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INTRODUCTION 

During the past few years , we hav"e witnessed an expanding 
and increasingly comprehensive experimental program on the 
collisions between nuclei at high energy . To date , experiments 
on the high energy interactions of nuclei have been primarily 
conce�ned with the measurements · qf single particle inclusive 
spectra in reactions of the type B+T � F+X ,  where B and T are 
the beam and target nuclei , F is the detected ( single)  frag­
ment , and X represents all other undetected particles . For this 
reaspn I shall focus my discussion on this class . of ·experiments .

Such of the data I shall present will  be expressed in 
terms of the rapidity variable ,  y = tanh- 1 B11 , where B11 = v1 1  /c
is the longitudinal component of the velocity B of the produced 
fragment (F)  • For non-relativistic velocities , y is simply· Bn 
The useful lness of the. rapidity variable stems from the fact 
that the Lorentz transformation of the· rapidity variable is 
given by y 1 = y+� , where the additive constant � '  known as the 
boost oarameter , is related to the Lorentz factor {y = ( 1 -a2 f1 1 2J
of the transformation by the expression �· = ln ( y+ ( y2- 1 ) 1 12 ) .
The consequence of  this property of rapidity

.
is that the shape 

of any function f (y)  is Lorentz invariant . This is schematical­
ly shown in Fig . 1 ,  where we .show a distribution f (y) as ob­
served near y = O ( such a distribution · could be contours of  an 
invariant cross section for low energy· fragments )  and f (y 1

) ,

this same distribution when observed from a moving frame 
(Lorentz factor = y ) . The rapidity distributions f (y) and f {y 1

) 

have the same shapes , separated by the distance t along the ra-
pidity axis . 

It is common terminology to describe the collisipns 
between nuclei as being peripheral or central , involving pro-
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j ectile fragmentation , target fragmentation, etc . In ter�s of 
rapidity , these qual itativ� descriptions can be operationally 
def ined . As indicated in Fig . 1 ,  particles produced with y � 0 
are related to target fragmentation , whereas particles prod�ccd 
with y � t = Yproj (where Yproj is the rapidity of the inc ident
proj ectile nucleus ) are identified with the fragmentatio� products 
of the proj ectile . Such fragm�nts are observed to have velocities 
nearly equal to that of the . incident beam . The distributions of 
the target and proj ectile fragments are- the same in their re­
spective frames . Collisions that give rise to fragments i� the 
regions of y = O and � are said to be peripheral . Ce�tral colli­
sions produce fragments that tend to occupy the intermediate 
region of rapidity , where the fragments cannot be ,definitely re­
lated to either the target .or proj ectile nucleus . 

With this general viewpoint in mind , I thought it would be 
interesting and , hopefully , informative ;=,o present this experi­
mental review as a " survey in rapidity space" . I shall there­
fore divide my talk into sections on the target , intermediate 
and proj ectile regions of rapidity , emphasizing the production 
of l ight nuclei in h igh-energy heavy ion collisions . My last 
topic will  be a summary of target fragmentation experiments 
using nuclear emulsion and Agel visual track detectors . 

SURVEY IN RAPIDITY 

A) The Target Region

To illustrate the production of fragments at low rapidi­
ties , I shall refer to the recently publ ished data of Gosset , 
et al 1 , who have studied cne inclusive reactions

+ u
Al

� F + X 

at selected beam energies TA = 0 . 2 5 , 0 . 40 ,  2 . 1  GeV/A . The frag­
ments F detected were protons through nitrogen , produced at 
angles between 0lab = 2 5° and 1 50° in the energy range
30 2 TA 2 1 50 MeV/A . Although this energy range is higher than
that usually identified with target ( i . e . , evaporation-like ) 



processes , the data exhibit , nontheles s , strong target-related 
phenomena . The data from this experiment are comprehensive and 
execplify well the target , and near-target ;egions of rapidity . 

Figure 2 is a representive plo� of the angular depen­

dence of the measured differential cross sections for the pro­
duction of the hydrogen and helium isotopes in the energy in­
terval 30 � TA � SO MeV/A in the reaction 20Ne + U � F + X at
beam energy 400 MeV/A. The important features of these data 
are : 

i) The angular distributions are smooth and forward- ·
peaked , t�nding · to an "evaporation peak" at low
energies .

ii) The forward-peaking increases with mass of the
fragment .

iii) Protons are predominant , particularly in the back­
hemisphe're .

iv ) Similar behavior is observed at all other beam 
• energies .

