already made 

and to set a future course. Fragmentation processes are well in hand, 

especially on the experimental side. Central processes have great 

potential, if we can find the right way to look at them. 

The following section contains a brief historical review, starting 

with the early observations of cosmic-ray nuclear interactions. Also 

included are scm::! kinematic tenns, with definitions and notivations for 

their use, along with a description of accel~rator facilities and a 

curso.ry outline of experimental techniques. 

Section 3 is a description of the nost mature branch of the 

subject, processes that leave significant near-projectile-velocity and 

near-target-velocity fragments. 

• 
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Section 4 is a description of experiments which are not restricted 

to projectile or target fragments, and contains cx::nparisons of data 

with conventional theoretical m:rlels representing the oost conservative 

extrapolation of traditional nuclear and particle physics concepts. , 

There is also a brief description of theoretical speculations about 

possible new phases of matter at higher-than-nonnal baryon density. 

In both Sections 3 and 4, sc:::are theoretical ccmrents are included 

in the experimental discussion, while others are put in a separate 

subsection. 

Finally, in Section 5, we present sc:::are conclusions and suggestions 

for the future, hoping that these will stimulate other and better 

proposals from readers. To help ccrtpmSate for emissions imposed by 
I 

the brevity of this article, -we list several other recent reviews on 

experimental or theoretical aspects of our subject. 

2. PRIMER 

2 .1 Histocy: Cosmic -Ray Period 

Two independent ~rks thirty years ago were forerunners of current 

approaches to high energy interactions between nuclei. Freier et al 

(1, 2) discovered Z ~ 2 components in the primary cosmic radiation, 

verifying a prediction by Alfven ( 3) , and opening the way to experiroen-

tal studies long before high energy heavy-ion beams became available 

at laboratocy accelerators. Meanwhile Feenberg & Prirnakoff (4) were 

led by the properties of the nucleon-nucleon tensor force to speculate 

that the familiar saturation of nuclear density might be overcome, and 
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tightly round "collapsed" nuclei might occur in nature. In the past 

decade similar speculations based on various hypothetical mechanisms 

have appeared. Today the intriguing problem of high nuclear densities 

and the possible role of high energy nuclei in achieving these densities 

has beC'Cl!re the roost dramatic and difficult topic for experlinental and 

theoretical investigation in this field. 

Early studies of heavy-ion interactions in matter were primarily 

concerned with interaction rrean-free paths and the production of nuclear 

fragrrents, as such data are roost pertinent to the physics of cosmic 

rays. Here, the principal goal is to learn from the chemical and, 

eventual! y, isotopic composition of the observed heavy cosmic -ray nuclei, 

the conditions of their origin, acceleration mechanisms, and subsequent 

propagation. The astrophysically important information derived from 

heavy cosmic ray nuclei is described in comprehensive review articles 

by Shapiro & Silberberg (5), and Waddington (6), and the classic roono

graph of Powell et al (7), which has a wealth of infm:mation and 

pictorial examples of particle interactions in nuclear track emulsions. 

2 .1.1 QUALITATIVE CLASSIFICATION OF RElATIVISTIC HEAVY ION COLLISIONS 

The pioneering cosmic ray ~rk that pertains to the interactions ·of 

nuclei is given in a series of papers by Bradt & Peters (8-11), where 

one is introduced to the concepts of peripheral and central collisions 

between nuclei (9). In a peripheral collision, part of the projectile 

that overlaps the target nucleus may be sheared off. The remaining 

nuclear matter proceeds with its original velocity as fragment nuclei 
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of reduced charge and/or mass, alpha particles, and nucleon.S (10-12). 

Figure 1 is an example of a collision between an 4 0 Ar nucleus, kinetic 

energy T = 72 GeV (1.8 A GeV), with a Ag or Br nucleus in Ilford G.S 

enrul.sion. This event shows the characteristics of both projectile and 

target fragmentation. The narrow forward cone of five He fragments 

indicates that a peripheral collision has taken place. The velocities 

5 

of the He nuclei are approximately equal to the velocity of the incident 

4 0 Ar (an example of persistence of velocities) , and hence, corres:p:>nd 

to low velocities (energies) in the projectile frame. In the laboratory, 

or target frame, the counterparts of such fragments are ani tted as low-

energy, heavily ionizing tracks, several of which are seen in this 

event. Note that a rr- meson is produced, c:crces to rest, and fonns a 

three-prong star . (Figure 1) • 

Figure 2 illustrates a central collision between a 1.8 A GeV- 40Ar 

projectile and a Pb target nucleus in a streamar chamber. In this case 

roth nuclei are .:iestroyed. Such an event involves high levels of 

excitation and the emission of a large number of secondary fragments. 

At least 63 particles, predominantly nucleons, light fragments, and 

pions (including six rr -) are produced in this particular event (Figure 2). 

2.1.2 REACI'ION CROSS SECI'IONS A semi-empirical "black sphere" 

expression for the reaction cross section of beam and target nuclei, 

with ma.ss numbers ~ and A.r' respectively, introduced by Bradt & Peters 

(10) and extensively tested with nuclear emulsion detectors using cosmic 

ray nuclei 2 ~ Z ~ 26 is 
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2.1 

The "overlap paraneter" 6 is meant to represent the diffuseness and 

partial transparency of the nuclear surfaces. 

An assesSllEllt of the nean-free-path data for heavy cosmic -ray 

nuclei in emulsion by Cleghorn (13, 14) resulted in the following 

conclusions: 

1) The overlap rrodel accounts for the measured mean-free-path 

data for 2 ~ z ~ 26 to an accuracy of about 10-15% for r- = 1. 2 frn and 
0 

6 = 0.5. Because r
0 

and o are coupled in Equation 2.1, these values 

are not unique. 

2) The reaction cross sectioDs of nuclei are essentially indepen-

dent of energy from 0 .1 to 30 A GeV. 

3) The fragmentation parameters p .. , the average number of i -type 
1] 

nuelei produced in the fragmentation of a j-type projectile, are also 

consistent with energy independence over this energy range. The errors 

in pij are typically 10-20% (5, 15) . 

Eisenberg (16) refined the Bradt-Peters approach, proposing a 

"grey sphere" nodel. Using a mean-free path A = 5 fm of a nucleon in 

nuclear matter, of unifo:an density, he found a reduction 

of the georretric cross section due to transparency for ~ = 25 and 

A,., = 64 of 25%, and for A._ = 207 of 16%. 
1 -~ . 

In the sarre paper, Eisenberg introduced what is now generally 

known as the abrasion-ablation model of nuclear collisions (17). He 

viewed fragment production as occurring in collisions that involved 

"cutting" of a part of the incident projectile, with renoval of the 

J 
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nucleons in the overlapping region (abrasion) and the subsequent 

evaporation of nucleons from the residual 1 excited pre-fragment 

(ablation) . 

Alexander & Yekutieli (18) and Aizu et al (19) 1 noting that 

Equation 2 .1 is independent of the nucleon-nucleon cross section in 

nuclear matter as well as the nucleon-density distributions of the 

cx:>lliding nuclei 1 calculated the reaction cross section crR for the 

nucleus-nucleus interaction at high energies from the optical model 

(201 21). Alexander & Yekutieli presented their results as a function 

of a
0

1 the effective nucleon-nucleon cross section in nuclear matter 1 

and roncluded that both the calculated nucleon-nucleus and nucleus-

nucleus cross sections were in general agreem:mt for values of cr 
0 

= 

30-40 mb. Their calculations showed that crR is not sensitive to cr
0

• 

For exrutq)le 1 a 10% change in cr 
0 

results in only a 2% change in the crR 

for carbon projectiles. Thus 1 any energy-dependence of cr 
0 

will be 

suppressed in crR. 

2 .1. 3 . REAcriON Pronucrs Although encumbered by low intensities and 

uncertainties in charge, mass, and energy detenni.nations, experimental 

studies of nucleus-nucleus interactions using cosmic rays revealed 

important aspects of the high-energy interactions of nuclei. Early 

experiments were cx:>ncerned with meson production by a-:-particles and 

heavier nuclei. Investigations by Jain et al (22) [a-particles and 

nuclei Z ~ 6, 7 ~ T ~ 100 A GeV], Alexander et al (18) [ 3 ~ Z ~ 8, 

T ~ 1.5 A GeV], Tsuzuki (23) [ 6 ~ Z ~ 8, T R> 40 A GeV], Rybicki (24) 

7 
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[ Z ~ 3, T ~ 100 A GeV], Abraham et al (25) [ z ~ 2, T ~ 1000 A GeV], 

and Andersson et al (26) [ 3 < Z < 26, T ~ 1. 7 A GeV] are representative 

studies of shower-particle, i.e. fast meson and nucleon, production in 

cosmic -r:ay -heavy ion collisions over the energy range 1 to 10 3 A GeV. 

Typical angular distributions of shower particles produced by 

cosmic-!:'ay nuclei, 3 < Z < 26, at kinetic energies greater than 1. 7 A 

GeV (mean energy = 7 A GeV) are sholrm in Figure 3 (26). The principal 

feature of the angular distribution of shower particles is that they 

are canposed of two main components: first, protons fran the fragmenting 

projectile confined to a narrow cone, and second, pions and protons that 

have a wider distribution. Figure 3a shows the angular distribution of 

shower paricles 0 < e1ab < 80° , and Figure 3b gives a rrore detailed 

presentation at small angles 0 < e lab < 12° . The curves show calculated 

angular distributions for pions, assumed isotropic in the nucleon

nucleon center of mass. The results of the v.ork described atove as well 

as other emulsion experiments by the University of Lund group (27-34) 

were in qualitative agreerrE11t with the hypothesis that the nucleus

nucleus interaction can be described as a superposition of independent 

nucleon-nucleon (18, 22, 24, 25), nucleon-nucleus (26), or a-a (23) 

collisions. However, notable discrepancies remained· (Figure 3) 

1) The apparent recoil velocity, B ~ 0.02, of the residual 

target nucleus, as evident from the forward: backward ratios ~ 1.4 for 

low energy (;:5 30 A MeV) fragments (black tracks, in emulsion tenninology) 

is virtually independent of the mass of the projectile (18, 26, 28, 35, 

36). 
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2) The spectra of energies, angles, and average Imlltiplicities 

of black tracks, < l'b > , are nearly the sane for incident protons and 

heavy nuclei (28); (~)is usually considered to be a measure of the 

excitation energy transferred to the target nucleus. 

