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Interactions of 100 MeV/nucleon " DAr with Uranium 

1 

by 

Kenneth Alan Frankel 

Abstract 

Fragments produced in the i n t e r a c t i o n s o f 100 MeV/nucleon I , 0 A r 

p r o j e c t i l e s w i t h a uranium ta rge t have been measured at energies from 

10 to 130 MeV/nucleon a t angles from 10° to 170°. Nuclei w i t h charge 

5 < Z < 10 were observed. 

The data can roughly be d iv ided i n t o two groups, corresponding to 

cen t ra l and per iphera l c o l l i s i o n s . The cen t ra l c o l l i s i o n data can be 

f i t w i t h a thermal model that uses two r e c o i l i n g sources. The source 

v e l o c i t i e s are cons i s t en t w i th the p r e d i c t i o n s o f the f i r e b a l l and 

t a r g e t explosion models, but the source temperatures i n f e r r e d from the 

data are higher than one would expect on the basis o f energy and 

momentum conserva t ion . These r e s u l t s are s i m i l a r to those obtained 

in previous s tud ies a t beam energies o f A00 and 500 MeV/nucleon. The 

data a lso fo l l ow ths p a t t e r n o f the un ive rsa l curve o f i n v a r i a n t cross 

sec t i on vs momentum observed at h igher beam energies by Pr i ce et a l . 

The p r o j e c t i l e f ragmentat ion data are a lso f i t by two thermal sources. 

There are i nd i ca t i ons tha t the observed temperatures are h igher than 

one would expect on the basis o f other p r o j e c t i l e f ragmentat ion 

S tud ies . 
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In t roduc t i on 

hany experiments have been conducted recent ly to study fragments 

emi t ted in r e l a t i v i s t i c heavy ion c o l l i s i o n s . These s tud ies have 

t y p i c a l l y been conducted w i th p r o j e c t i l e s up to mass 56 and energies 

in the range 250 MeV/nucleon to 2100 MeV/nucleon. The most copiously 

produced charged fragments emi t ted in these c o l l i s i o n s are pro tons, 

but fragments w i t h mass and charge g rea te r than un i t y are q u i t e o f ten 

seen. 

By measuring the d i s t r i b u t i o n o f fragments emi t ted in high-energy 

nucleus-nucleus c o l l i s i o n s we hope to lea rn about the p rope r t i es o f 

nuclear matter a t g rea te r than normal dens i t y and temperature. Heavy 

ion c o l l i s i o n s may p rov ide evidence f o r nuclear shock waves, densi ty 
2 

isomers, and Lee-Wick mat ter . Numerous models have been developed 

which attempt to e x p l a i n the d i s t r i b u t i o n s o f the emi t ted fragments. 

S i n g l e - p a r t i c l e i n c l u s i v e cross sect ions o f emi t ted protons have been 

q u a l i t a t i v e l y exp la ined by a number o f models, such as nucleus-nucleus 

cascade, ' ' f i r e s t r e a k , and nuclear hydrodynamics. These models 

do not requi re the ex is tence o f e x o t i c phenomena, such as shock waves, 

to exp la in the da ta . Because i n c l u s i v e measurements average over 

impact parameter, do not take m u l t i p l i c i t y e f f e c t s i n t o account and 

may resu l t from a number o f processes, the e f f e c t s o f compression or 

new phenomena may not be seen. Experiments to measure pi on and 

c l u s t e r emission (A , > 1) and t o measure spectra o f emi t ted 
fragment r 

fragments as a f u n c t i o n o f m u l t i p l i c i t y have been conducted i n the 

hope that some s igna tu re o f compression o r o ther new phenomena might 

be seen. In t h i s paper we w i l l p r i m a r i l y be concerned w i t h the study 

o f emission o f fragments o f medium mass, e s p e c i a l l y 8 S A , < 20. 



High-energy heavy ion collisions have generally been divided into 

two categories: peripheral collisions, where the colliding nuclei 

barely graze each other, and central collisions, where there is a 

large overlap of the colliding nuclei. The peripheral collisions have 

been understood either as a fast process, where each nucleus splits 

into two pieces "immediately" after colliding, or as a slow process, 

where the nuclei fragment only after thermal equilibrium has been 
o 

attained. Central collisions can be quite violent; many fragments of 

various sizes can be emitted in a single collision. The mechanism for 

cluster emission is not well understood. For 2 < A_ _ < 6, the 
fragment 

9 10 

thermodynamic and coalescence models have had some success in 

exp la i n i ng the d i s t r i b u t i o n s , but they do not work we l l f o r heavier 

fragments. The heavier fragments appear to be emi t ted from a moving 

thermal source w i t h a v e l o c i t y and temperature tha t i s i n cons i s t en t 

w i t h energy and momentum conservat ion . The data f o r these fragments 

e x h i b i t an abnormally h igh temperature. The o r i g i n o f the phenomenon 

is not understood but i t is suspected t ha t the fragments are emi t ted 

p r i o r t o the at ta inment o f thermal e q u i l i b r i u m , where the requirement 

E = 3/2 T (k = l ) need not be s a t i s f i e d . Another p o s s i b i l i t y involves 

the conversion o f random motion to r ad ia l motion dur ing decompression. 

The data from a number o f experiments appear to l i e on a s i n g l e u n i ­

versa l curve when the i n v a r i a n t cross s e c t i o n in the moving frame o f 
12 the e m i t t i n g source is p l o t t e d as a f u n c t i o n o f t o t a l momentum. The 

o r i g i n o f t h i s curve is unknown. Some under l y ing physics may exp la in 

i t o r i t may be an a c c i d e n t . 

We hope that f u r t h e r exper imentat ion may lead to an understanding 

o f how fragments are produced in heavy ion c o l l i s i o n s . In t h i s paper 
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we present results from the experiment 100 MeV/nucleon l*°Argon + 

Uranium •+ Fragments (5 6 Z c_ ,. < 10). Angle and energy distribu-
rragment J ' 

t ions are measured a t angles from 10 to 170 degrees and from energies 

o f approximately 10 to 130 MeV/nucleon. By work ing w i t h a !00 HeV/ 

nucleon beam we can measure fragments through a large r a p i d i t y reg ion . 

Fragments can be observed from both c e n t r a l and pe r iphera l c o l l i s i o n s 

in a s i ng le exper iment. As 100 MeV/nucleon is a b a s i c a l l y unexplored 

reg i on , we can conduct a survey over a l a rge dynamic range to look f o r 

unexpected phenomena and t o t e s t the models used a t h igher ene rg ies . 