Figure 3 shows the angular dependence of 3ae production
on beam energy , the target and projectile masses , and the energy 
window of the 3He fragment . If we consider the angular distri­
butions for the energy interval 30 - SO MeV/A , we arrive at the 
following qual itativ� conclusions : 

i) As the energy of the 20Ne proj ectile decreases from 2 . 1
to 0 . 4  to 0 . 2 5 GeV/A, the angular distribution of the
3He produced in the reaction 20Ne + U � 3He + X becomes
increasingly peaked in the forward direction ( curves
a , b , c ) .

ii ) At 2 . 1  GeV/A, the production of 3He from 20Ne pro­
jectiles on U and Al targets (curves a ,d )  is shown to
be sensitive to the target mass , whereas

iii) the production of 3He ( 30-50 MeV/A) by 4He and 20Ne
proj ectiles on U at 400 MeV/A is shown to be indepen­

_ · dent of the proj ectile mass (curves b , e) . 
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Similar behavior is observed for the 3He spectra at the
higher energy window , SO - 1 00 · MeV/A , the most notdble differ­
ence being the increased forward-peaking of the angular distri­
butions . To reiterate , a general feature of fragment production 
in heavy ion collisions is for increased emission in the for­
ward-hemisphere as a) the beam energy de creases and b) the 
energy window of the fragment increases . 

In Fig . · 4 contours of the invariant cross sections 
p- 1  a2 a/dEdn for the production of 3He f�agments in the reaction
20Ne + u � 3He + X are plotted in the rapidity y vs. p .  plane ,

J. 
where the transverse momenta are given in MeV/c per nucleon . 
Each plot corresponds to different bombarding energies as indi­
cated . The heavy contours are identified by · the common logarithm 
of the invariant cross secti?n · The spacing between all contours 
corresponds to a constant ·factor in the cross sections . 

The rapidities Yproj are 0 . 7 1 , 0 . 8 9 and 1 . 8 4  f : r  �P.am
energies 2 50 MeV/A, 400 MeV/A and 2 . 1  GeV/A .  The ranges of ra­
pidity - o . 3  � y � 0 . 6  and transverse rn�menta 1 00 � Pi �
700 MeV/c/nucleon covered by this experiment largely confine the 
data to the regions cf rapidity about the . target (y � 0) .  Note
that at 2 . 1  GeV/r.ucleon , the contours are well  separated from 
Yproj = 1 . 8 4 ,  and the identification of target-related pro­
duction of 3He· is quite clear . At 2 50 MeV/nucleon , the smaller
rapidity gap between the target and proj ectile ( � = Yproj = 0 . 7 1 )
does not allow such clean separation between the target and pro­
j ectile rapidity regions for the ranges of y and Pi measured .

As discussed previously , each contour is invariant with 
respect to Lorentz 'transformations , except for a shift along the 
rapidity axis by an amount ��ual to the boost parameter ; .  The 
key point· to interpret these contours is to reali ze that when 
fragments are emit�ed isotropically from a unique moving source , 
the contours will center about the rapidity . of a moving source . 
Clearly the data show that no such unique moving source exists . 
At the lowest values of Pi, the apparent sources have rapidities
y ( B11 ) < 0 . 1 .  As Pi increases , the shifts in the centroids of the
contours towards the higher , intermediate rapidities indicate 
increasing source velocities . 



To account for the apparent spectra of velocities o� the 
particle-emitting sources , Westfall , et al. introduced the concept 
of the nuclear fireba11 2 • Referring to Fig . 5 ,  the fireball 
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model assumes that the collision between the proj ectile and 
target nuclei leads to the " surgically-clean" removal of nucleons 
from the overlapping volumes of the colliding nuclei . The rem­
nants of the target and proj ectile (the spectators ) remain at 
rapidities y � o and �- Yproj ' respectively . The partic ipating
nucleons in the overlapping volumes of the proj ectile and target 
are assumed to aggregate into an entity called a fireball whose 
kinematical properties are determined by the assumption

.
that 

proj ectile participants transfer all of their momentum to the 
effective center -of-mass system of all nucleons that form the 
fireball . The velocity of the resultant fireball thus moves at 
rapidities intermediate to the target and proj ectile . In its 
elementary form, the fireball is assumed to be an equilibrated , 
non-rotating ideal gas that expands isotropically in its rest 
frame with a Maxwellian distribution in energy , characterized 
by a temperature . 