3) For T > 1. 7 A GeV, the rrean rnul tiplici ties of pions ( n11' ) 

increase with energy [ :15 T0•4 ± 0 •08 between 10 and 40 A GeV (22) 1 and 

mass of the projectile, whereas the mean Imlltiplicity of prongs_ with 

energies < 400 A MeV, ( r\{ , is nearly independent of these quantities 

(28) • 

4) Departures of the nucleus-nucleus interaction from the char-

acteristics of the nucleon-nucleus interaction increase markedly as ~ 

increases, becoming nost evident for AgBr interactions with ~ ~ 28 

and for "central" collisions with 7 :< ~ :< 28 and no Z ~ 2 projectile 

fragments produced (37, 34). 

Considering the limited control over experimental conditions and 

the low statistics, precise understanding of the complex interactions 

of high energy ·nuclei could not be expected from cosmic ray experiments. 

Nonetheless, questions of basic importance were raised. For example, 

how is rocmenturn transferred to nucleons and, in particular, helium, 

even when kinematically forbidden by models of quasi-elastic nucleon-

nucleon or nucleon-alpha scattering (29)? Why does the structure of the 

projectile affect the charge (mass) distributions of its fragments (38, 

39)? And finally, what are the possibilities for making and observing 

new modes of collective interaction in nuclear matter, only hinted at 

in the cosmic ray data on production of shower particles in highly 
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central and disruptive collisions? 

Cosmic ray research has given us a preview of the physics of 

interactions between relativistic nuclei. We now focus our attention 

on this area of research, which came into existence with the developnent 

of relativistic heavy-ion beams at Princeton, Berkeley, Saclay, and 

Dubna in the early 1970's. 

2.2 Glossary 

As part of this primer we present a few definitions, mainly of 

kinematic quantities. For this discussion, we have referred to Ref. 

(40). 

.2 -1/2 
M:xnentum, p(GeV/c): p = SyE

0
/c, with S = v/c, y = (1-~) and E

0 

the rest mass of the particle in GeV. 

Rigidity, i) R (gauss-an) : R = Bp, where p is the radius of curvature 

of a particle's trajectory in a magnetic field of strength B (the 

canponent normal to particle's m::xnentum) . 

Rigidity, ii) R (GV): R = pc/Ze, with pc = SyE
0 

(GeV) and Z the mnnber 

of units of charge carried by the ion. R is numerically equal to 

m:xnentum per unit charge p/Z (GeV/c). R (GV) = 0.02998 R (kilogauss

an). 

Kinetic energy per nucleon, T/A (GeV): T/A = (y-l)E
0
/A, with A the 

mass number of the nucleus. Note that the definition implies trivially 

T = (T/A) A GeV; in other w::>rds, the energy of a nucleus with mass 

number A is the energy per nucleon, multiplied by A. Thus, the cormon 

usage giving energy per nucleon in GeV /A is incorrect; rather, the 
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proper unit is GeV. If atcmic mass units are used, T/u is given in 

GeV, with u = E
0

/(0. 91315016 (26) GeV). 
E+PII -1 

Rapidity, y: For a particle in any system, y = 1/2 ~ = tanh Sll, 
. II 

11 

where E is the total energy, and P
11 

and s
11 

are the longitudinal m:mentum 

and velocity, respectively (c = 1) • Use of the rapidity variable in 

place of velocity has the important property of relating tw::> longitud

inally rroving fraiiEs by a simple translation along the rapidity axis. 

Therefore, distributions expressErl in y have Lorentz-invariant shapes. 

At non-relativistic energies, 13
11
< 1, 131 -< 1, one obtains y=tanh -l s

11 
~ 13

11 

and P1/E ~ 131 • For an isotropic distribution in a system withy = 0, 
0 ' 

a contour plot of P J!Eo vs. y at low velocities will fo:rm concentric 

semi-circles al:::out the origin. If the isotropic system is rroving at 8c 

in the. lal:::orato:ry, the distribution will be the same, but centered on 

Y, = tanh-1 13 • 
. c 

At highly relativistic energies, one has E ~ p and 

y ~ 1/2 ln p+PII = 1/2 ln l+cosG = ~1n (tan0/2) 
p-PII l-cos0 . 

Thus, the shape of the distribution of particles in high-energy events, 

plotted in the variable - ln (tan0/2), will be nearly independent of 

the velocity of the observation frame along the beam direction. 

2.3 Heavy Ion Facilities and Experimental Techniques 

We give a brief overview of high-energy heavy ion accelerators and 

the methods and techniques used in the experimental programs of these 

facilities. A full discussion is not only impractical but unwarranted, 
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considering the recent review articles by Grunder & Selph (41) on h=avy-

ion accelerators, Goulding & Harvey (42) on the electronic identification 

of nuclear particles, and Price & Fleischer (43) on particle tracks 

solids, and the text by Fleischer, Price, and Walker (44) on tracks 

solids, and Ba.rkas (45) and Powell et al (7) on nuclear emulsions. 

exposition of exper.i.rrental techniques has been given by Stock (46) 

his review of nuclear reactions between relativistic heavy ions. 

2.3.1 HIGH-ENERGY HEAVY-ION ACCELERATORS: T/A > 0.1 GeV, A;;;;.: 4 

in 

in 

An 

in 

2.3.1.1 The Beginning By 1970-71 it had become evident that proton 

accelerators in the few GeV region such as the Princeton Particle 

Accelerator (PPA), and the Bevatron, had largely conpleted their 

missions in high-energy particle physics. There was also an increased 

awareness of new and beneficial applications of high-energy accelerators 

to fields other than high-energy physics (47). lDngstanding interest 

in the use of high-energy heavy ions for biomedical research, as well 

as the realization that acceleration of heavy nuclei to relativistic 

energies ~uld open a new field of nuclear research, were the principal 

scientific justifications for acceleration of heavy ions (48, 49). The 

first successful acceleration of relativistic heavy ions in the U.S. 

was achieved in 1971 at the PPA, a feat shortly followed at the 

Bevatron (SO). Similar developments were taking place at Dubna (JINR), 

where acceleration of alpha particles in the synchrophasotron began 

in 1970. The possibility of using the ISR at CERN for heavy-ion 

exper.i.rrents was also proposed (51) . 

) 
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2.3.1.2 Accelerators in Operation Table l summarizes the performance 

characteristics of synchrotrons that are accelerating beams of heavy 

ions, Z ~ 2 to energies T/A ~ 0 .l GeV. The closing of the PPA in 1972 

made the Bevatron/Bevalac the only high-energy heavy ion facility in 

the u.s. 

Major heavy ion facilities under construction or in the planning-

prorx:>sal stages are: 

1) Project GANIL, caen, France. The maximum energy for this 

multi -accelerator system will be 8 A MeV for 2 3 8U increasing to 0 .1 A 

GeV for 12C (53). 

2) Numatron Project, Japan. A synchrotron and storage ring with 

energies fran ~ 0. 7 A GeV (U) to ~ 1.5 A GeV (Ne) (54). 

3) Nuklotron Project, Dubna, USSR. A superconducting synchrotron 

with beam energies from 15-20 A GeV (55) • 

4) GSI, Dal:mstadt, Germany. First stage: A synchrotron with 

energies fran 0.8 A GeV (U) to 2.0 A GeV (light ions). Second stage: 

8-10 A GeV intersecting storage rings (56) • 

2.3.1.3 Bevalac The Bevalac, prorx>sed by Ghiorso in 1971 (57, 49, 58), 

employs an 8. 5 A MeV-heavy ion linear accelerator, the SuperHILAC, as 

an injector of heavy ions for the Bevatron, which then continues the 

acceleration of the ions to a max~ energy of 2.6 A GeV (for particles 

with Z/A = 1/2) • 

10 12 . 
The SuperHILAC delivers beam intensities up to 10 -10 part1cles 

-1 per pulse at a max~ pulse rate of 36 sec • Because the Bevatron 

accepts particles for 500 ~sec each 4 to 6 seconds, the SuperHIIAC needs 
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only to divert a small fraction, ~ 3%, of its duty cycle to the Bevatron. 

With tv.u sources available the SuperHIIAC can accelerate Tho different 

beams on a pulse-to-pulse basis, delivering one beam to the Bevatron 

while accelerating the other for low-energy heavy ion experiments. By 

use of tiire sharing, programs at the SuperHILAC and Bevatron can proceed 

largely independently of each other. Essential for operation of the 

Bevalac is oamplete computer control of all aspects of the acceleration 

process. 

The requirements that the Bevatron accept only fully-stripped ions 

for acceleration means that the beam from the SuperHILAC must pass 

through a stripper foil at the maximum energy of 8. 5 A MeV in order to 

produce the highest intensity of stripped ions. Both the stripping 

efficiency and losses due to charge-changing of the ions in matter 

increase as the charge of the ion increases, placing a practical limit 

on the heaviest element that can be accelerated. At the rroment, this 

limit appears to be Fe. With a vacuum of 10-9 to 10-10 

torr, and an upgraded SuperHILAC, the Bevalac wt:>uld be able to 

accelerate partially-stripped ions. This is the basis for a proposal 

to install a vacuum liner in the Bevalac and a third injector in the 

StJ.perHILAC to produce high intensity uranium beams at 1.1 A GeV (U + 7 2
) 

(59). · With such an improved system, the use of partially-stripped ions 

would permit efficient acceleration and extraction of particle beams 

at energies as low as 35 A MeV, giving the Bevalac an extraordinary 

range of beam masses artd energies. 

-' 
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2. 3. 2 EXPERIMENTAL TErnNIQUES Experiments in high-energy heavy ion 

physics, because of their wide ranges in particle mass, charge, and 

energy, necessarily involve the application of particle detection 

methods fran both low-energy nuclear and high-energy particle physics. 

The added dimension of high multiplicities of highly-charged nuclear 

fragments, nucleons, and mesons that often occur in high-energy 

collisions between nuclei offers fo:rmidable technical and interpretative 

problems--problems that are now only in embryonic stages of solution. 