From the measurements to be descr ibed below, we f i n d t ha t the 

cross sect ions f a l l s teep ly w i th inc reas ing fragment energy a t most 

energies and angles. At 10° there is a p r o j e c t i l e f ragmenta t ion peak 

at the beam v e l o c i t y . At small angles and a t r a p i d i t i e s between the 

ta rge t and the beam, the cross sect ions are e i t h e r f l a t o r f a l l s low ly . 

The data, apar t from some po in ts in the forward d i r e c t i o n , appear 

to be due to cent ra l c o l l i s i o n s and are f i t reasonably w e l l by a model 

based on the assumption o f thermodynamic e q u i l i b r i u m o f two sources. 

One source has a v e l o c i t y corresponding t o the r e c o i l v e l o c i t y o f a 

system formed when the p r o j e c t i l e and t a r g e t un i te to form a s i n g l e 

e n t i t y . The second source is the " f i r e b a l l " source which is formed 

from the over lap o f the nuclear matter o f the p r o j e c t i l e and t a r g e t . 

The over lapp ing nuc le i r e c o i l as a s i ng le u n i t wh i l e the nonover-

lapping piece o f the p r o j e c t i l e proceeds near the beam v e l o c i t y and 

the corresponding t a r g e t p iece remains near zero v e l o c i t y . The 

observed temperatures are much higher than energy and momentum con­

se rva t ion would p r e d i c t . This s i t u a t i o n i s s i m i l a r to t ha t observed 

a t h igher energ ies. A s imple f i r e b a l l model is t r i e d but i t s 



predictions do not fit the data. The data are shown to be consistent 

with the universal curve of invariant cross section vs momentum, dis-

covered by Price et al. " The data at very forward angles which we 

associate with projectile fragmentation are fit by two thermal sources. 

One source moves at about the beam velocity and has a higher tempera­

ture than is normally seen in projectile fragmentation studies. The 

second source has a velocity of B = — ~ -0.1 in the projectile frame. 

This source may only be an artifact of the parametrization as it 

overestimates the data at larger angles. 

A friction model of projectile fragmentation has also been 

studied. While some of the results of the model do not apply to this 

experiment, we learn that a beam energy of 100 MeV/nucleon may be 

useful in studying friction phenomena. 

In the case of projectile fragmentation with a Gaussian distribu­

tion in momentum, the data are symmetric about zero momentum in the 

frame of the moving source. The data in this experiment are much 

steeper on the high momentum side of the projectile fragmentation peak 

than on the lower side. Preliminary studies are made using a simple 

model that may account for this phenomenon. 

From this experiment we learn that the unexplained phenomena 

observed at higher beam energies, such as high source temperatures and 

the universal curve in momentum, are also apparent at 100 MeV/nucleon. 

This experiment covers a much wider dynamic range of cross section, 

angle and energy than similar experiments at higher energies. Thus, 

there is increasing evidence that the data for cluster emission are 

illustrative of significant phenomena in high-energy heavy ion 

coll is ions. 
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Summary of Previous Data and Models 

There are a number of experiment and interpretive models that 

have guided the development of the field of high-energy heavy ion 

collisions. Here we discuss primarily those experiments and models 

that have relevance to the subject of this paper. 

It is often convenient to divide heavy ion collisions into 

classes based on impact parameter. At large impact parameter only a 

small portion of each nucleus is involved in a collision. This is 

generally referred to as projectile fragmentation or target fragmen­

tation, depending on whether we are looking at particles emitted from 

the projectile or the target. In these interactions there is little 

energy and momentum transfer between the target and projectile. At 

small impact parameters many nucleons are involved in a collision. 

There is often a large amount of energy and momentum transfer. We 

should remember that since the impact parameter is a continuous 

variable, there cannot be a definite separation between interaction 

regions. When analyzing data we often find that geometrical factors 

play a major role in our ability to divide collisions into various 

classes. 

1. Central Collisions 

Let us first consider collisions with small impact parameter. 

There is a high multiplicity of fragments. They a.re often produced at 

large angles and at velocities between zero and the beam velocity. 

There is a good deal of over1.ap of the nuclei. When the projectile is 

smaller than the target it may be totally enveloped by the target. 

These interactions are commonly referred to as central collisions. 



We can study c e n t r a l c o l l i s i o n s by observ ing proton spec t ra , 

fragment spectra o f composites (A > 1 ) , o r pion s p e c t r a . Let us 

assume the energy is low enough so tha t p ion product ion i s n e g l i g i b l e . 

When b u i l d i n g a model f o r the proton spectrum, i t is convenient to f i t 

the model to what I c a l l the p r imord ia l spectrum. This i s the spec­

trum that would be observed i f composite nuc le i were not formed. We 

de f ine the p r imord ia l spectrum to be g iven by the exp ress ion : 

p r imo rd i a l a l l isotopes 

where E is the energy/nuc leon. 

A. S ing le Nucleon Emission 

The Monte Carlo method can be used to f i t the pr imor­

d i a l proton spectrum. J . Stevenson has obta ined good f i t s f o r 

the react ions 250 and 400 MeV/nucleon Z 0 Ne + U, 400 MeV/nucIeon 

''He + U, and 800 MeV/nucleon 2 0 N e + NaF. 3 In t h i s c a l c u l a t i o n a 

r e l a t i v i s t i c nucleus-nucleus c o l l i s i o n is t rea ted as a succession 

o f two-body nucleon-nucleon c o l l i s i o n s . The model has no f ree 

parameters. Each nucleus is taken to be a Fermi gas and the 

Paul i Exclusion P r i n c i p l e is taken i n t o account f o r each nucleon-

nucleon c o l l i s i o n . The model can be used as an a i d in the design 

and ana lys is o f experiments tha t study cen t ra l c o l l i s i o n s . 

The nuc lear f i r e b a l l and f i r e s t r e a k models have also been 

used to t r y to exp la i n the proton da ta . These models invo lve the 

geometry o f the c o l l i s i o n and e q u i l i b r i u m thermodynamics. The 

f i r e b a l l model d i v ides the nucleons i n t o p a r t i c i p a n t s and 

spec ta to rs . The c o l l i d i n g nuc le i are assumed to make clean cuts 



through each o t h e r . The p a r t i c i p a n t s , which c o n t r i b u t e t o the 

intermediate energy pro tons, are the nucleons from the over lapp ing 

c y l i n d r i c a l c u t s . Conservation o f energy and momentum g ive the 

v e l o c i t y and temperature o f the r e s u l t i n g f i r e b a l l . The f i r e ­

ba l l v e l o c i t y is given by: 

P, . N [ t ( t+2m ) ] * 
ft = l a b = P N B (j\ 

E. . (N +Njm. . n +N t K*' 
lab p t NB p 

where P, , is the f i r e b a l l momentum in the lab f rame, E, . is the lab lab 

t o t a l energy in the lab , t is the p r o j e c t i l e i n c i d e n t k i n e t i c 

energy per nucleon in the l a b , m N R i s the mass o f a bound nucleon 

(931 MeV), N i s the number o f p r o j e c t i l e p a r t i c i p a n t s and N is 

the number o f t a rge t p a r t i c i p a n t s . 