Because the kinematics of fireball production depend on 
the impact parameter lt of the Ne + U collision , a spectrum 
of �-dependent fireball velocities naturally arises from the 
model , because of the unequal target and proj ectile masses . 
Although this form of the fireball model �atistactorily accounts 
for the measured proton inclusive spectrum at incident energies 
of 2 50 and 400 MeV/nucleon (the model fa1ls to reproduce the 
trend of the data in the 2 . 1  �eV/nucleGn Ne +· u reaction) , the 
production of a unique fireball system characterized only by 
the impact parameter of the collision canhot be verified by

1 

these data alon� . A more direct test for this concept of the 
fireball model will come about when the proj ectile and target 
mass are equal . In this case , the fireball velocity B ,  as well 
as its �haracteristic temperature , . will be independent of the 
impact parameter J2 owing to the inherent symmetry. of �11 colli-·  
sions . 

B )  The Intermediate Region 

For an exposition of the region of intermediate rapidities 
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I shall use some very new and preliminary results obta ined by 
Nagamiya , et al 3 on the inclusive proton spectra produced in the

20 Pb 
reaction Ne + NaF -.. p + X ,  at beam energy TA = 800 !"1eV /A .
This experiment involves the use of a magnetic spectrometer that
can be rotated about the target to obtain data at high trans­
verse momenta p

.J.
, for production angles between 1 0° and 1 4 5° in

the laboratory . Proton momenta are measured in the interval
0 . 4  � p � 2 . 4  GeV/c , the upper limit being 1 . 6 times greater
than the momentum/nucleon of the incident beam. Particle identi­
fication is made by measurements of i) rigidity p/ z (moraer.tum
per unit charge ) , ii )  rate of energy loss dE/dx , and iii)  velo­
city .B (TOF) .

Figure 6 is a contour plot of the invariant cross sections 
a1 = Ep-2d

2
a/dpd0 in the (Y., P.J.

/mpc) - plane for the production
of protons by 800 MeV/A 20Ne incident on Pb . The features of
the data presented here are similar to that shown in Fig . 4 ,
but with considerable extensions in the· ranges of the rapidities 
and transverse momenta . Well exhibite� here is the shift in the 
centroids of the contours to higher rapidities as p _/rnpc (::: n .J.}
increases . At low n

.J.
' the contours converge to y � O ,  the target

rapidity , whereas at the highest values of n
.J. 

> r the contours
become symmetric about the average of the �arget and projectile 
rapidities <y> = (yp + yT) /2 .  Such contours are characteris tic
of collisions between equal mass particles , for which the average 
effective source velocity is approximately the center of mass 
velocity BCM for a nucleon-nucleon sy�tem . For n

.J. 
< 1 the in­

fluence of target . fragmentation becomes apparent .  Protons from 
the fragmentation of the 20Ne proj ectile emitted with small
n

.J. 
and 0lab were outside the range of measurements , hence no

"projectile " peak is indicated at y === 1 . 23 . 
To approximate collisions between nuclei with equal masses , 

Nagamiya, et al also examined the reaction Ne + NaF � p + X ,  
at TA === BOO MeV/A . The results are . shown i n  Fig . · 7 .  As expected ,
the contours of equal values of crI show symmetry about <y> =
(yp + yT ) /2 = 0 . 6 1 5 .  We have superimposed on these data calcu­
lated contours expected for an isotropic distribution in a frame 
of reference centered. at rapidity <y> . Note that for low values 



of y and n
l.

, when y � J311 and n
J. 

et J3l.
, the computed contours of

constant energy , hence aI ' are semi-circles centered about the
emitting source . 

Strikingly evident , particularly at small n
l.

, is the non­
existence of a unique particle emitting source . To reproduce 
the observed shape of the contours of a1 would require a super­

position of a spectrum of sources over a range of rapidities 
centered about <y> . This result conflicts with the elemental 
concept of. the production of a unique fireball . A promising 
refinement of the fireball model which yields a mechanism for 
producing a continuum of " fire-streak" velocities has been .tn­
troduced by W . D .  Myers. (See the paper by M. Gyulassy, this con­
ference , for further discussions on these and other models of 
h igh-energy heavy ion collisions . ) 

C ) The Proj ectile Region 

Nuclear fragments with rapidities · cvelocities ) near that 
of the incident proj ectile are associated with the fragmentation 
of the proj ectile . The process of proj ectile fragmentation is 
one that involves small momentum transfe·rs , with cross sections 
that depend approximately as A��;g ' characteristic of peri

�
heral

phenomena . Experiments on the production of high rapidity frag­
ments (y � Yproj ) were among the first to be done with relati­

vistic heavy ion beams . For this reas9n , the principal features 
of the processes that lead to , and charac�erize , proj ectile 
fragmentation are relatively well underst9od . 