The techniques used in arty particular experiment correlate quite 

well with the rapidity variable. IJ::M values of rapidity are character

istically target..,.related, so that traditional methods of nuclear physics 

are applicable, e.g. particle identification by (~E-E) and time-of

flight ('IDF) ( 60) , with measurements over practical! y 4n steradians. 

Experiments in the realm of high rapidity, associated with projectile 

fragmentation where the beam-velocity fragzrents are emitted within a 

few degrees of the incident projectile, require the application of high 

energy techniques, magnetic spectrorreters, and large beam-transport 

systems ( 61, 62) . Such experiments therefore may incorporate measure-

ments of dE/dx, rigidity, 'IDF for slow particles, Cerenkov radiation 

(for relativistic particles) and particle trajectories, as well as use 

of streamer chamber (63) or other multiple-track, electronically-

triggered detectors. Visual methods of detection by emulsions, 

plastics and AgCl nonocrystals (64, 65) are also important in heavy-

ion experiments because of their wide range of sensitivities, 4n

geometry, versatility, and small deman<ls for beam time . 
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To date, experiments have largely been designed to emphasize the 

low and high rapidity regions, with only limited capabilities for 

excursions into the central regions and to high transverse :rranenta. 

Because the neasurernents of total kinetic energy by range are rapidly 

curtailed by the finite size of the detectors and losses due to nuclear 

interactions, experiments that pertain to particles of intermediate 

energy, 2' 0.2 A GeV, will tend to use dE/dx, rigidity, 'IDF and/or 

Cerenkov radiation for particle identification. The minimal require

ment here is to design magnetic spectrometers of roodest size to 

measure particle rigidities (p/Z) and, by rotation about the target, to 

measure particle production over a wide range of angles (66). 

The principal feature that distinguishes heavy-ion from typical 

high energy physics experiments is the presence of a large range of 

particle charges, Z. 
- 2 

Although a measurernent of dE/dx ~ Z f ( 8) alone 

is sufficient to distinguish elements at relativistic velocities, 

technical problems arise when charge identification and accurate time 

measurements must be made over a broad range of nuclear charges and 

velocities. In such cases, an amplifier-discriminator system is 

required which first samples a signal to find whether it is large or 

small, and then selects the appropriate sensitivity for accurate signal 

measurernent. 

3. NUCLEAR FRAGMENTATION 

Fragments observed to have low velocities ( 8 :$ 0. 3) in the rest 

frame of a projectile or target nucleus may be considered "spectators" 

• 
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of a high energy oollision. The high rapidity of projectile fra.grrents 

in the laborato:cy is :important because it pennits rreasure.rrents of 

fragment m::.m:mta that oorrespond to ve:cy low velocities in the 

projectile frame (even zero) --measurerlelts not possible with traditional 

target fragmentation experim:mts because of the inability of the 

fragments to escape finite-size targets. 

3 .1 Projectile Fragrrentation 

Single-particle inclusive experirrents fonn the basis of our 

information on projectile and target fragmentation. In these experinents, 

the reaction investigated is B + T-+ F + X, where B and T represent 

the beam and target nuclei 1 F is the (single) detected fragment nucleus 1 

and X refers to all other (undetected) reaction products. 

Two general tenns, discussed in both high-energy particle physics 

and low-energy nuclear physics, have wide, though not universal, 

application to these data. In the high-energy language, the first 

feature is called "limiting fragmentation~ (67) or "scaling" (68). 

This rreans that a distribution of products with finite energies in the 

rest frame of projectile or target approaches a limiting fonn as the 

J:x:xnbardrrent energy increases. Practical tests of limiting fragrrentation 

dem:mstrate that, in a given range of banbarding energies, a 

particular distribution s:OOWS negligible change. The second tenn is 

"factorization" (69). This rreans that the cross section for production 

of a particular projectile fragment may be written as the product of a 

factor yT depending only on the target and a factor y: depending only 
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on the beam and fragment. Obviously the roles of projectile and 

target may be interchanged to describe target fragmentation. In the 

language of nuclear physics, both factorization and limiting fragmentation 

are examples of Bohr's i.rrlependence hypothesis for decay products of a 

"ccmpound nucleus" (70). This arrounts to the staterent that the 

object emitting a fragment keeps little or no nerory of the formation 

or excitation mechanism which produced it. Of course, these concepts 

are not autanatically valid, but nust be tested by exper.irrent. It 

appears that ·fragment-velocity distributions do assurre a limiting fonn 

over successively larger domains of velocity as collision energy 

increases. On the other hand, as camon sense would ·suggest, factor-

ization seems to hold only for products of grazing collisions, and in 

particular is untrue for total cross sections. 

3 .1.1 NUCLEUS-NUCLEUS CROSS SOCTIONS Measurem:mts of the total 

nucleus-nucleus cross sections, crror, using "good gec.rretry" techniques, 

have been made by Jaros et al (71) for each of the 32 possible target/ 

projectile/energy Ccmbinations of the light nuclei p, d, 4 He, and 12C 

at 0.87 and 2.1 A GeV. The total cross sections crror (A,A) at 2.1 A 

GeV for identical target and projectile masses are shoWn in Figure 4. 

The data are W~ell accounted for by Glauber theory. Another J;X>Ssible 

A-dependence of crror would be the factorization form, crror (A,A) = 

a~ (-pl\) /crror (pp), which obviously disagrees with the data. (Figure 4) 

The inelastic cross sections criN for reactions initiated by d, 4He, 

and 12C are found to be independent of beam energy, with criN (0.87 A 

GeV) = (1.00 ± 0.01) criN (2.1 A GeV) (71). 
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Reaction, or nore precisely, transmutation cross sections oR for 

projectile nuclei including .. He, 1 2C, 1 
.. N, 1 60, and .. 0 Ar have been 

m=asured at ~ 2.0 A GeV (72-75), and at 0.15-0.2 A GeV (76) in emulsion, 

and for a variety of target materials, H through U, with a tungsten- · 

scintillator calorimeter (77) and an elemental transmission detector-

telescope system (78). In general, these techniques are sensitive only 

to interactions that involve changes in the charge z of the projectile, 

i.e. !:lZ ~ 1. When supplemented by an estimate of neutron stripping, 

the resultant cross section is oR (M ~ 1), hence the ter.m transmutation. 

Within their respective errors, the m=an-free-path lengths in emulsion 

are consistent with energy independence down to 0 .15 A GeV ( 76) . The 

oR values measured by Lindstrcrn et al (78) for 12C, 160, and .. 0Ar, T/A 

~ 2 GeV, gave the first experimental evidence that the Bradt-Peters 

overlap para~reter o is not constant, but depends upon Amin = min (J\r,~) • 

They found that for r
0 

= 1.29 fin and o = 1.0 - 0.028A . (with o = 0 for 
. Inlll 

Amin ~ 30), Equation 2.1 fits oR for all beam and target cambinations 

to 10%. Optical m:xlel estimates for oR (79, 80) show the same pattern 

as the experimental data (72). 

3 .1. 2 ISOI'OPE ProDUCTION The major feature of the isotope production 

cross sections from fragmentation of relativistic projectile nuclei, 

T = 1.05-2 .1 A GeV, is that they are independent of energy, and are 

factorable (81-84, 62). The 0-degree fragmentation cross sections of 

1 2c and 1 60 projectiles, T = 1. 05 and 2 .1 A GeV, have been measured by 

Lindstrom et al (82) for all nuclear fragments, 1/3 ~ Z/A ~ 1 for 

targets H to Pb. Sane 470 cross sections for 35 isotopes were 
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detennined. An analysis of the systema.tics of the neasured cross 

sections leads to the following conclusions: 

1) o~ is energy independent: o~ (2.10)/o~ (1.05) = 1.01 ± 0.01 

for all fragments (F) of 12C (B). Limiting fragmentation is satisfied. 

2) F . . . F F . l'd hi h d actor1zat1on, 1.e. oBT = yByT' 1s va 1 to a g egree. 

Exceptions are apparent for H and p::>ssibly He (85) targets, and 

one-nucleon loss cross sections in high-Z targets. The latter is 

explained qualitatively as Coulomb dissociation of the projectile in 

the target's electric field: the projectile is excited to the giant-

dipole resonance and decays by particle emission (86) . 

1/4 3) A target factor y T ex .1\r · accounts for the data to ~ 10%, as 

does the fonn .1\r l/3 + constant. 

The functional forms of yT are essentially geometrical in 

character, and imply that projectile fragmentation results from 

peripheral, i.e. large impact-parameter, interactions. Other significant 

features of the fragmentation cross sections are: . a) no nucleon-pickup 

isotopes are observed (o < lOlJb), b) fran 30% (Pb target) to 90% (H 

target) of the beam charge is accounted for by summing the fragmentation 

cross sections, and c) nuclear structure effects of both projectile and 

fragment are evident, often dominant, in establishing the isotope 

production cross sections. 

3 .1. 3 M)MENT(JM DISTRIBUTIONS The isotope production cross sections 

at beam energies > 1 A GeV are consistent with factorization and energy 

independence. This suggests that the rromentum distributions of 
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fragments in the projectile rest-frame should also exhibit independence 

of target structure and beam energy. These l.imi ting conditions are, in 

fact, met to better than 10% accuracy for fragmentation products of 

12C and 160 (87) and 4 He (83, 62); for fragment m::menta p $400 MeV/c 

(projectile frame) , at beam energies T ;;;;:, 1. OS A GeV. Evidence for 

energy-dependent changes in the fragment-rranentum spectra fran 4 He at 

0.4 A GeV (62) indicates that the fragment distributions becane limiting 

sanewhere between beam energies 0. 4 and 1. OS A GeV. 