The center o f mass ( r e l a t i v i s t i c ) energy is g iven by: 

E = ^ . a b ^ l a b ^ = £ V N t ) 2 m N B 2 + 2 n ' N B N

P V ] 4 ( 3 ) 

The temperature, T, is given n o n r e l a t i v i s t i c a l 1 y by: 

t p 

where m^ is the mass o f a f ree nucleon (939 MeV). 

The f i r e b a l l , according to t h i s model, then decays w i t h a 

Maxwellian d i s t r i b u t i o n . Upon i n t e g r a t i n g over impact paraneters 

one obtains the ca lcu la ted cross sec t ion f o r p ro tons . The spec­

ta to rs reside in the mater ia l in the p r o j e c t i l e and t a r g e t that 

is not in the over lap reg ion . They decay in t h e i r own frames, 

g i v i ng o f f low-energy fragments. 

I f the p r o j e c t i l e does not make clean c u t s , there may be 

some c r i t i c a l impact parameter f o r which the f i r e b a l l does not 
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escape the ta rget nuc leus. This i s c a l l e d " t a r g e t e x p l o s i o n . " 

One can again use energy and momentum conservat ion to c a l c u l a t e 

the expected cross s e c t i o n s . I t has been pointed out t ha t t h i s 

mechanism could be responsib le for the 10 to 90 MeV protons p ro ­

duced in 'lOO MeV/nucleon Z 0 Ne on U c o l l i s i o n s . 

The f i r e s t r e a k model is s i m i l a r t o the f i r e b a l l model. The 

p a r t i c i p a n t p r o j e c t i l e and ta rget n u c l e i are d iv ided i n t o col l i ­

near bands. Each band o f the p r o j e c t i l e i n te rac t s on ly w i t h the 

corresponding t a r g e t band in f r o n t o f i t . There i s no communica­

t i o n between bands. This method i s use fu l because i t conserves 

angular momentum. The model a lso makes use o f a d i f f u s e n u d e s ' 

su r face . These improvements over the f i r e b a l l model enable the 

f i r e s t r e a k model t o f i t the data b e t t e r than the f i r e b a l l mode!. 

B. Composite Fragments 

The study o f c l us te r emission has proven to be an 

i n t e r e s t i n g problem. Two models tha t have been used to descr ibe 

the emission o f l i g h t fragments are the coalescence model o f 

10 9 

Gutbrod e t a l . and Mekj ian's s t a t i s t i c a l thermodynamic model. 

In the coalescence model a fragment can be formed when there are 

A nucleons w i t h i n a momentum sphere o f radius p . The cross sec-
r o 

tion for production of the fragment is proportional to the Ath 

power of the single nucleon cross section. This model was shewn 

to fit 2 0Ne + U reactions at 250 MeV/nucleon and- *»00 MeV/nucleon 

for 2H, 3H, 3He, and ''He, given the spectrum of 'h1. Mekjian 

applies thermodynamics to obtain the cross sections for composite 

nuclei and he derives the connection between his model and the 

coalescence model. He obtains his cross sections as a function 
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of impact parameter. 

For fragments o f charge g rea te r than two i t i s convenient to 

f i t the data to models w i t h three o r more parameters. I f we are 

using a thermodynamic model we may choose: 

dfidT - K / E e ( 5 ) 

to be the n o n r e l a t i v i s t i c cross s e c t i o n in the frame o f a moving 

source. The parameters are K, (3, and T. K gives the o v e r a l l 

no rma l i za t ion , x is o f ten taken to be equal t o , or a s imple func­

t i o n o f the source temperature, and 3 is the v e l o c i t y o f the 

source. From the f i t t e d f3 and x we can attempt to e x p l a i n the 

physics o f the r e a c t i o n . For example, i f a fragment were emi t ted 

from an i n f i n i t e l y massive source i n thermal e q u i l i b r i u m , x would 

be the temperature o f the source. We should note t ha t the para­

meters do not r e f e r to a s ing le d i s c r e t e source, bu t t o an average 

over a continuum o f sources. 

Let us cons ider the reac t ion *»00 MeV/nucleon 2 0 N e + U •+ B + 

any th ing . For 10 MeV/nucleon S E , _ < kQ MeV/nucleon 
' 3 fragment ~ 

111 

Gosset e t al . parametr ize t h e i r data by 3 = 0.06 and x = 27 MeV. 

The center o f mass v e l o c i t y o f the p r o j e c t i l e - t a r g e t system is 

@ = 0.08 and the ta rge t exp los ion temperature f o r a gas o f nuc-

leons is 13-5 MeV. The authors c l a i m tha t the source v e l o c i t y 

could mean tha t these fragments a re p r e f e r e n t i a l l y em i t t ed by the 

most cent ra l c o l l i s i o n s . The system formed then decays by a ther ­

mal e q u i l i b r i u m mechanism. The authors say the h igher temperature 

Is in the c o r r e c t d i r e c t i o n when composite p a r t i c l e s a re taken 

Into account in the f i r e b a l l . For the same reac t i on in a d i f f e r e n t 
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q 
experiment Stevenson e t a l . found f o r 30 MeV/nucleon & E , 

r fragment 

< 50 MeV/nucleon tha t the r e c o i l i n g source could be f i t w i t h a 

v e l o c i t y B of 0.091 and x = 62 MeV. They c la im th i s is evidence 

f o r the product ion o f s low ly moving, h i g h l y exc i ted nuc lear 

mat te r . The B and h igh T are i ncons i s t en t w i t h energy and momen­

tum conservat ion i f T is taken to be the source temperature. This 

suggests that the slow source is nonthermal as the i n t e r n a l energy 

need not be 3/2 T per nucleon. Ta Cheung has analyzed several 

react ions and he c la ims to be able to account f o r the low v e l o ­

c i t y (but not the h i g h x ) o f the slow source based on the k i n e ­

matics o f the c o l l i s i o n s . 

We can a lso parametr ize the slow source by an exponent ia l i n 
12 

momentum. Pr ice e t a l . have analyzed a number o f exper ir.ents 

and have shown that the i nva r i an t cross sect ions o f a l l fragments 

appear to def ine a un iversa l curve tha t i s exponent ial i n momen­

tum. They evaluate the momentum i n a frame in which the d i s t r i b u ­

t i o n is i s o t r o p i c . The reason for the ex is tence of the curve is 

unknown. The authors suggest f u r t h e r exper imentat ion over a v/ide 

range o f fragment mass and momentum as. a t e s t o f the cu rve ' s 

a p p l i c a b i l i t y . 