We list below some of the . salient featu�es of proj ectile 
fragmentation , largely based on the 0-deg . fragmentation of 1 2c ,
1 4  1 6  . 4 5 6 N ,  and O nuclei at 1 . 05 and 2 . 1  GeV/A � ' •

a) Yfrag � Yproj
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b )  The longitudinal (p1 1 ) momentum distr ibutions in the
proj ectile frame are Gaussian-shaped for p0 � 400 MeV/c ,

with _deviations evident for p 1 1 > 400 MeV/c . 

c ) The rms widths of the longitudinal momentum distribu­
tions ap are typica�ly 50 - 2oo· MeV/c for all frag­,, 
meht masses . 



d) aPJ. F::1 
aP II 

to within the experimental error of i:::s 1 0  % •

e) Production angles are highly . collimated . in the forward
direction , with 60 -

0PJ. < 1 ° . Pbeam 

f·) The mean value of longitudinal momentum in the pro­
jectile frame <p,1 > * o .  It is small and negative , i . e .  
the fragments of the proj ectile have rapidities 
slightly less than Yproj ·

g) ap11 
and <p1 1 > are independent of the ·target mass and

beam energy .

h)  

i )  

Production cross 
F 0BT 
F Ys is 

F 
YsYT ' where

independent 

sections factor according to 

of beam energy and targets and

j )  YT , the target factor , is independent of beam energy ,
the beam and fragment masses . (The property of factori­
zation of the cross sections appears to fail for light 
targets , e . g .  H and He . )  

1 /4 k )  YT � AT fits the cross section data to � 10 % .

With this summary in mind , we �urn to some recent experi-. 
4 mental results on the fragmentation of He at 0 . 4 , 1 . 05 and

2 . 1  GeV/A that constitute the thesis proj ect of Len Anderson , 
LBL7 • The fragmentation reactions studied by Anderson , are 

C p 
Cu -> 3d + x, �H 
Pb JHe 

where the · fragment momenta are in the interval 0 . 5  � p � 1 1 . 5 
GeV/c and the production angles are o0 

� 0lab < 1 2° . The major
advance in this experiment is the ability to examine light 
fragment production over a large range of p

J.
' permitting ex­

cursions into the rapidity regions above and b�low yproj · I have
selected a few figures from Anderson ' s  thesis , principally per­
taining to the 2 . 1  GeV/A-4He data (p = 2 . 8 8  GeV/c/A) . The first
is shown in Fig . 8 ,  which presents the invariant cross sections 



Ed2a/p2dpdQ vs . rapidity for the production of. the H and He iso- . 
topes at O-deg in the a +  C reaction . 

·oominant is the persistance of the projectile velocity ,
the peaking of the cross sections at y . , and the separationprOJ 
of the target and proj ectile rapidity regions . The widths of 
the rapidity distributions are approximately proportional to 
A;� i . e . , the widths of the distributions in momentum space are 
approximately equal . All cross sections are of the same order 
at y . ,  with the near equality of the _3H a?d 3He cross sectionsproJ 
being clearly displayed over nearly five orders of  magnitude . 
The proton cross sections exhibit a plateau in the intermediate 
rapidity region . The d and 3H ,  3He cross sections pass through
minima at y ·N 1 . 2 , then begin to rise toward the target frag­
mentation peak at y = O .  

Figure 9 shows the target dependence o f  the invariant 
cross sections vs . y for the o0-production of protons at a-beam 
momentum 2 . 8 8 GeV/c/A . For rapidities (y . - y) < 0 . 2 5 ,  theproJ -
shapes of the cross section vs . y distributions are consistent 
with target independence , the amplitudes being approximately 
proportional to A�/3 . For rapidities (yproj - y )  � 0 . 2 5 ,  how­
ever , the rapidity distributions in the intermediate regio�s 
become markedly target dependent . 

The transverse momentum distributions of beam velocity 
protons ( p  = pbeam/4 ) produced in the reaction a +  c � p + x
are presented as a function of beam momentum in Fig . 1 0 .  The 
pi-distributions up to pL = 0 . 2 GeV/c show no momentum depend­
ence of the invariant cross section for beam momenta between 
1 . 75  and 2 . 8 8 GeV/c/A ( 1 . 05 and 2 . 1  GeV/A) . Close inspection 
shows that the 0 . 93 GeV/c/A data are about · 1 5  % lower at the 
peak , with a suff iciently increased width in the pi-distribution 
to bring all  cross sections into equality at p

L 
� 0 . 2 GeV/c .