The rigidity (P
11
c/Ze) spectrum shown in Figure 5 is typical of all 

such isotopic spectra from the 0-degree fragmentation of 1 2C at 1. OS and 

2.1 A GeV and 1 60 at 2 .1 A GeV. (Figure 5) The rigidity distribution of 

each isotope is peaked near the beam velocity, and the widths of all iso-

tope peaks are arout the same. In the rest frame of the projectile, the 

longitudinal rromentum distributions shaw a Gaussian dependence on P
11

, 

Figure 6. (Figure_6) Irrespective of projectile, beam energy;;;;:, 1.05 A 

GeV, and target nucleus, the PH-distributions for all fragments from 1 2C 

and 1 60, with the exception of protons, are characterized by: 

1) A Gaussian shape, with nns widths a(PII) ~50 to 200 MeV/c and 

values of { P.
11

) ~ -10 to -130 MeV/c. The latter shaw that the mean 

velocites of the fragments are less than that of the projectile, 

evidence of nuclear 11 friction 11 
• 

2) RMS widths a (Pll) and a (P 1 ) that are equal to an accuracy of 

10%, consistent with isotropic production of fragrrents in a frame 

noving at < s
11 

> ·~ - { :P
11 

> /E
0 

in the projectile frame. 

3) a (Pll) and { Pll ) that are a) independent of target mass and 

beam energy and b) dependent on the masses of the beam B and fragment F. 
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These observations satisfy limiting fragmentation and factorization. 

The general trend of the measured a (PII ) is reproduced by the expression 

1/2 -1 
a {PII ) {B, F) = 2a 

0
[ F {B-F)] B • The paralx>lic dependence of a (PII) 

on fragment mass arises from a variety of theoretical approaches, all 

dependent on sirrple :p:>stulates including conservation of rrornenttun {70, 

88, 89). Although the paralx>lic shape reproduces the general trend of 

the data, deviations indicate the .lnportance of fragment structure and 

final-state binding energy effects on a{PII) {90). 

Fragmentation of '+He has been studied in the reactions '+He + 

{C, .CH2, Pb) + {p, d, 3He, '+He) +X at beam energies 0.4, 1.05, and 

2.1 A GeV. Extending the v.urk of Papp et al {83), Anderson {62) 

measured fragment rromenta over the intervals 0.5 :,;;;;;; p :,;;;;;; 11.5 GeV/c and 

0 :,;;;;;; 9lab :,;;;;;; 1~ , giving P1 up to 600 A MeV/c. 

The P 1 -distributions of beam-velocity protons fran '+He on a 12C 

target are presented in Figure 7 for beam rranenta 0. 93, l. 75, and 2. 88 

A GeV /c. They show no dependence on beam nornenta to an accuracy $ 10%. 

The nomentum distributions for all fragments, p through 3He, produced 

with P1 = 0, are asyrnnetric in the projectile rest fraire. This 

asynmetry is observed at each beam nnmentum, and is due, in part, to 

longitudinal rromentum transfer between the projectile and target. 

Angular distributions in the projectile fra~re also show forward-

transverse asyrnnetries. Distributions of P 1 are broader than those of 

Pll , suggesting contributions by hadronic scattering processes. The same 

conclusion comes from an experiment on the inclusive production of He in · 

the reaction '+He + p -+ 3He + X measured with incident '+lie at 6.85 GeV/c 
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(1.02 A GeV) (91), where the kinematics of 3He-production are daninated 

by the quasi-elastic scattering of the target proton on the 3He--carponent 

in the ~He projectile, the remaining neutron acting as a spectator. (Figure 7) 

Manentum spectra of fast pions, viewed as projectile fragments, 

also show limiting fragmentation down to beam energies of 1 A GeV (83, 

55). This is shown in Figure 8 (83),. where the invariant cross sections 

- 0 
forTI production at·~= 2.5 are plotted as a function of the scaling 

paraneter x' = kll * /kll * (max) , with kll * the longitudinal rranentum in the 

center of mass, and kll * (max) the maximt.mt value allowed by energy and 

IOClmeiltum conservation. The scaling property is derronstrated for each 

projectile type by the fact that the pion yield depends on x' only, and 

not on . the energy of the projectile. The data show excellent agreement 

with a model of Schmidt & Blankenbecler (92). (Figure 8) 

Frankel et al (93, 94) have observed fast backward fragments frcm 

heavy targets l::x:>mbarded by protons. Their results, as well as those 

from fast forward projectile fragments, indicate the presence of short-

range structure in the nuclear wave function. There have been several 

semiphenanenological approaches to parameterize these data, each 

based on a different picture of the collision process. At one 

extreme is the notion of the "cumulative effect", in which the effect-

ive projectile is supposed to be a compact object of mass larger than 

a nucleon (95-97). By kinematics alone, this pennits fast forward 

fragment emission. A second approach is to assume a spectrum of 

nucleons with high virtual three-:roornentum inside the projectile. The 

scattering process releases this rromentum. For an exponentially 

falling virtual nnnentum spectrum, good agreem2nt with target fragment-
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ation data is obtained (94}. Finally, a relativistic analogue of this 

notion, the pa.rton rrodel, relates the distribution of obserVed x' · 

values to a vertex function, that is, a generalization of a momentum

space wave function. Simple p:>wers of (1-x'} give good fits to light 

projectile fragm:mtation (92}. The different approaches actually give 

similar pararneterizations of data, and are probably closer conceptually 

than their presentations suggest. 

3 .1. 4 FRAGMENTATION REACI'IONS Nr NON-RELATIVISTIC ENERGIES Cross 

sections for production of projectile fragments He through N in 1 60-

emulsion nucleus interactions at 0.15-0.2 A GeV were measured and 

canpared with those measured at 2.1 A GeV (76}. The cross sections for 

Be, B, C, and N were the same within experimental errors (10-25%}, but 

production of Li and He were found to be larger at 0. 2 than at 2 .1 A 

GeV, up to a factor of 2. 8 ± 0. 4 for Li. Differences in the topology 

of the 1 60 interactions leading to the production of Li and He fragments 

at these energies were also observed. For exarrple, the production of 

Li via 1 60 -+ Li + Li + X occurs in about 25% of the Li -producing 

reactions at 0.2 A GeV, but is unobserved (in approximately 2800 

interactions} at 2.1 A GeV (74, 75, 72}. This is a consequence of 

increased excitation energies at 2.1 A GeV beam energy, which suppresses 

multiple-emission of light nuclei. 

Unexpectedly, the cross sections and kinema.tics of peripheral 

collisions between 1 60 at 0. 315 GeV ( 0. 02 A GeV} on target nuclei 

94 ,;;;;;; 1\r ,;;;;;; 232 show remarkable similarities to the fragrrentation of 1 60 
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projectiles at 33.6 GeV (2.1 A GeV) (98-101). The relative· isotope 

yields are essentially target independent, and within experinental 

errors, the relative yields from 160 on 2 0 8Pb are identical to those 

~asured at 2.1 A GeV (98). Differences in the isotopic production 

cross sections are observed, however, the trends being toward lower 

production cross sections for neutron-deficient isotopes at the lower 

energy. The angular distributions and energy spectra in the excited 

projectile frarre are similar to those seen at Bevalac energies (100, 

101). 

3.2 Target Fragmentation 

25 

Cross sections for fragmentation of light nuclear targets (A~ 27) 

by proton beams (see Ref. 102) and by alpha beams (see Ref. 85) are in 

generally good agreement with projectile fragmentation data for 

canparable energies. The fragmentation of heavy target nuclei (A;;;;:, 67) 

leads to a wide range of fragment residues, the products of spallation 

and nuclear fission~ The large number of identifiable radionuclides 

(up to 76 for 2 3 8U) gives a good statistical basis for comparing th~ 

mass and charge distributions for different target/projectile/energy 

combinations, as a means for revealing new interaction mechanisms that 

may arise. 

Radioanalytical studi~s have been done on the energy dependence of 

~He-induced spallation of niobium, 0.08 ~T ~ 0.22 A GeV (103). Heavy

ion irradiations of cu have included 4He at 0 .18 A GeV ( 104) , 1 2C 

at 2.1 A GeV (105), 14N at 0.28 A GeV (106), and 40Ar at 1.8 A GeV (107}. 

Target-dependent data are available from radioanalytical experiments on 
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the reactions of 2.1 A GeV-12C nuclei with Ag (108), Au, Pb (109), and 

U (110). Track detectors have been used to study fission reactions 

induced by 1 ~N-bcmbardment of U, Bi, Au, and Ag at energies 0.14, 0.28, 

and 2.1 A GeV (111). 

The principal result of these spallation experiments is, except for 

same non-fission products of U (110), the reMarkable similarity of the 

mass-yield and charge-dispersion (at each fixed mass) curves for all 

projectiles, including protons (105-108). CUrmning et al found no 

detectable difference in the shapes of the charge-dispersion curves for 

fragment masses 37 ~ ~ ~ 61 from the spallation of cu by 25 GeV-1 2C 

(105) and by 1 ~N and protons, both at 3. 9 GeV (106) . The 3. 9 GeV- 1 ~N 

and proton data are corrpared in Figure 9. Illustrated here is evidence 

for factorization and, because of the identity of the 3.9 and 29 GeV 

charge-dispersion curves, limiting fragmentation. This implies that 

peripheral reactions are the dominant source for these {mid-mass) 

spallation products of CU. {Figure 9) · 

Because the observed spallation products result from all collision-

impact parameters, central collisions also contribute to the mass 

distributions. For central collisions, however, factorization fails 

and the yields from such collisions will depend on the mass of the 

projectile. This may account for the observation that some light 

fragment yields {3He, 7Be) do not factor (107, 108). Loveland et al 

(110) observed that the interaction of 2.1 A GeV- 12C with U produces a 

particularly large enhancement in the mass yield curve in the region 

160 ~ ~ ~ 190, a feature completely absent in the 28-GeV p + U mass-
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yield curve. Such an effect m.1st be a consequence of non-peripheral 

collisions. There is rrore evidence for contributions of non-peripheral 

collisions to target fragmentation. Westfall et al (102} remarked on 

the appearance of a "high temperature", roughly 15-MeV, Maxwellian 

energy distribution of fragments fran nuclei bcmbarded by protons. 

This high temperature canponent beaJmes increasingly conspicuous 

(relative to the ~ 8-MeV Maxwellian characteristic of light nucleus 

fragmentation} as target mass increases. The effective temperature 

rises above 15 r1ev as projectile mass increases (112,60}, showing a 

breakdown of factorization. 