2 . Per ipheral C o l l i s i o n s 

Let us next cons ider p r o j e c t i l e f ragmenta t ion . Gre iner e t 

a l . have observed p r o j e c t i l e frame fragments w i t h the 0-degree spec­

t rometer a t the Bevalac. They measure fragment momentum d i s t r i b u t i o n s 

that are Gaussian in shape, w i t h small momentum t rans fe r to the p r o ­

j e c t i l e nuc leus. The fragments are t y p i c a l l y measured to a t o t a l 

momentum o f 400 HeV/c in the p r o j e c t i l e frame. The widths o f the 
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Gaussian can be given by: 

o* - . . ' M ^ (6, 

where K is the fragment mass, A is the p r o j e c t i l e mass, and a is a o 
Q 

cons tan t , approximately 90 MeV/c. 
o 

Goldhaber has shown tha t p r o j e c t i l e f ragmentat ion i s c o n s i s t e n t 

w i t h the sudden l i b e r a t i o n of v i r t u a l c l u s t e r s or w i t h the a t ta inment 

o f thermal e q u i l i b r i u m . In the sudden model Goldhaber c a l c u l a t e s the 

mean square momentum <p, 2 > of k nucleons chosen a t random from a box 

o f A nucleons w i th mean square momentum < p 2 > . Using conserva t ion o f 

momentum, i t is a simple exerc ise in combinator ics to show: 

w i t h <p > = 3/5 o f the square o f the Fermi momentum. One can extend 

t h i s c a l c u l a t i o n by computing higher moments. These moments could be 

checked w i th the h igher moments of the Gaussian d i s t r i b u t i o n . This 

could t e l l us i f we expect fragments w i t h momenta much g r e a t e r than the 

Fermi momentum s t i l l to be charac ter ized by a Gaussian d i s t r i b u t i o n . 

Goldhaber showed tha t i f the p r o j e c t i l e nucleus comes to therrral 

e q u i l i b r i u m and d i v ides i n t o two fragments, then a is r e l a t e d to the 

temperature by: 

2 K(A-K) m 

° " V —A ( 8 ) 

where the temperature T corresponds to about 9 MeV and m^ is the 

nucleon mass. He a lso notes that i f there i s some momentum t r a n s f e r 

to the p r o j e c t i l e nuc leus , then there wi 11 be an increase i n the w id th 

o f the d i s t r i b u t i o n . This is given by: 

a t Z = o* + P . 2 ( K / A ) 2 (9) 
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f o r mean squared momentum p. in the i d i r e c t i o n . 

Feshbach and Huang have a lso examined p r o j e c t i l e f ragmen ta t i on . 

I f we take t he i r r esu l t s snd apply them to the case where the p r o j e c ­

t i l e s p l i t s i n to two equal s i ze fragments, then we e s s e n t i a l l y r ep ro ­

duce Goldhaber's resu l t s f o r the widths o f the Gaussians. The r e s u l t s 

show t h a t , i n the approximat ion tha t the fragment momentum is below the 

Fermi momentum, we expect a Gaussian d i s t r i b u t i o n . 

Goldhaber's and Feshbach and Huang's r e s u l t s do not r u l e ou t 

mechanisms d i f f e r e n t from the ones they d iscussed when we look a t high 

momentum fragments. These fragments may come from a p r o j e c t i l e t ha t 

has undergone large momentum t r a n s f e r . I t may be possib le to d e r i v e 

the d i s t r i b u t i o n s based on Feshbach and Huang's model but the compu-

18 t a t i o n s are d i f f i c u l t . J . Stevenson have performed a Monte Car lo 

c a l c u l a t i o n fo r a mass 3 fragment emi t ted f rom an i n f i n i t e mass 

nucleus. Using a a = 387 MeV/c and a Fermi momentum of 250 MeV/c he 

f inds the dev ia t ion from a Gaussian to be less than 30% to a momentum 

o f 1300 MeV/c. The discrepancy g rea t l y increases a t la rger momenta. 

E f fec t s o f a f i n i t e p r o j e c t i l e nucleus and momentum t r ans fe r w i l l a l t e r 

these r e s u l t s , but they suggest the p o s s i b i l i t y o f seeing the Gaussian 

d i s t r i b u t i o n out to ra ther large momenta. 

19 

Wes t fa l l e t a l . have observed the t a r g e t frame analogue o f p ro­

j e c t i l e f ragmentat ion. They measured energy spectra o f fragments 

produced w i t h 2.1 and k.9 GeV proton beams. They used both l i g h t 

(C and A l ) and heavy (Ag and U) t a rge ts . They f i t t h e i r data t o a 

Maxwel1-Boltzmann d i s t r i b u t i o n that incorpora ted two-body breakup 

k inemat ics and a Coulomb b a r r i e r w i t h smearing. The d i s t r i b u t i o n in 

the moving frame i s : 
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d 2 0 a. -E*/T, 
d P d ^ = 2(TTT.)V2 ^ e ' (10) 

where E" is the k inet ic energy available in the two-body breakup, a. 

is the total cross section for i th fragment and x. is the temperature. 

They find the data can be f i t by the sum of two d is t r ibut ions. For 

l igh t targets the emitt ing system can be characterized by 3 t = 0.005, 

Tj ~ 7 MeV, g 2 ~ 0.01, and x 2 ~ 13 MeV. For the heavy targets they 

f ind B2 - 0.006 and T 2 ~ 15 MeV. They interpret the low temperature 

component to be the result of the sudden breakup of a nucleus involved 

in a peripheral co l l i s i on . The high temperature component is inter­

preted as being the result of a central col l is ion where there has been 

a high deposition of energy in the emitt ing nucleus. The transit ion 

to the high energy component occurs at approximately an energy of 

10 MeV (or a total momentum -360 MeV/c) at 90° for 7Be emitted from 

p + C reactions. I t is not too d i f f i c u l t to see the high energy com­

ponent i f we can observe fragments with several hundreds of MeV of 

k inet ic energy. 

The dist r ibut ion of p.. in pro ject i le fragmentation is approximately 

a Gaussian with a peak at a momentum ~-10 2 MeV/c in the pro ject i le 

frame. This slow-down of the pro ject i le has been analyzed as a f r i c -

20 t ion phenomenon by Abul-Magd et a l . They develop a simple model that 

predicts the average paral lel momentum transfer to the fragment. 

The interaction is studied in the rest frame of the p ro jec t i l e . 