Some of the important conclusions from this 4He frag­
mentation experiment are the following ( not all demonstrated 
in the foregoing discussion) : 

a )  Limiting fragmentation-: Beam-energy independence of 
the invariant cross sections vs . Pu and Pi out to 
0 . 4 GeV/c ( proj ectile frame) is verified for energies 
1 - 2 GeV/A. 
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b)  Angular d istributions : In the proj ectile frame , all 
fragments show forward-backward and forwar<l-t�ansverse 
asymmetries in the angular distributions . (This result 
may indicate a difference between the fragmentations 
of 4He and heavier 1 2c , 1 6o nuclei . )

c )  Target dependence for proton production : Assuming that 
n a « AT, the exponent n is found to have the fol lowing

values : 
1 )  n ! 1 /3 for Pfrag FI:$ Pbeam (.!J,eV/c/A) at p

.L 
= 0

2 )  1 /3 < . n  < 1 for Pfrag < 1 GeV/c at P.1 
0

3 )  1 /3 
,v ,v 

1 / 2 for to 0 . 6  GeV/c < n < p
.L 

= 0 

TARGET FRAGMENTATION STUDIES IN VISUAL TRACK DETECTORS 

N·uclear emulsions and AgCl crystal detectors are wel l  
suited for studies of heavy ion interactions because o f  their 
inherent abi lity to detect particles over 4IT steradians , their 
high spatial resolution and broad range of sensitivity to rates 
of energy loss . Tabulatea below are the technical aspects of a 
series of experiments  on the emission of particles from 
11 catastrophic 11 ccl l isions between high energy heavy ion proj ect­
iles and target r.uclel. in n ·.1cl.ear emuls ions (Heckman , et al ) 8 

and AgCl (Schoppe.:- ,· et al ) 9 •

Detector : Emulsions 
Sensitivity : I � Imin 
Beams : 4ae , 1 60 ,  40Ar
Energies : o·. 2 to 2 . 1  GeV/A
Measurements :  i ) elab

· AgCl

I > 8 . 5 Irnin
4H;� 1 2C ,  1 60
0 . 25 to 4 . 2 GeV/A

i )  81ab
ii )  dE/dx ; E  t <30 MeV ii )  dE/d E 2 8  MeVpro on- x ; proton� 

Selection 
Criteria : 
Targets : 

11 �2 50 MeV EHe�200 MeV/A

i i i )  Track ranges � 4 nu� 
(E < 30 MeV /A) 

No proj ectile fra�ents Number of prongs 
in forward cone, 0 < so , 1 0° . 
AgBr AgCl 



A) The Emulsion Experiment

The data obta ined in the emulsion experiment pertain to
non-peripheral (central ) collisions , i . e .  where � beam-velo­
city fragments are produced in the forward "proj ectile-fragment­
ation" cone . The range (momentum) and angle data are fitted by 
a covariant , non-relativistic Maxwell-Boltzmann distr ibution . 
A 2-parameter fit is made to the range and angle data , a 1 -para­
meter fit is made when the data involves angles measurements 
only . · 

The essence of the experimental results are shown in · 
Figs . 1 1  - 1 5 . Figure 1 1  shows the rapidity distributions for 
low energy fragments R � 4 mm (particle velocities are obtained 
by use of the range energy relation for protons ) for each of the 
inc ident proj ectiles , 4He , 1 60 and 40Ar at � 2 GeV/A . The mean
value of B1 1 = <y> (the effective rapidity of the particle emit­
ting system) is indicated for each distribution as is the 
standard deviation a =  IL/Mn . To within the errors of _ the ex­
periment , the values of <y> and a are independent of the proj ect­
ile mass ,  the mean of all distr ibutions being consistent with 
<y> = 0 . 01 4 � 0 . 002 and a =  0 . 08 2  � 0 . 00 1 , the latter qua�tity
corresponding temperature -r = 6 .  3 � o .  2 MeV /A.
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Figures 1 2  and 1 3 . are examples o; the angular distributions 
observed for fragments with energies Ep < 3 1  UeV and Ep < 2 50 MeV ,
resp . , obtaineo. with i::::1 2 GeV/A beam proj ectiles . Drawn through the 
data are curves derived from the fitted Maxwellian distributions . 
The distributions are presented in terms of �N/d0 and dN/dcos0 . 
For the 1 60 data , ' the individual fits to the forward and back­
ward hemispheres are also indicated . 