Heavily ionizing "black" tracks (m::xnenta p $ 0.25 A GeV/c} from 

relativistic interactions in nuclear erm.llsion are attributable to 

target fragrnerttation (34, 73, 113, 114}. The rapidity distributions of 

such fragments (assumed to be protons} fran AgBr under bombardment of 

'+He, 160, and ~+oAr projectiles at ~ 2 A GeV are found to be 

Maxwellian {114}. To within the errors of the experiment, the values 

of< y) and the standard deviation a are independent of projectile mass, y 

the mean of all distributions being consistent with< y) = 0.014 ± 0.002 

and a = 0.082 ± 0.001, the latter corresponding to a temperature T = 
y 

6. 3 ± 0. 2 MeV. These results are .inpressively close to values of < s
11 

> 

and T obtained from the rromentum spectra of projectile fragments (87}. 

The near-constancy of the 01-veloci ty s
11 

of the emitting system 

has been derronstrated for a variety of projectiles, 1T-, p, and heavy 

ions, when the projectiles are relativistic, and fragment ranges are 111 

the interval 0-4 rnm (tabulations are given in Refs. 28, 36, 114}. The 
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is not an invariant feature of heavy ion collisions, 

however, since it has been found to increase when a) the fragment 

range (energy) is increased {114), b) the arrount of charge, !J.Z, lost 
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by the target nucleus, i.e. the degree of dissociation, increases {74), 

and c) the projectile energy decreases {115, 113, 60, 116, 117, 100, 

101) . Similar phenomena are observed in 1 ~N-induced fission reactions 

where the binary fission and single {energetic spallation) tracks 

show increased angular asymretries as either the beam energy, or mass 

of the target, decreases (111). 

A two-step kinematic model {118) is applicable to these observ

ations (100, 101). In this model, target fragmentation proceeds via 

a) B + T + B* + T*, b) T* + F + X. Frc:m the conservation of energy

nomentum, the recoil velocity of the target is given by the expression, 

valid for recoil <<excitation <<nuclear rest energies, 

(3.1) 

with f3 the beam velocity, y = ( 1 - f3 2) -l/2, E.r * and ~ * the respective 

excitations of target and beam nuclei, and M.r the target mass. 

Equation 3.1 explains the following qualitative features of the cited 

data: a) ( ~} is independent of ~ (factorization); b) for given values 

of E+_r* and ~*, asymmetry anticorrelates with target ma.ss; c) given 

E.r* << ~*, i.e. low target excitation, asyrrmetry anticorrelates with 

beam rrornentum, and d) asymnetry correlates with energy deposition in 

the collision. 



3.3 Theoretical Aspects 

The phenomena of nuclear fragrrentation have been analyzed by a 

number of theoretical techniques which are well tested in familiar 

dc:m::lins of nuclear and particle physics. Such analyses have given 

successful explanations of available experimental data, ranging in 

precision from percent-level accuracy for total cross sections to 

semi-quantitative or qualitative descriptions of fragment ·production 

rates and m::::m:ntum distributions. 
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3.3.1 'IDI'AL CROSS SECI'IONS The high energy rrodel of Glauber (21), 

which has been remarkably successful in describing nucleon-nucleus 

cross sections (119) , supplies a physically reasonable and computation

ally tractable framework for deducing nucleus-nucleus cross sections 

also (120). The fundamental approximation of the rrodel is that during 

the collision any projectile-nucleon target-nucleon pair wave function 

suffers a complex phase shift depending only on the nucleon-nucleon 

relative impact parameters. Therefore, the nucleus-nucleus wave 

function is multiplied by a phase factor exp [ iExjk (~j - ~) ] 

where the sum goes. over all pairs of nucleons. For a given nucleus

nucleus impact parameter Q., the above phase factor averaged over 

projectile and target ground-state nucleon distributions yields 

exp [ ix (Q)], the survival amplitude at impact parameter Q.. Huyghens' 

construction gives the small q elastic scattering amplitude (q = 

nanentum transfer) as proportional to the Fourier transform of 

{1 - exp[ ix (Q)]} , and hence by the optical theorem the total and 
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reaction cross section formulas, 

aT= 2Rejd2b{l- exp[ix(!ij]} (3. 2) 

OR = Rejd2 b{l -I exp( ix (}2)] 12
}. (3. 3) 

Thus, given sufficiently accurate nucleon distributions inside each 

nucleus, and given Xjk (~j - 19:k) (which may be obtained by fitting 

nucleon-nucleon scattering data), one may compute the cross sections by 

integration. As Figure 4 shows, the results for light nuclei are in 

gcxxl agreement with experirrent. The actual calculations require 

inclusion of Coulomb phase shifts, since the Coulomb parameter aZ 1 Z2 

can be quite large. The m:x:lel is physically reasonable, since results 

are sensitive mainly to interactions of surface nucleons. For these 

nucleons the approximations a) that their internal notion during the 

collision can be neglected and b) that they interact as if free are nost 

plausible. Under some additional approxirna.tions, Glauber's m:x:lel 

becorres equivalent to the optical nodel, which therefore gives the 

same results when valid (120) . 

3. 3. 2 FRAGMENTATION High energy reactions which deposit small 

amounts of energy in nuclear residues are naturally described as 

occurring in two stages--a fast collision which may lead to knock-out 

of one or nore nucleons, followed by de-excitation on a time scale 

characteristic of internal nuclear notion (70). Calculational approaches 

involving high-energy approximations, such as the Glauber m:xlel or the 

intranuclear cascade m:xlel (121), may be used to describe 
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the first stage. In the cascade nodel, individual projectile and 

target nucleons nnve at unifonn velocities between collisions with 

other nucleons (different particles, like pions, may also be included). 

The position and outcome of each collision in a given cascade are 

determined by random sampling of probabilities derived from the 

elem:mtary cross sections. Thus, even for a fixed nucleus-nucleus 

impact paramter it may be necessary to follow many cascades in order 

to obtain a probability distribution for configurations at 1the end of 

the fast stage. The energy deposited by the cascade in a "spectator" 

residue gives the input for the second stage, in which fragments 

"evaporate" from the residue, assurred to be in rough thennal equilibrium. 

While there is an extensive literature on cascade calculations for 

protons L~cident on nuclei, attempts to deal with campl~nuclear 

projectiles have begun only recently, and with an emphasis on products 

other than projectile or target fragments (122) . 

The cascade calculations, once they become available, should be 

nnst appropriate for describing the high temperature cOIIq?Onent of 

fragment distributions, as well as exarrples of isotope production which 

do not exhibit factorization. That is, processes which involve large 

overlap of projectile and target are likely to be insensitive to 

quantum interference effects, so that a minimally quantum-mechanical 

scheme may be used to describe them. Indications from the proton data 

(102) are that these nonfactorizing processes exhibit limiting frag-

mentation for bombardment energies greater than a few A GeV. 

In contrast to the above, the properties of the "low terrperature 
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component" and of fission (which also involves very small energy 

deposit), namely factorization and limiting fragmentation at about 20 A 

!-leV l:x:>mbardment energy, invite a different, rrore quantum-

mechanical approach. Hi.ifner and collaborators (123) have given 

the rrost systematic treatment to date, using Glauber theory to describe 

the fast stage. In this approach, the survival factor exp[ il:xjk (~j-Qtk) 1 

is treated as an operator on the projectile and target nuclear wave 

functions. As nuclear overlap increases with decreasing .inpact pararreter, 

the survival factor differs rrore fran unity, so that higher states are 

excited. Even at a given impci.ct pararreter, the excitations of 

projectile and target are likely to be correlated. If the exact 

nuclear Hamiltonian were known, the result of the fast stage could be 

used to give the initial condition for the slow evolution of the 

excited nucleus. Lacking this, one must make further approximations 

to describe the second stage, and .inprovement in these approximations 

may be the rrost fruitful area for further developments in the theory of 

low-energy processes leading to nuclear fragment emission. 

In its domain of applicability, T ~ 1 A GeV, the Glauber approach 

autornaticall y .inplies limiting fragmentation at least to the extent 

that the nucleon-nucleon cross section is constant. Approximate 

factorization for light-projectile fragmentation is also a natural 

consequence, since highly peripheral interactions primarily involve 

direct contact of one or a few nucleon pairs in a localized overlap 

region and hence the resulting excitations are insensitive to the 

shape of the other nucleus. It should be mentioned that another aspect 

of factorization, namely noncorrelation of projectile and target 
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excitations, has been little studied in theory or experiment. 

Projectile fragment ItDIT~entum spectra and relative isotope 

frequencies both indicate an effective "tenperature" of 8-10 MeV (87, 

100). The Gaussian rrarentum spectra could be due to a combination of 

factors, the approximate validity of h.arnonic oscillator shell nodel 

wave functions, and the fact that several nucleon rrornenta are being 

added randomly, resulting in al.nost instant emission of the fragment. 

On the other hand, the appearance of a Bol tzmarm factor in the 

frequency distribution of nodes of fragmentation ( 124) suggests a 

slower process, in which the mean energy deposited is distributeid over 

many degrees of freedom before fragment emission occurs. From this 

point of view, it 'WOuld !:e interesting to study fragmentation of heavier 

projectiles by unexcited targets, to see if the (presumably similar) 

local energy deposit is spread out rrore, resulting in lower effective 

temperatures. 

4. GENERAL PRX:ESSES 

Particles not identifiable with projectile or target fragmentation 

are deemed to COilE from general processes. Experimental studies of 

such processes therefore require sensitivity not only to target and 

projectile regions of rapidity, but also to intenrediate rapidites 

and large transverse nornenta. In this chapter we consider single-

fragment production in the near-target region, where target emission 

remains distinctive, but where effects of the projectile nucleus are 

evident, and then go on to the intermediate region, where fragment 

emission can no longer be identified with either target or projectile. 
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4.1 Near~arget Rapidities 

Information on fragment production in the near-target regions has 

come from studies on the emission of fast, light nuclei, Z ~ 2, T $ 250 

A ~v, from interactions of heavy ions in emulsions (76, 113, 74, 73, 

114,116) and AgCl~nocrystalline detectors (115, 117) at beam energies 

0 .1 $ T $ 4. 2 A GeV, from mea5urenents of the energy and angular 

distributions for fragments produced in the reaction 2.1 A GeV-12C +Au+ 

Z, with 5 ~ Z ~ 9 (125), and from a comprehensive study of the single-

f t' 1 · · Ne U ragmen lnc uslve reactlons lie + A1 + F + X at selected beam energies 

T = 0.25, 0.40, and 2.1 A GeV (60). In the experiments of Gosset et al 

(60), the detected fragments were protons through nitrogen with energies 

30 ~ T ~ 150 A MeV and angles 25° ~ GL ~ 150° . 