Suppose that one pro ject i le nucleon received a momentum transfer q 

from the target. The nucleon may escape the potential w e l l , -U, with 

momentum q' i f 
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q 2 /2m - U = q , z / 2 m > 0 (11) 

where m is the nucleon mass. 

By momentum conservat ion the momentum o f the fragment i s g iven 

by P = q - q ' . The momentum gain o f the fragment is descr ibed by a 

f r i c t i o n c o e f f i c i e n t f , so t ha t : 

P = f q (12) 

where isot ropy is assumed ( q 1 p a r a l l e l t o q ) . Solv ing f o r f g i v e s : 

2mU . 1 U ( | 3 ) 

- + * -*•-»-. ~ 2 -*•> , q +q*q' q /2m 

This gives f s 1/3 for U = 50 MeV and q2/2m = 80 MeV. 

The next step is to determine <P,. >, the average fragment momentum 

component in the beam direction. Let TT be the projectile momentum. 

Energy conservation gives: 

( m 2 - ^ 2 ) * = (m2+tfo-q) )* = q2/2m (\k) 

Using as a simple approximat ion ir • q = - ir q.. we have: 

q,, = -q 2 /2m ( l + n f f - ) ) ; n(x) = x + \ x 2 + . . . (15) 
o 

Thus Abul-Magd e t a l . ob ta in 

<PH> = - j(l+n(£-)) <u> (16) 
o 

At 2 GeV/nucleon n = 0 . ^ . A t yp ica l va lue o f <U> is given as 

<U> < 50 MeV. For an , s 0 p r o j e c t i l e and a 1 5 N fragment the model 

predicts t ha t <P„ > i s negat ive and ^ P ^ H 5 35 MeV/c, w h i l e experiment 

gives <P..> = -21 MeV/c. 
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The model can be f u r t h e r re f ined by tak ing i n t o account the 

e f f e c t s of Fermi mo t i on , the r dependence o f the p o t e n t i a l , and P not 

necessar i l y being p a r a l l e l to q . The authors develop a c l a s s i c a l model 

which assumes t ha t a nucleon of mass m o r b i t s a nuclear core o f mass M. 

The reduced mass o f the system is g iven by — = — + 77. So l v ing the 
' 3 ' u m M 3 

energy and momentum conservat ion equat ions g ives : 

o 

where E is the b ind ing energy o f the knocked out nuc leon, and 

<P (+°°) > = 30ii 1 the l ong i t ud ina l momentum v / id th . For mul t i -nucleon 

removal the nucleons are assumed to be k icked out one a f t e r another 

and then the c o n t r i b u t i o n s to <PM > are summed. <p 2(+o°)> and ED r e f e r 
II • 

to a s i t u a t i o n where the p r o j e c t i l e and fragment d i f f e r by several 

nucleons. 

The model works very wel l for removal o f 1 or 2 nucleons from the 

p r o j e c t i l e . Since the p r o j e c t i l e is o f t e n l e f t in an e x c i t e d s ta te 

a f t e r a c o l l i s i o n , i t may lose energy by emission o f nucleons or 

heavier fragments. The process where nucleons are s t ruck from the p ro ­

j e c t i l e is re fe r red to as abras ion, w h i l e the decay o f the exc i t ed 

p r o j e c t i l e nucleus is c a l l e d a b l a t i o n . A f u l l a b r a s i o n - a b l a t i o n c a l ­

c u l a t i o n is necessary to account fo r mu l t i -nuc leon removal . This 

c a l c u l a t i o n p red i c t s <P > qu i te we l l f o r 2 GeV 1 6 0 f ragmenta t ion to 

mass 15 through mass 12. 

3- Exot ic Phenomena 

Some recent experiments have shown that compression and 

shock wave phenomena may occur in h igh energy heavy ion c o l l i s i o n s . 

P . J . Siemens and J.O. Rasmussen presented evidence fo r a b l a s t wave 
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21 i n c o l l i s i o n s o f 800 MeV/nucleon Ne on NaF. From ana lys i s o f cross 

sect ions for emitted protons and p ions , they c la im tha t i n the center 

o f mass frame there is a peaking in the v e l o c i t y d i s t r i b u t i o n about 

the mean rad ia l expansion v e l o c i t y and tha t there is a reduc t ion o f 

i n t r i n s i c e x c i t a t i o n due to coo l ing which accompanies the expansion. 

As the system conta ins on l y kQ nucleons, i t is d i f f i c u l t to see how 

such a system could generate a shock wave. Further exper imenta t ion 

and t heo re t i ca l ana lys is should lead to more knowledge about these 

poss ib le shock waves. 

Wolf e t a l . have measured the pion spect ra in the r e a c t i o n 1.05 

GeV/nucleon M A r + ""Ca •+ i r + + X . 2 2 They f i n d that the TT+ m i d -

r a p i d i t y d i s t r i b u t i o n is anomalous r e l a t i v e to p ro ton -p ro ton , to 

p ro ton-nuc leus , and to many heavy ion r e a c t i o n s . They f i n d t ha t both 

cascade and thermal models f a i l to exp la i n the data. They suggest tha t 

the measured d i s t r i b u t i o n may be a s igna tu re o f processes which occur 

i n the e a r l y stages o f a heavy ion r e a c t i o n , such as compression. A 

model t ha t incorporates compression and makes a reasonable f i t to the 

data i s necessary before the evidence w i l l be conv inc ing. 

k. Proposal 

We see tha t measurements have been made over a la rge k i n e ­

mat ic reg ion . The r e l a t i o n s h i p s between these resu l ts and t h e i r 

correspondence to theory are o f ten d i f f i c u l t to determine. We would 

l i k e to know as much as poss ib le what happens in a s ing le r e l a t i v i s t i c 

heavy ion c o l l i s i o n . I t would be useful to look a t heavy fragments 

through the e n t i r e k inemat ic range, from near zero v e l o c i t y to beam 

v e l o c i t y and beyond. Such a broad-band experiment has been conducted 

f o r p ro ton emission and has given i n s i g h t i n t o the a p p l i c a b i l i t y o f 
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var ious models such as the f i r e s t r e a k model. A broad-band e x p e r i ­

ment to measure heavy fragments could t e s t var ious models o f composite 

fo rmat ion and show where the regions o f t h e i r a p p l i c a b i l i t y e x i s t . 

Let us consider what we might expect to see w i t h a 100 MeV/nucleon 

beam. This is a convenient energy as we only need 3 cm o f Lexan p l a s ­

t i c detector to stop a 1 J B w i t h the beam v e l o c i t y . A t forward angles 

we should see the p r o j e c t i l e and ta rge t con t r i bu t i ons as w e l l as the 

in termediate r a p i d i t y reg ion in between. At la rger angles the t yp i ca l 

exponent ia l decays should appear. 