Figures 1 4  and 1 5  show the angular distributions dN/dcos0 
vs . cos0 for E < 3 1  MeV and E < 2 50 MeV, respectively , for the

p 1 6  p 
lowest beam energy , 0 at 0 . 20 GeV/A. The notable difference 

1 6  between the a-produced fragments at 2 . i  and 0 . 2  GeV/A is the
significant increase in the relative production of fragments in 
the forward hemisphere as the beam energy decr�ases . The shift 
of the angular distribution of the low energy fragments Ep <
3 1  MeV t� smaller forward angles is due to an increase· in B I\ ,
0 . 01 7 to 0 .03 9 , while the temperature T , based on the results 
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of the R � 4 nun data , remains essential ly constant , i . e .  
5 . 3  to 6 . 2 MeV/A . For energies Ep < 250 . MeV , the dlstribution
of fragments produced by 0 . 20 GeV/A 1 60 is increasingly peaked
forward , indicated by the fact that Xo = B

1 1 / � increases
from 0 . 2 6 to 0 . 62 as the beam energy decreases from 2 . 1  to
0 . 20 GeV/A . 

Some general conclusions of the experiment , some of wh ich 
are based on a more detailed analysis of the data , are : 

1 )  There is no unique particle-emitting- system , characterized 
· a center-of-mass velocity a11 and . spectral velocity

u0 ; �, that accounts  for the spectra of fragment ranges .
(momenta) and angles . 

2 ) The dN/d0 distributions are broad , Maxwe llian-l ike , with
maxima that shift towar� smaller angles as the fragment
energy increases , and as beam energy decreases .

3 )  For each fragment energy range E
P 

< 30 and E
p < 2 50 MeV , the

changes in the angular distributions are primarily due to 
increased forward-caning of the angles in the forward temi­
sphere . The respective angular distributions in the backward 
hemispheres are essentially invariant with respect co beam 
and energy . 

4 )  No statistically  significant structure ,  attributable to well­
defined col lective phenomena , is observed in  the range or 
angular distributions . 

B )  The AgCl Experiment 

The angular distributions da/d0 of fragments with ioniza­
tion rates I >  8 . 5  Imin emitted from stars with prong numbers 
n > 8- 1 6 produced by 1 2c and 1 60 proj ectiles , TA = 0 . 2 5 ,  0 . 8 7
and 2 . 1  GeV/A , in AgCl detectors are shown in Fig . 1 6 .  The cur­
ves that are shown on each distribution are the expected angu­
lar distribution of the low-energy , eyaporation particles 
(based on Le Couteur ' s  theory ) , fitted by x2-methods to the data .



Figure 1 7 augments the data shown in Fig . 1 6 ,  by including 
two additional spectra , taken with 1 2c at 1 . 7  and 4 . 2  GeV/A . The
data are .also presented as histograms with statistical errors . 

The conclus.ions one can make from the data shown in Figs . 1 6
and 1 7  are that i) the angular distributions in the · backward 
hemispheres are satisfactorily accounted for by an evaporation­
like spectrum , and that the shapes of the spectra 0lab > 90° do
not depend sensitively on the beam energy . i i }  The general trend 
of the spectra is to show an increased forward-peaking as the 
energy of the proj e�tile decreases from 2 . 1  to o. 25 GeV/A - an 
observation first made by the Frankfurt Group on the basis  of  
these AgCl experiments and. attributed to density effects in 
nuclear matter . 

These results are , therefore , in general agreement with the 
various data I have presented . In particular , the emulsion and 
AgCl results both show that the angular distribution for fragments 
with energies < 30 MeV emitted at 0, b > 90° are nearly indepen-..&.a 
dent of project ile and energy , consistent with ·a Maxwellian 
distribution . The essential difference between the experiments 
is the significant excess of particles observed at forward angles 
in the AgCl experiment , not evident in the emuls ion  data . 

At the Fall  Creek Fall s  Meeting9 , Schopper interpreted the 
peaks in the da/d0 distributions observed in AgCl detectors to 
be due to a superposition of (predominantly) _ two spectra : 1 )  A 
" background " spectrum of low-en�rgy fragments ,  mainly protons 
with energies < 28 MeV. This spectrum appears to change l ittle 
with beam and energy . 2) A spectrum of He particles , whose angu­
lar distribution exhibits much more toward peaking owing to ( see 
Figs . 2 and 3 )  a) their increased mass and b) their higher ener­
gies (recall that He nuclei are detected up to 200 MeV/A in AgCl ) . 

To demonstrate this , Schopper obtained an expected angular 
distribution o f  4He nuclei < 200 MeV/A by applying the measured
cross  sections for z = 1 and Z = 2 fragments of Gosset, et al 1 

Fig .  2 ,  to the calculated angular distribution given by the 
intranuclear cascade calculations of Smith and Dano� 1 0 • Normal­
iz ing this calculated He-spectrum · to the f itted evaporation 
spectrum, ·Schopper obtained the results . shown in Fig . 1 8 .  
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Here , the observed angular d istribution of fragments produced 
by 1 60 at 0 . 87 GeV/A is fitted to an evaporation spectrum . The
computed , normalized He spectrum, represented by the dark circ­
les is also shown in this f igure . Adding the He distribution to 
the evaporation spectrum yields the angular distribution identi­
fied by the dashed curve . 