Some qualitative features of fragrrent emission in the near-target 

region are: 

1) The angular distributions for the hydrogen and helium isoto:pes 

are smooth, and exhibit fo:rwanl peaking that increases with mass and 

energy of the fragment (125, 60, 113, 73, 114, 116), and with decreasing 

beam energy (60, 115, 117, 113, 116). 

2) Proton production is predominant, especially for GL > 90° , 

since other fragment energy spectra fall more steeply with increasing 

angle. The cross sections for 3He are enhanced at high fragment energies, 

characteristic of neutron-deficient isoto:pes (60). 

3) The s:pectra of all fragments deviate from exponential 

(evaporation-like) spectra, tending to power-law distributions (125, 60, 

126, 74, 113). 
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4) The production of light fragments, e.g. 3He, is dependent on 

the target. The angular distributions are nearly independent of the 

projectile (60). 

5) The emission of fast He nuclei, 10 ·.~ T_ ~ 250 A r-1eV, is associated 

with high excitation energies (74, 60) • Up to seven target-related 

He nuclei per interaction have been observed in emulsion events, with 

canbined kinetic energies often exceeding 1 GeV (33) • 

Figure 10 shows contours of the invariant cross sections p-1d 2cr/ 

dEdQ, fran Gosset et al (60) for the reaction 20Ne + U -+ 3He + X, 
' 

plotted in the rapidity versus P1/~ plane for each bombarding energy 

indicated. The heavy contours are identified by the log1 o of the 

invariant cross section. The spacing between contours corresponds to a 

constant factor in the cross sections. Note that at 2 .1 A GeV, the 

contours are well separated fran y . = 1. 84, and the ide..""ltification 
proJ 

of target-related production of 3He is quite clear. At 250 A MeV, the 

smaller rapidity gap between the target and projectile (y . = 0. 71) pro) -

does not allow such clean separation between.the target and projectile 

regions. To interpret these patterns, recall that for fragments emitted 

isotropically from a unique noving source, the contours will center 

arout the rapidity of that source. The data show that no such unique 

source exists. At the lowest value of P 1 , the apparent sources have 

rapidi ties y :$ 0 .1. As P 1 increases, the shifts in the centroids of · 

the contours towards higher, intermediate rapidities indicate increasing 

source velocities. (Figure 10) 

To accormt for the apparent spectrum of velocities of the 



particle-emitting sources, Westfall et al invoked the concept of the 

nuclear fireball (127) . They assumed that in a collision between 

36 

nuclei, the "participating" nucleons in the overlapping volurres of the 

projectile and target stick together, forming an entity called a 

fireball. The fireball thus rroves at rapidities intenrediate between 

target and projectile, and is assumed to be an equilibrated, non-rotating 

ideal gas that expands isotropically in its rest frame with a 

Maxwellian distribution in energy. 

Because of the unequal projectile and target masses in the Ne + U 

collision, the kinematics of fireball production depend on the impact 

parameter b, and a spectrum of b-dependent fireball (source) velocities 

naturally arises frcm the rrodel. The key assumption of a fireball 

system characterized only by b of the collision cannot be directly 

verified by these data alone. For this, equal target and projectile 

masses are required. 

Light fragment (cluster) emission oamprises a significant fraction 

of the total baryonic cross section (al:x:mt 50% at energies 30-50 A MeV 

from U) (60). The cross section in velocity-space for emitting a light 

fragment consisting of A nucleons is rough! y proportional to the A th 

power of the cross section for emitting single nucleons of the same . 

velocity. M:xiels that correlate light fragments with nucleon production 

in velocity space in this manner are the coalescence (128, 60) and 

therrrodynamic ( 12 9, 13 0) rrodels. In the coalescence rrodel, nucleons 

are assumed to fonn a fragment nucleus when a total of A neutrons and 

protons corresponding to that nucleus are emitted with vector momenta 

all terminating within a coalescence sphere of radius p
0

• Figure 11 
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shows the impressive results of fitting the production cross sections 

to the coalescence :m:xiel for d, t, 3He, and ~He from the reaction Ne 
I. 

on U at 250 and 400 A MeV, using the neasured proton cross sections. 

The fitted values of p
0 

for these eight sets of data are in the range 

126 ~ p
0 
~ 147 'MeV/c, typical of Penni. m:menta. (Figure 11) 

4.2 Intermediate Rapidities 

The experiment of Nagamiya et al (66) on inclusive proton spectra 

from the reactions 800 A MeV-20Ne + ~~ + p + X employs a target

centered, rotating magnetic spectrareter to obtain data at high P1 for 

production angles 15° ~ 0L ~ 145°. Proton nomenta are measured in the 

interval 0. 4 ~ p ~ 2. 4 GeV /c, the upper limit being 1. 6 times the 

nanentum/nucleon of the beam. 

Figure 12 is a contour plot of the invariant cross sections cr1 = 

Ed2cr/p2dpd.Q in the (y, P 1;mpc) -plane for proton emission from Ne on Pb. 

The centroids of the contours shift from y <:::::: 0 as P1/mpc = n1 lnc:reases. 

At the highest values of n1 the contours approach symmetry about the 

average of the target and projectile rapidities (yp + yT)/2. (Figure 12) 

The centroid shifts may be linear for small n1 • For non

relativistic, isotropically-produced protOns a linear relationship, in 

tenns of velocities, is 8
0 

= a + b81 , where 8
0 

is the velocity of the 

emitting source for protons with velocity 81 
<:::::: nl (max) in the m:>ving 

frame. Stevenson et al (126) were the first to note that such a 

relation was a good approximation for all fragments A ~ 16. This 

permitted them to find an exponential cr1 versus m::mentum distribution 

for light fragments, independent of the fragment mass. 



The reaction 800 A MeV- 20Ne + NaF + p + X closely approximates 

collisions between nuclei of equal masses. The contours of ai for 

this reaction (66) show symmetry about y = (yp + yT)/2 = 0.62, the 

rapidity corresponding to 90° in the center-Of-mass frame. Proton 

emission is not isotropic in the Q1 frame, but peaks forward and 
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backward, particularly at small n1 • To reproduce the observed shape 

of the contours of ai requires a superposition of a spectrum of 

effective sources over a range of rapidities 6.y ~ ±0.2 centered about 

y. The elemental concept of the production of a unique fireball is 

not supported and, at the least, refinements of the fireball m:Xiel 

that allows a continutml of source-velocities are necessary. 

Other features of the inclusive proton spectra are: 

1) The proton energy distributions at P 1 (max) for the reactions 

(all at 800 A MeV) C + C, Ne + NaF, C + Pb, and Ne + Pb are of the 

fonn ai ex: exp(-T /T), with T in the range 68-78 MeV. 

2) The target dependence of the proton yield (ex:~) from 800 A 

MeV- 20Ne, expressed in tenns of the exponent n, approaches n = 1/3 at 

small angles (projectile fragmentation), and increases with angle, 

becoming n ~ 1 {or slightly greater) in the back hemisphere. 

4.3 Nuclear Shoek Phenomena 

Searches for compression phenomena in nucleus-nucleus collisions 

have been carried out by Schopper and coworkers {117, 115, 131) , based 

on studies of the angular distributions of fragments erni tted from 

large-prong-number events in AgCl monocrystalline detectors irradiated 

by 1 2C and 1 60 projectiles, 0. 25 ·~. T ~ 4. 2 A GeV. Because of the 
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limited sensitivity of AgCl detectors, only fragments with ionization 

rates I ~ 8.5 I . are observed. This restricts the detection of 
nun 

hydrogen nuclei to T ~ 28 A MeV, and He nuclei to T ~ 200 A !<-1eV. The 

excess of non-evaporation He fragments, 28 ~ T ~ 200 A MeV, in the 

fo.I:Ward hemisphere and the dependence of the peak angle of this excess 

on beam energy observed in the AgCl exper.i.ment have been attributed to 

nuclear density effects {132, 133). other experimental searches for 

nuclear shock waves have not yielded positive results {74, 134, 73, 

135, 113, 114, 116). 

To aapunt for the excess of fragments observed at forward angles, 

Schopper et al {117) have interpreted the do/de distributions observed 

in AgCl detectors as superposition of {predominantly) two spectra: 

a) a "background" spectrum of low-energy fragments, mainly H and He, 

with energies :$ 28 MeV, and b) a spectrum of He nuclei with energies 

:$ 200 A MeV, whose angular distribution is strongly peaked in the 

forward hemisphere owing to their larger mass and high energies {60, 

134, 74, 116). Using the measured cross sections for Z = 1 and Z = 2 

fragments { 60) , and the angular distribution from intranuclear cascade 

calculations for protons with T ~ 250 A MeV {122), Schopper et al were 

able to reproduce their observed distributions. 

Based on experiments to date, it must be concluded that there is 

no proof for the existence of shock phenomena. It is not clear, 

though, that experiments. perfonned thus far were capable of establishing 

the existence of such effects, in that they were predominantly single-

particle inclusive measurements and/or lacked essential information on 

the multiplicities, energies, and isotopic identification of fragments, 
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including pions. 

4.4 Pion Production 

4. 4 .1 INCLUSIVE SPEX:TRA Rudimentary information on the angular 

distributions of pions produced in high-energy heavy ion collisions is 

available from cosmic-ray studies on shower production and from 

preliminary results of Bevalac experiments on the reactions 0.8 A GeV-

zo NaF + -
Ne + Pb + rr + X (66, 136). Known features of the angular 

distributions in the CM system of equal~ss particles are: 

1) At high p, i.e. ;;::- 2 m c, pion emission is nearly isotropic 
1T 

(22, 34, 66). 