There are some drawbacks to work ing a t 100 MeV/nucleon. Un t i l 

recen t l y the Bevalac could not operate a t energies below 250 MeV/ 

nuc leon, so the energy region around 100 MeV/nucleon has not been 

exp lo red . At 250 MeV/nucleon g = 0.62 w h i l e fo r 100 MeV/nucleon 

B = 0.43- At 100 MeV/nucleon the v e l o c i t y is s t i i ! reasonably h ich so 

we may s t i l l be ab le to t es t models t h a t apply at h igher energ ies . 

The energy depos i t i on w i l l be sma l le r , but the beam energy is much 

h igher than the nuc lear b ind ing energy. As 100 MeV/nucleon is s t i l l a 

b a s i c a l l y unexamined reg ion , i t may con ta in i n t e r e s t i n g physics o f i t s 

own. The p ro ton-p ro ton cross sec t ion begins to r i se a t 100 MeV and we 

may a lso be exper iment ing near the nuc lear sound v e l o c i t y . 

For our apparatus the smal les t angle we look a t is 10° . This 

l i m i t s the minimum detec tab le momentum o f a fragment in the p r o j e c t i l e 

frame to p . ~ Km„V. s i n 10° (K is the fragment mass i n amu) in the r m i n N beam 3 

n o n r e l a t i v i s t i c approx imat ion . For K equal 12 th is is 800 MeV/c. At 

10° i t is qu i te l i k e l y tha t we may miss the f ragmentat ion o f the type 

seen by Greiner e t a l . , unless the Gaussian shape of the momentum 

d i s t r i b u t i o n holds out to several 0". 
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Interactions of 1 6 0 nuclei with nuclei in nuclear emulsions have 

recently been studied by Kullberg et a l . They claim that the 

para l le l momentum d is t r ibu t ions show emission of fragments from systems 

with mean velocit ies of B = 0.06, re la t ive to the parent nuc le i . This 

is much greater than the veloci ty transfer reported by Greiner e t a l . 

and may be indicative of new phenomena at th is energy. 
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Descr ip t ion o f Experiment 

We measured energy and angular d i s t r i b u t i o n s o f fragments e n i t t e d 

i n the c o l l i s i o n o f 100 MeV/nucleon ' '"Argon + Uranium. The exposure 

was made at the Berkeley Bevalac's I r r a d i a t i o n F a c i l i t y . We used Lexan 

p l a s t i c detectors to measure fragment d i s t r i b u t i o n s f o r 5 s" Z i 10. 

The de tec tor stacks contained between 10 and ^00 sheets o f 75 

micron th i ck p l a s t i c . From previous experience we found that a 10% 

d i f f e rence i n sheet thickness could cause a 100% change in de tec t i on 

e f f i c i e n c y , e s p e c i a l l y f o r p a r t i c l e s w i t h low de tec t i on e f f i c i e n c y 

(£20%). We decided to reduce the ser iousness o f t h i s problem by p r e ­

s e l e c t i n g our shee ts . We measured the thicknesses a t four points on 

each sheet. We re jec ted sheets i f the average th ickness or the t h i c k ­

ness gradient exceeded a c e r t a i n l i m i t . Approximately o n e - t h i r d o f 

the sheets were r e j e c t e d . The stacks were m i l l ed to 3" x 3" so tha t 

each stack would be o f the same area and to f a c i l i t a t e a l i g n i n g t racks 

i n adjacent sheets . 

The stacks were mounted in a frame that f i t i ns ide a 8 i f oo t 

vacuum chamber. The chamber was two f e e t in diameter and the stacks 

were placed a t r a d i a l distances as f a r from the beam l i n e as poss ib le 

to reduce background from beam p a r t i c l e s passing through the s tacks . 

The stacks were mounted a t angles o f 10, 16, 2k, 35, 55 , 80, 100, 125, 

1^5, 156, 16*1, and 170 degrees. These angles were chosen so as to 

opt imize the number o f stacks that could be f i t in the chamber. The 

angular widths and s o l i d angle f o r the detectors are l i s t e d in Table 1 . 

Two detector stacks were placed at each angle : a t h i c k stack to mea­

sure fragments w i t h 5 < Z < 8 and a t h i n stack to measure fragments 

w i t h 7 < Z - 10. 
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The target was mounted in the middle o f the frame a t *»5° to the 

beam d i r e c t i o n . The frames were segmented i n to three pieces f o r ease 

o f t ranspor ta t i on and were e a s i l y connected a t run t i m e . Figure 1 

shows the de tec tor c o n f i g u r a t i o n . In o rde r to ob ta in a large dynamic 

range in cross sec t i on we conducted th ree exposures, each w i t h d i f f e r ­

ent beam f luences, t a r g e t th icknesses, and stack th icknesses . I f we 

were to conduct on ly a s ing le exposure, then we would not be able to 

o b t a i n in format ion a t h igh cross s e c t i o n as the t rack dens i t i e s in the 

p l a s t i c would be too h igh to analyze. With a lower beam f luence and 

a th inner ta rge t we can obta in h igh cross sec t ion measurements at low 

energy w i th good energy r e s o l u t i o n . Table 2A, 2B, and 2C l i s t s the 

beam f luence , t a r g e t th ickness , and number o f sheets per stack fo r each 

run . The t h i c k stacks at 10 to 35 degrees could have used about 50 

e x t r a sheets as the event rate was s t i l l f i n i t e a t the back o f these 

s tacks . We used an excess of sheets a t the backward ang les . The com­

b i n a t i o n o f low cross sect ion and smal l s o l i d angle in the backward 

d i r e c t i o n led to there only being a few sheets w i t h any events in 

them. 

The beam energy a t the entrance t o the vacuum chamber was 

105 MeV/nuc1 eon. The energy a t the center o f the t h i c k e s t target 

was ~101 MeV/nucleon. 