The hypothesis that the angular distributions of fragments 
measured in AgCl detectors are composite spectra of H and He 
nuclei , each with characteristically different energy ranges ,  is 
realistic . The changes in the angular distributions with beam 
ene �gy thus would be attributable to shifts in the He d istribu­
tions relative to the more nearly energy-independent proton 
spectra . The impo=tant task now is to carry out experiments with 
both AgCl and emulsion dete?tors .to identify He fragments and 
to establish their beam-energy dependent angular distributi·ons . 
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FIGURES AND FIGURE CAPTIONS 

,fe91ons 

() 

Fig . 1 .  Target and proj ectile fragmentation regions are 
identified with regions of rapidity , y = tanh-1 B 11 , about 
y � O and y � ;  = Yproj , respectively . Fragments with inter­
mediate rapidities lie between the target and proj ectile 
distributions . 
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rig . 2 .  Angular distributions 
for the light fragments produ­
ced in the interaction of 20Ne 
with U at 400 MeV/nucleon , in­
teqrated over the velocity win­
dow from 30 to SO MeV/nucleon . 

Fig . 3 .  Cross comparison of angu­
lar distributions of 3He fragments 
integrated for two veloc ity windows 
at different incident energies and 
for different projectiles and targets : 
( a ) - {c )  Ne on u at 2 . 1 , 0 . 4 ,  and 0 . 2 5 
GeV/nucleon , resp . ;  (d )  Ne on Al at 
2 . 1  GeV/nucleon4 ,Craised by a factor
of 1 0) ; and (e )  He on U at 0 . 4  GeV/ 
nucleon ( raised by a factor of 1 0 ) . 
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Fig . 4 .  Contours of 
constant invariant 
cross sections in th� 
(y , pi) plane for 3He 
fragments from 20Ne on 
U at different bombarding 
energies .  

Fig . 5 .  Schematic 
illustration of 
the fireball . model .
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Fig . 6 .  Contours of constant invariant cross sect ions 
in the (y , p. /mpc ) plane for the production of protons 
from 800 MeV/A 20Ne on Pb . 
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Fig . 7 .  Contours o f  constant invariant cross sections 
in the ( y , p�/mpc )  plane for the production of protons 
from 800 MeV/A 20Ne on NaF . Thin l ines are for an iso­
tropic distribution centered at <y> = 0 . 6 l . 
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Fig . 8 .  Invariant cross 
sections vs . rapidity for the 
�reduction of p ,  d ,  Ja and
· He at eL = oo from 2 . 1  GeV/A
4ae incident· on 1 2c . 

Fig . 9 .  Target dependence of 
invariant cross sections for 
the production of protons at 
oo , 2 . 1  GeV/A 4ae on B ,  c , Cu 
and Pb . 

Fig . 1 0 .  Transverse momentum 
distributions of beam veloci­
ty protons from the reaction 
a +  c + p + x as a function of 
beam 'momentum. 
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and the standard deviations a =/t7mp . Proj ectile energies are 
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Fig . 1 2 .  Angular distributions for fragments , Ep < 3 1  MeV . 
Proj ectile energies at - 2 GeV/A . Sol id curves are fits of the 
data , us ing the parameters indicated . The dashed and dotted 
curves ar� fits to the data , for the backward and forward 
hemisphe�es , respectively . 
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Fig . 1 4 .  Angular distribution dN/dcos0 vs . cose for 
fragments ,  Ep < 3 1  MeV. Proj ectile nucleus is  1 60 at
0 . 2  GeV/A. The parameters of the fitted curve are 
B

u
= 0 . 03 9  and T = , . 3  MeV/A.
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Fig .  1 5 .  Angular distribution dN/cos0 vs . cos0 for 
fragments E < 250 MeV. Proj ectile nucleus is 160 at 
0 . 2  GeV/A. P The parameter for the fitted curve is x0 

=
0 . 62 .  The data point at cose = 0 . 9  was not included 
in the fit , owing to a background of z =· 1 fragments 
of the projectile not excluded by our selection criteria . 
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Fig . 1 6 .  Angular distri­
butions da/d8 for frag­
ments observed in AgCl 
detectors . Curves are 
f itted evaporation· com­
ponent . 