2) ~me 
1T 

(66) and CM energies T ~ 100-150 MeV (136) the 
1T 

angular distribution shows a forward/backward peaking. 

3) At CM energies 20-50 MeV, the pions are rrore nearly isotropic, 

with a possible broad peaking at GCM ~ 90° (136) . 

The fact that the production of pions does not depend sensitively on 

the structure of the projectileitarget suggests independent-particle 

production. However, under the assumption that the cross sections are 

given by do ~B + T + rr) ~ ZBdo (p + T +rr) + NBdo (n + T + rr) , where ZB and 

NB are the proton and neutron numbers of the projectile, it is found 

that the calculated cross sections agree qualitatively with exper.llnent 

for 20 < T Lab < 100 MeV and GL < 60° , but are overestimates b'-' factors 
- 1T - J. 

of 2 or more for GL ~ 90° (136). 

The target factor index (a ~ ~) for pion production varies from 

~ 1/3 to 2/3 under the following conditions: a) for high pion rrorrenta, 

P.,r > 1 GeV/c, near GL = 0°, n is about 1/3 (83, 137) indicative of 
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production in peripheral collisions; b) n increase to ~ 1/2 ·- 2/3 as 

p'IT decreases (83). This suggests that low-m:::mentum pions at \ ~ 0° 

are associated with rrore central collisions, as are pions produced at 

high transverse m::menta, 1 < P1 jmpc < 5, which also have n ~ 2/3 (66). 

4. 4. 2 MULTIPLICITIES The multiplicity distributions of pions P (n) , 

the probability for. the emission of n pions per collision, have been 

neasured for 'IT- for a variety of targets and projectiles in a streamer 

+ 
chamber experiment (138) and for 'IT- for 12C and 160 in emulsions (139) 

at beam energies ~ 2 A GeV. The principal results are: a) copious 

production of high-Imltiplicity events does not occur and b) the 

neasured P(n) can be fitted to a sum of impact-parameter-dependent 

Poisson distributions p (n,b) that are found in a large class of 

dynamical rrodels, independent of whether or not equilibrium is reached, 

under the condition that mul.tipion correlations can be neglected (140). 

The 'IT- mul.tiplici ty distribution for the reaction 1. 8 A GeV-'+ 0 Ar 

+ Pb3o,. -+ n'IT + X is shown in Figure 13a. The data are to be carrpared 

with curve 2, the calculated P (n) averaged for the Pb and 0 carrponents 

of the target appropriate for the particular "trigger"-rrode used to 

select events (i.e. the number of charged tracks per event > 5). 

Figure 13b shows the model calculations of P(n,b) as a function of 

impact parameter for Ar and Pb. Gyulassy and Kauffmann stress that any 

deviation of P(n, b = 0) from a Poisson distribution would be direct 

evidence for unusual, coherent pion production in heavy ion collisions. 

(Figure 13) 
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4.5 Theoretical Aspects 

A full description of central collisions between nuclei (or, for 

that matter, between nucleons) would require a quanttnn theory capable 

of dealing with infinite degrees of freedom, since both real and 

virtual excitations may occur. For very light nuclei a phenomenological 

treatment based on fits to hadron collisions is possible. For 

intennediate mass nuclei there may be no very good calculational scherre. 

If at least one and preferably both partners in a collision are very 

heavy, then one may hope once nore to find useful nodels, because 

errors arising from crude approximations to the full theory may have 

little effect when averaged over alnost macroscopic regions. Many 

different nodels have been compared with data on single particle 

inclusive reactions (142-144) . 

4. 5 .1 LONGITUDINAL MJDELS One group of nodels might be called 

"longitudinal" or "one-dimensional": the collision is divided into 

different regions in the dimensions transverse to the beam, and 

corrmunication arrong these regions is ignored, at least for the initial 

phase of the collision. The simplest of these is the fireball nodel, 

already mentioned (127). The "firestreak" nodel assl.llres sticking 

together and equilibration, not of the whole collection of overlapping 

projectile and target particles as a unit, but rather of the matter in 

individual narrow imaginary tubes drawn parallel to the beam direction 

(145). Each tube then acts as a separate emitter of product particles. 

In comparison to the fireball, the firestreak has the advantage that 

the nuclear surface diffuseness is easily accomodated, but this is not 
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so important for large nuclei. At nDderate energies (100-400 A MeV) 

the fireball assunption of conplete equilibration in the whole overlap 

region seems nore reasonable. At very high energies (well above 

Bevalac) ccmplete sticking together even in tubes seems unlikely. 

However, at energies near the top of the Bevalac range, the firestreak 

seems nore promising, especially for large projectile and target. 

A nore quantum-mechanical exarrple is the one-dimensional "row-on-

row" rrodel using Glauber theory for collisions of particles in a tube 

(146). This is really a way of ccmputing and checking, rather than 

assuming the initial conditions of the firestreak, that is, stopping 

of projectile and target material in the center-of-mass frame for a 

given tube. 

4.5.2 CLASSICAL MICROSCOPIC MODELS In these models, trajectories 

of individual particles are followed throughout the collision, but 

quantum effects are put in "by hand". The first group are cascade 

models of the type described in chapter 3. Here quantum mechanics is 

represented by the probabilistic method of determining locations and 

results of collisions. The simplest approach is to represent the A 

nucleons of a projectile by following A individual nucleon-nucleus 

cascades and adding the results (142). This clearly neglects all 

interactions of projectile nucleons anong themselves, as well as nost 

interactions of struck target nucleons with each other. A modified cas-

cade nodel, in which baryort number is conserved only on the average and 

individual particles have probability distributions to be in various 

places at a given time, is computationally easier than the standard 
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technique when applied to nucleus-nucleus collisions (122). Full-fledged 

standard cascades, applicable in the rroderate energy domain, are nearing 

canpletion at this writing (Z. Fraenk.el & Y. Yariv, unpublished, 144). 

Another kind of calculation proceeds by numerical solution of 

Newtonian equations of motion for nucleons interacting by two-body 

forces (147, 148). The forces can be made velocity-dependent in order 

to imitate the effect of the Pauli principle. Such rrodels, like the 

cascade, are not easily extended to relativistic energies, where 

particle degrees of freedom proliferate. 

There is even a sort of cross between the cascade and equation-of

motion approaches, in which the impact parameter of a nucleon-nucleon 

collision determines the scattering angle. For classical hard spheres, 

this gives an exact solution of the equations of motion, while for more 

realistic nucleon-nucleon potentials it may still be a useful approx

irration (149, 142). This method can be made fonnally relativistic, but 

then is no longer exact for any kind of interaction. 

4.5.3 CLASSICAL MACROSCOPIC MODELS Since the proper degrees of 

freedom for nuclear matter at high density are not well determined from 

first principles, there are ~undamental as well as practical arguments 

for describing nuclear collisions by fluid dynamics, in which the 

matter is treated as a fluid, always in equilibrium, with an equation 

of state perhaps containing phenomenological parameters to be fixed by 

fitting to exper.llrent (150, 142) • Two major numerical ,investigations 

were made, one using conventional relativistic. nonviscous fluid dyna-
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mics ( 150) , and the other treating colliding nuclei as drops of two 

different fluids coupled by a frictional drag ( 151) . At low bombarding 

velocities, less than the Fe:rmi velocity BF ~ 0. 2, the one-fluid 

formulation makes sense, but at much higher speeds it is less reasona::-le, 

since nucleon-nucleon collisions cannot instantly share energy and 

m::rrenttnn between projectile and target matter. 

The great advantage of fluid dynamics is its power to relate 

experilrental results to the equation of state for matter with high 

baryon and energy densities. The corresponding disadvantage is the 

assunption of local eguilibritnn, even in the two-fluid model. At 

energies much higher than Bevalac this assumption almost certainly 

breaks da.vn; at least one ITOre fluid associated with mesons must be 

introduced, as is done in hydrodynamic Il'Odels of nucleon-nucleon 

collisions (152) . 

4. 5. 4 SPECIAL EFFEcrS Of course, any macroscopic approach sacrifices 

description of singular processes such as one-step nucleon knockout, as 

well as of quanttnn correlations am::>ng emitted particles. The latter 

are clearly beyond any classical frarrework. 

Spectral shapes for protons with high transverse momenta have been 

computed on the assumption of a single hard nucleon-nucleon scattering. 

Fitting to experimental data gave acceptable values for the average 

number of such scatterings in a collision, but could not confinn the 

single-step mechanism (153). 

\i'Jhile copious data on correlations arrong produced particles may be 

expected fran experiments in the near future, the main information 
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available so far is on the multiplicity distribution for negative pions, 

obtained from streamer chamber photos (138). The results have l:een 

explained in both a thenna1 rrodel, where a fireball decoupling density 

was assumed (140), and in an approximate cascade calculation (141) . The 

point is that rniniroa1 correlations giving a Poisson distribution of multi-

plici ties fit well, so that at least the impact-parameter-averaged 

distributions carry little information. 

Potentially rrore interesting correlations have been discussed. If 

sane feature of the outgoing particles could signal that the collision 

was central with respect to both projectile and target, then single and 

multiple particle distributions for events with this central signal should 

be especially informative. It seems to us that the absence of large 

projectile-velocity and/or target-velocity fragments, from collisions of 

similar mass heavy nuclei, should be a central signal. The asstm1ption 

of similar masses is imp:>rtant because a light projectile could be 

destroyed in a peripheral collision with a heavy target. On the other 

hand, for equal small masses the nuclei are mainly "surface", so that 

again destruction could occur in collisions that were far from head-on. 

Two-particle momentum correlations might be used to test a single-

step knockout mechanism (153), or to search for wave coherence effects 

in the correlation functions of identical particles, which could indicate 

the spatial and teir~pJral di.rrensions of the effective source (154). 