The methods f o r processing the Lexan have been descr ibed e l se -

where, ' so on ly a b r i e f d e s c r i p t i o n w i l l be given here . The 

Lexan was exposed to u l t r a v i o l e t l i g h t and etched in 6.25N NaOH to 

make t racks v i s i b l e i n a microscope. The tracks were etched long 

enough so tha t c y l i n d r i c a l holes would be formed tha t were detected by 

passing ammonia gas through the c y l i n d e r s onto b l u e p r i n t paper. The 
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u l t r a v i o l e t exposure enhanced the s e n s i t i v i t y o f the p l a s t i c . Two 

exposures were used. The f i r s t was a th ree day exposure on each s ide 

o f the sheets which a l lowed a cy l i nde r t o form in the l a s t sheet 

before the end o f the range fo r charge 5 and above. The second expo­

sure was one day on each s ide per sheet and was used to de tec t charge 7 

and above. This is use fu l because at a g iven range there i s usual ly 

a much higher dens i t y o f l i g h t e r charges. By going to a shor te r UV 

exposure we can f i l t e r them ou t . The p l a s t i c is a f fec ted by UV in the 

3000 A reg ion . A meter s e n s i t i v e to UV a t 3600 A (mercury has a s t rong 

l i n e there) was used to monitor the UV o u t p u t . The UV bulbs tend to 

weaken appreciably a f t e r 1000 to 2000 hours o f use—about the t o t a l 

exposure time needed to process a l l o f t he sheets in the exper iment . 

A change in UV output would a f f e c t charge assignments and de tec t i on 

e f f i c i e n c i e s . We found the bulb output remained constant a t the ±10% 

l e v e l . F luc tuat ions d id not seem to a f f e c t the r e s u l t s . The etch 

t ime f o r the sheets was 30 hours. In the middle of the experiment i t 

was necessary to change from etch ing i n a small tank to a much la rger 

tank . At t h i s time the etch ra te o f the p l a s t i c changed s l i g h t l y and 

the changing of the e t ch tanks is be l i eved to be the c u l p r i t . We 

accounted f o r t h i s by making charge assignments and d e t e c t i o n e f f i c i e n c y 

assignments fo r each bu lk etch r a t e , V , separa te ly . The changes were 

not ser ious but i t took an appreciable amount o f time to c o r r e c t for 

them. 

Etched tracks can be d iv ided i n t o three c lasses—tes t tubes, 

c y l i n d e r s , and cones—as shown in F i g . 2 . When a p a r t i c l e stops in a 

sheet o f p l a s t i c , the t rack can etch to the end of range and then etch 

a t the bulk etch ra te o f the p l a s t i c , l e a v i n g a t rack tha t looks l i k e 
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a m in ia tu re test tube. Cy l inders occur when the track etches through 

the whole sheet. I f the t rack doesn' t e t ch through the whole sheet a 

cone p a i r w i l l appear, one where the p a r t i c l e entered the sheet and 

another where i t e x i t e d . A measurement o f the length o f a cone al lows 

us to compute the etch ra te along the t r a c k . By measuring the cone 

l eng th , t es t tube l eng th , and sheet th icknesses in between the cone 

sheet and tes t tube sheet , we can compute the distance from the cone to 

the end o f range of the p a r t i c l e . With a knowledge of the t rack etch 

r a t e , V * , and the average d is tance to end o f range, R, we can deter ­

mine the charge of the p a r t i c l e . 

I t is convenient to redef ine the t rack e tch rate as V_ = V T

: ' : _ V 
T T g 

where V , the bulk etch r a t e of the p l a s t i c , is t y p i c a l l y about 0.19 

microns/hour . Figure 3 shows a p l o t o f V * vs R fo r ^00 p o i n t s . We 

see tha t the points l i e i n d i s t i n c t bands. From c a l i b r a t i o n s we know 

that V T <* R " 1 " 6 . We de f ine the range-adjusted track etch ra te 

V T (§ l00p) = V (R) x ( R / 1 0 0 ) 1 - 6 to be the measured track etch ra te 

ad justed to 100 microns. We then make histograms (Figs, ka and ^b) o f 

number o f events vs VT(@100u) . D i s t i n c t charge peaks are seen. The 

charge assignments are based on I 2 C , 1>tH, and 2 0 N e cyc lo t ron c a l i b r a ­

t ions and on d i r e c t observa t ion o f 8 L i and BB tracks (v ia the react ions 

8 L i •*• e Be •* 2a and 8 B •+ 8Be •+ 2a, which lead to c h a r a c t e r i s t i c "hammer 

t r a c k s " ) . 

As a f u r t h e r check on sheet th ickness , and as a check on etch con­

d i t i o n s , a l l sheets were weighed before and a f t e r e t ch ing . Sheet 

th ickness f l u c t u a t i o n s were taken in to account when computing detec­

t i o n e f f i c i e n c i e s . We found tha t p r e s e l e c t i n g the sheets g r e a t l y 

reduced the e r ro rs due to thickness f l u c t u a t i o n s . 
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We measured approx imate ly 5000 even ts . Un t i l the measurement 

process can be f u l l y automated i t w i l l be d i f f i c u l t to increase the 

number of events t ha t can be measured i n a s i ng le exper iment . The 

t o t a l number o f data po in t s in the present work is not s i g n i f i c a n t l y 

greater than in r e f s . 11 and 26 even though our measurements extend 

over a much wider dynamic range than in ou r previous exper iments. Our 

data w i l l be more spread out than in prev ious exper iments. This is 

done so that we may o b t a i n a good o v e r a l l view of the cross sect ion 

but a t the expense o f s a c r i f i c i n g small d e t a i l s in s t r u c t u r e . An 

advantage of our d e t e c t o r is that i f we then be l ieve there nay be 

s t r u c t u r e somewhere i t is usual ly poss ib le to l a t e r process more 

sheets and i nves t i ga te the region in more d e t a i l . 
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Experimental Results 

We obtained double d i f f e ren t i a l cross sections for the fragments 

boron, carbon, nitrogen, oxygen, f l uo r ine , and neon. A complete l i s t 

of results is shown in Table 3- The data are plotted in Figs. 5 - 10. 

Some isolated points where there may be only one point at a par t icu lar 

angle or at backward angles where there is a large energy interval are 

not p lo t ted . The l ines drawn through the data are meant only as a 

guide to the eye. 

The data show several interest ing character is t ics . The boron 

spectrum at 16 degrees and at energies above *»0 MeV/nucleon is nearly 

f l a t in contrast to the exponential f a l l - o f f seen at larger angles. 

This may be due to effects of p ro jec t i le fragmentation. Small energies 

in the p ro jec t i le frame are transformed to large values when seen in 

the lab. The exponential f a l l - o f f in the data at large angles is 

character is t ic of fragment d is t r ibut ions seen at higher beam enerav. 

The d is t r ibut ions at 10 degrees clear ly show pro jec t i le fragmentation 

peaks at the beam energy/nucleon. Beyond the beam energy/nucleon the 

cross sections rapidly drop. The d is t r ibu t ions for carbon and boron 

appear to be quite s imi lar in magnitude, but as we go to higher mass 

the to ta l cross section drops. 
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Data A n a l y s i s 

1 . Thermal P a r a m e t r i z a t i o n o f the Data 

I t i s c o n v e n i e n t t o d i v i d e t h e d a t a i n t o two g r o u p s . The 

f i r s t g roup cove rs f r a g m e n t s w h i c h a r e p r e s u m a b l y e m i t t e d i n c e n t r a l 

c o l l i s i o n s — l o w t o i n t e r m e d i a t e energy n u c l e i e m i t t e d a t a l l a n g l e s . 