' Fig . 1 7 .  Histograms , with 
assigned errors ,  of the an­
gular distributions of 
fragment production in AgCl 
detectors . Proj ectiles are 
1 2c and 1 60 , with energies 
0 . 25 to 4 . 2  GeV/A.
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Fig . 1 8 .  Ideograms of fragment angular distributions 
in AgCl with composite angular distributions (a )  the 
fitted evaporation spectrum , Eproton < 28 MeV and (b)  
(b }  the computed He spectrum , Ea < 200 MeV/A, based 
on Refs . 1 and 1 0 .  Sum of (a )  and (b )  is shown as 
dashed line . 
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DISCUSSION 

M. Gyulassy: 1 )  You showed that the enchancement of do;JJ in
Schopper 's  data could be explained by the admixture of 5a
fragments in the forwards direction. But is it not true that
your own data on protons alone (as well as cascad� calculati­
ons of K. Smith ) show that forward enchancement even without
taking He into account. 2) Has Smith tried to fit Schopper ' s
data di�ectly to see the quality or fit in light of the large
error bars in the data?

H. Heckman: 1)  It is true that protons show increased e nhan­
cement in the forward hemisphere as the energy window of the
protons increases and as the energy of the beam energy decre­
ases. Because the angular dlstributions of the evaporation -
- like protons for the ba:k hemispheres are quite independent 
or beam energy , the extrapolation of a fitted distribution ba­
sed prima� on data JL,J. > 90° into ·the forward hemisphere
will certainly introduce additional systematic errors in esti­
mating a residual He spectrum. 2 )  Not to my knowledge. 

M .S. Weiss : Proposals were made years ago for different clas­
ses of experiments , say to look at the K! em.mi tted c.1..!ring col­
lisions (as sensitive probes of the interi,r) or production 
of exotic nuclei. Are these really more difficult than what 
you l:n:ve done? They would definitely yield non-dull results. 

H .  Heckman : You may recall that one of the very first heavy 
ion experiments performed at the Bevatron was a search for K- , 
.1\ 0 and hyperfragment production by 160 ions at 2. 1  GeV/A (T .
Bowen , University of Arizona). If I recall correctly , the trig­
gering scheme in this experiment did not allow efficient de­
tection of the 2-particle final state production of h;yperfra­
gments this experiment hoped to find. /\0 were detected , howe­
ver. To extend such experiments to detect multi- A0 hypertra­
gments would be difficult electronically , but I believe use 
of the. streamer chamber would be the best approach �ere. 



J.J.  Griffin : I would like to remark to the previous comments 
that it could conceivably develop that in the very high energy 
regime , collisions of complex nuclei will exhibit little �A . 

the way of novel fundamental physics. If that were to be true , 
then no amount of theoretical effort could alter that situati­
on. Also , it is my impression that theoretical physics bas 
rarely predicted experiment. Therefore , the suggestion made 
here that theory needs to play a subst�tial predictive role 
in directing and organizing the next stage of relativistic he­
avy ion physics , is one which seems to me to beg for disallJ)oint­
ment . With a few singular exceptionsthe rol e of theoretical 
physics has been to organize observed facts rather than to 
supply advance predictions of things yet to be measured. This 
pattern seems unlik�ly to be alterable merely by determined 
theoretical effort . 
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H. Heckman: I disagree ,  but perhaps our concept of the role
theory plays in guiding and aiding of experiments is quite diffeient. 
I have in mind not theories that predict precisely the outco-
me of experiments , although that has happened , but ntheories"
that establim. concepts , points-o.:f;.,zia,,, general hypotheses _etc.
that can be experimentaly tested • • •  giving a yes or no ans-
wer , the following experiments thereby determined. 

I have in mind the ideas of Chew who pointed out the similari­
ty between the proj ectile fragmentation of heavy ions and high 
energy nucleons , and the relevance of factorization, limiting 
fragmentation , etc . My talk this morning dealt with experi­
mental results that are still pursuing Chew's suggestions. 
The possible existence of new forms of nuclear matter by Lee 
and Wick and the shock-wave model of Greiner et al . are 
other theoretical conj ectures that drive experiments forward. 

The next round of high energy heavy ion experiments are neces­
sarily going to be related to multi-particle correlations of 
secondary nuclei . What is to be learned from such experiment? 
What correlations are of particular importance ,  what parti­
cles , what energies ,  what angles and to what order of multi­
plicities must experiments be designed to measure? This is 
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the kind of interaction we need between theory and experiment. 
Koonin for example, has recently �escribed some interesting 
small angle, proton-proton correlations related to the space­
-time properties of Telativistic heavy ion collisions that 
will certainly lead to some interesting physics .  