However, such results would be interesting only if the source turned 

out to be surprisingly big or small. 
I 

4.5.5 APPRAISAL CompariSon of·nroel predictions for single-particle-
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inclusive cross sections with each other .and with experiment indicate 

generally better than order-of-magnitude agreement in absolute rate, 

and good agreement on trends with energy and angle (144) , at least for 

1:xJmba.rding energies in the range of 100-500 A MeV. This suggests that 

these cross sections are largely detennined by geometry and conservation 

laws, and that the large number of degrees of freedom in the colliding 

system makes it possible to get the same "statistical" results with 

widely different approximation schemes. The rough agreement with exper-

iment means that we have yet to find evidence for surprising or unusual 

phen.omena in such collisions. While this might be disappointing, it 

suggests that existing theoretical concepts may be applicable at least 

to the stage of canpression in central collisions of large nuclei. If so, 

then the crucial question becornes how, and to what degree, experimental 

results are affected by the nature of the evolution from that stage. 

4.6 New Phases 

The most dramatic suggestion for the later stages of compression 

is the possible fonnation of new phases of matter with high baryon 

density. Such a phase could well be more stable than ordinary nuclear 

matter at that density, or perhaps even more stable than matter at 

nonnal nuclear density. In the latter case, a very high barrier 

evidently sepG\fates ordinary matter from the new phase, since sponta

neous transitions do not occur at a perceptible rate. 

Proposed mechanisms leading to a new phase include the original 

notion of the nucleon-nucleon tensor force (4, 155); the not-so-different 

possibility of a very short-range attraction between nucleons (155, 156); 



"quark" matter, in which these hypothetical constituents of strongly 

interacting particles (hadrons) would not be confined to in:lividual 

nucleons, but instead could rrove separately throughout the nucleus 
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(155,157); pion condensation, in which a field operator that can create 

and destroy pions a~es a non-zero expectation value in matter, 

varying fran point to point in space (158); fundamental chiral syrrnnetry, 

causing nucleons to berome massless at sufficiently high density (159) ; 

or tensor rreson exchange between nucleons (160). 

M::>re than one kind of new phase is likely to occur. A phase 

which is unstable with respect to ordinary matter might still produce a 

resonance-like energy dependence in the total cross section or in 

special channels, at an energy appropriate for its excitation (161). 

If a new phase were absolutely stable, it probably would have 

much higher baryon density than ordinary nuclei. otherwise it W)uld 

be hard to understand why light nuclei do not collapse spontaneously 

at an appreciable rate. If a stable phase had high density, then 

surface effects could well make light nuclei stable in the familiar 

phase, while for heavy nuclei the greater bal:rier and greater numbers 

of nucleons needing to pass it 1AOU1.d inhibit spontaneous transitions 

(A.K. Kennan, unpublished) . In addition, a first order phase transi

tion at relatively low density would be likely to have a great effect 

on neutron stars, generally agreed to be visible as pulsars, whose 

properties are constrained by astroncmical observations {160). 

Therefore, if a new stable phase can be made at all in heavy ion 

collisions--a proposition which has been questioned (155)--it is likely 

to require densities at least an order of magnitude higher than normal, 
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which at best would be attained with near head~n collisions of the 

largest nuclei at center~f-mass energies of a few A GeVi well above 

the Bevalac range (162). Thus, sonelhat nore subtle signals of new 

phases which are not actually stal;>le may be the nost exciting prey to 

pursue in the i.Inrrediate future. A possible source for such a signal 

would be scree unusual t.hel::Irodynamic property of matter at high baryon 

density. Perhaps the nost dramatic proposal up to now extends specu

lations about hadron structure (163) to this new domain, raising the 

possibility that dense matter might exhibit a "limiting terrperature" 

kT :=::: m11' :=::: 140 MeV (164). That is to say, the specific heat would 

diverge as this terrperature was approached, because nore and nore 

different· states could be excited. As with other new kinds of phase, 

the biggest question is what effect this phenanenon would have on the 

particles remaining after expansion had lowered the density (164). 

5. mNCLUSIONS 

V .F. Weisskopf (unpublished) has canpared collisions between 

hadrons to collisions between fine SWiss watches. His point is that 

the products of watch collisions are usually present before impact 

while the products of hadron collisions are usually formed after 

impact. Precisely for that reason, one should not try to learn abJut 

the structure of matter by smashing watches on each other, or even 

smashing atoms on each other. There are far better ways to probe these 

systems, so that the best to be hoped from such experiments is 

confirmation of insights derived in other ways. However, the case of 
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nuclei is quite different. High energy nuclear collisions are the 

only way to explore the frontier of high baryon density (165) and that 

alone justifies, indeed demands, further pursuit of this field. 

Up to now, studies of nuclear fragmentation have revealed a rich 

structure, with a hierarchy of different particle energies in the rest 

frame of a fragmenting nucleus. IDw energy (< 10 MeV "temperature") 

fragments are associated with peripheral interactions which "tickle" 

the nucleus. Slightly higher energy fragments (< 20 MeV temperature) 

arise from greater overlap of the colliding partners, and quite 

possibly are indications of the nuclear response to moderate compression 

and heating. In the limit of very high bombardment energies, particles 

with hundreds of MeV, or even GeV, energies should doubtless be 

considerecl as projectile or target fragments, just as they are in 

hadron collisions. Again, they should indicate the response to 

compression and heating. 

Experiments indicate that at energies in the several hundred A 

MeV region head-on collisions lead to temporary pressing-together of 

projectile and target matter, if not full thermal equilibration. It is 

important to find the highest energies at which this phenomenon 

persists, since these will give the highest compressions and largest 

departures from familiar domains. In such experiments the "central" 

trigger coming from absence of large fragments with the velocity of the 

projectile, assumed equal in mass to the large target, should be a 

valuable tool. 

In single-particle studies, searches for K+ should give a direct 

\ 
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measure of strangeness production, since strangeness is not easily 

destroyed once created. This w:::>uld give a valuable clue a.l::XJut the 

nature of compressed matter. 

Looking over the results reviewed here, we see a beginning has 

been made in the exploration of high baryon density, a frontier which 

is outside traditional nuclear and particle physics. As at any 

frontier, there is still plenty of rocm for imagination and adventure, 

which ought to attract increasing bands of able and eager explorers. 
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TABLE 1. Heayy Ian Facilities, Z ~ 2 and T/A ~ 0 .1 r:'£V. 

Location 

Sac lay 

DUbna (JINR) (52) 

Berkeley (LBL) 

* 

Accelerator 

Saturne 

Synchrophasotran 

* Berkeley 

-t Berkeley 

SuperHILAC injector: T/A = 8.5 ~V 

** 

Pulse rate 

15/min- 1 

-1 -1 10/min , 15/rnin 
at T/A ~ 0.4 C'£V 

2 X 10 9 II •t 

" II II 

II II ,, 

8 X l0 8 II II 

5 X 10 8 II " 

1-2 X 10 5 II II 

1-2 X 10 10 

1 X 10 8 

By end of 1978, Saturne will accelerate Z/A = 1/2 nuclei through 20Ne; T/A = 0.10-1.1 GeV 

t Local linear accelerator for injector: T/A = 5 MeV 

0'\ 
--.] 

0 

c 
~ .... -
~~"'' 

.r~: .. -

.I:;_ 

CC· 

t:~ 

(." 

c-c 
(;t 
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Figure Captions 

Figure 1 

Figure 2 

Interaction of an 4 0 
Ar projectile, T = l. 8 A C'.eV, with a 

Ag(Br) nucleus in Ilford G. 5 emulsion that shows character

istics of both projectile and target fragmentation. 

Interaction of an 4 0Ar projectile, T = l. 8 A GeV, with a 

Pb nucleus (Pb304 target) in the LBL streamer chamber 

leading to the catastrophic destruction of target and 

projectile nuclei. Negative particles have counter-clock

wise trajectories in the magnetic field of t.~e chamber 

(Courtesy of UC Riverside/LBL collaboration). 

Figure 3 Angular distributions of shower particles fran the inter-

actions of cosmic-ray heavy ions, 3 <: Z <: 26 and T ~ l. 7 

A eev, with emulsion nuclei, a) 0° <: eL ~ 80° and b) 0° <: eL 

<: 12° • Curves are calculated distributions of pions for 

projectile energies 5 to 20 A eev (26) . 

Figure 4 M::!asured total cross sections a TOr (M) vs. A canpared with 

predictions by Glauber theory and from factorization (71). 

Fiqun:! 5 Rigidity spectrum of car :ton isotopes produced by the 

fragmentation of 16 0 projectiles at 2.1 A C-eV. Arro.vs 

indicate the rigidities for each isotope evaluated at beam 

velocity (87) • 

Figure 6 The projectile frame longitudinal momentum distrihution for 

1 0Be fragiD2nts from 2.1 A f'-eV- 1 2C on a Be target ( 87) • 

Figure 7 Transverse momentum distributions of beam-velocity protons 

produced in the reaction . a + C for three different beam 

norrenta (62). 
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Figure 8 
69 

Invariant cross sections for rr- production at 8 = 2. 5° 
L 

a) incident protons, b) incident deuterons and alphas, on 

1 2 C ( 83) • CUrves are from Ref. ( 92) . 

Figure 9 Charge dispersion curves for products in the nass range 37 

~ A ~ ·51 fran the spallation of copper by 3. 9-GeV 1 4N ions 

and by protons. The lower curves and filled points are for 

protons ; the upper curves and open :points are for 1 4N. The 

curves are displaced vertically by a factor of 10 for display 

purposes (106) . 

Figure 10 Contours of ccnstant invariant cross section in the (y, P1 ) 

plane for 3He fragm:mts fran 2 0Ne on U at different borrbar-

ding energies ( 60) . 

Figure 11 Ibuble differential cross sections for hydrogen and helium 

isotopes fran 2 0Ne on U canpared with calculations (curves) 

using the co~lescence formalism (60). 

Figure 12 Contours of ccnstant invariant cross section, cr
1

, in the 

(y, n1 ) plane for the reaction 0. 8 A GeV-Ne + Pb + p + X 

(66). 

Figure 13 rr multiplicity distributions for Ar + Pb304 at 1.8 A C£.V. 

a) 9ata are fran FEf (138). Curves (1) and (2) are from 

Ref. (140); (1)--no impact parameter b cutoff, (2)-~ith 

b (Pb) = 9. 6 fm, b (0) = 5. 0 fm. Dashed curves give 
max max 

contributions to (2) from Pb and 0 targets. Points denoted 

by V are fran Ref. (141). b) Calculated distributions plotted 

as a function of impact parameter b (140). 
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