The second g roup c o n t a i n s f r a g m e n t s t h a t a r e a p p a r e n t l y f rom t h e p r o 

j e c t i l e , w h i c h a re p r o d u c e d i n p e r i p h e r a l c o l l i s i o n s and e m i t t e d a t 

s m a l l l a b o r a t o r y a n g l e s w i t h n e a r l y t he beam v e l o c i t y . 

L e t us assume t h a t f r a g m e n t s a r e e m i t t e d t h e r m a l l y by a mov ing 

s o u r c e . We s h a l l t a k e : 

d 2 a . «J. r / 

-E/T dfdA = 2T^Fp7T J* e" T (18) 

to be the n o n - r e l a t i v i s t i c Maxwel1-Boltzmann d i s t r i b u t i o n in the 

moving frame fo r the f ragments, where E is the k i n e t i c energy and a. is 

the norma l i za t ion f o r the product ion o f the i t h fragment. For cen t ra l 

c o l l i s i o n s , where we expect a large number o f nucleons to be found i n 

the source, we may take T to be the temperature T. For pe r iphe ra l 

c o l l i s i o n s we take i n t o account two-body k inemat ics by s e t t i n g T = vT, 

w i t h V = A / (A-K) . This preserves the r e l a t i o n between the Gaussian 

width, o", and T (eq. 6 ) , so our d iscuss ion o f p r o j e c t i l e f ragmentat ion 

w i l l be v a l i d f o r e i t h e r the thermal or sudden breakup models. We a lso 

expect t ha t the n o r m a l i z a t i o n , a . , should be " reasonably" r e l a t e d to 

the p a r t i a l product ion cross sec t ion fo r fragment i . As an obvious 

example, we note the no rma l i za t ion shou ldn ' t exceed the product o f the 

t o t a l cross sect ion f o r the reac t ion times the number o f nucleons in 

the col 1 is i o n . 
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A. Fragments Apparent ly From Cent ra l C o l l i s i o n s 

F i t s using a s i n g l e source (3 parameters) gave poor 

r e s u l t s , so two sources (6 parameters) were used. For each source 

the three parameters were the temperature, T = T, source v e l o c i t y , 

B, and no rma l i za t i on , a . Since the data cover a large dynamic 

range, the po in ts tha t were included in each f i t had to be care­

f u l l y chosen. The procedure was to p i ck a set o f p o i n t s , deter­

mine the best f i t us ing a ch i -square m in im iza t i on r o u t i n e , and 

compare the f i t to the da ta . Points t ha t were located fa r from 

the f i t t e d c irves were re jec ted and a new f i t was made. Usual ly 

po in ts would be re jec ted because they were a t small angles and 

contained c o n t r i b u t i o n s from p r o j e c t i l e f ragmenta t ion . Most c f 

the r e j ec ted po in ts were next t rea ted w i t h the p r o j e c t i l e f r a g ­

mentat ion ana lys i s . 

A l i s t o f the parameters, x 2> t n e number o f points f i t and 

the angle and energy cons t ra in t s were shown in Table h. The f i t s 

f o r boron , carbon and n i t r ogen are shown in F igs . 11-13. The 

slower o f the two sources has a v e l o c i t y B ~ 0.07 and temperature 

T ~ 27 HeV. The f a s t e r source has a v e l o c i t y 3 f - 0.17 and 

temperature Jf ~ 38 MeV. Note tha t the values o f x Z i e s p e c i a l l y 

f o r boron, are f a i r l y l a r g e . This is main ly due to the large 

dynamic range being covered. The boron data can be f i t t e d b e t t e r 

w i t h the fo l l ow ing r e s t r i c t i o n s : a t 16° exclude energies >30 MeV/ 

nucleon; a t 2*1° exclude energies >A0 MeV/nucleon; at 35" exclude 

energies >60 MeV/nucleon. This f i t g ives a x 2 o f 106 f o r 33 

p o i n t s . The v e l o c i t i e s and temperatures are f3 = O.O696, 

T = 2 3 . 2 , B f = 0 .146, and T f = 36 .6 . I f we exclude a l l 16° and 
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2U° data from the f i t the x is reduced to 50.9 f o r 26 p o i n t s . 

The f i t t e d v e l o c i t i e s and temperatures are 3 = 0.0778, T = 22 .5 , 

0 , = 0.155. and T , = 3 5 - 1 . We see t h a t the value o f x 2 has s i g n i ­

f i c a n t l y improved w h i l e the source v e l o c i t i e s and temperatures 

have changed on ly s l i g h t l y . S im i l a r improvements apply f o r the 

carbon and n i t r ogen da ta . 

We can compare the values o f the parameters to those we would 

expect i f e i t h e r a t a r g e t explosion o r a nuclear f i r e b a l l is the 

source o f the f ragments . For t a rge t exp los ion we assume tha t the 

uranium and argon nuc le i r eco i l as a s i n g l e e n t i t y . Energy and 

momentum conservat ion give the i n t e r n a l energy, E. , and the 
int 

recoil velocity, 3, of the source. For the nuclear fireball only 

the participants, that is, the nucleons in the classical overlap 

region, are involved in the reaction. The participants in the 

collision at optimal impact parameter, which occurs when the pro­

jectile is just totally enclosed by the target (b = R,. 
' > a Target 

R_ . . . . . ) , g i ve a v e l o c i t y and temperature that are s u i t a b l e P r o j e c t i l e 

averages f o r the f i r e b a l l model. Target explos ion g ives 3=0.067 

and T = 2.8 MeV and the f i r e b a l l 3 i s approximately 0.15 and T=9.2 

MeV f o r decay to p ro tons . I f we assume the r e c o i l i n g nucleus to 

be an exc i ted Fermi gas the source temperatures are change to 
27 

T = 8 MeV fo r t a rge t explos ion and T = 17 MeV f o r the f i r e b a l l . 

We note tha t the slow source has a v e l o c i t y corresponding to 

target explos ion w h i l e the f a s t source has a v e l o c i t y correspond­

ing to the f i r e b a l l . The source temperatures requi red to f i t the 

data are much h igher than those p red i c t ed by e i t h e r Maxwel l -

Boltmann or Fermi-Di rac s t a t i s t i c s . We see tha t the problem o f 
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h igh temperatures seen a t p r o j e c t i l e energ ies o f ^00-500 MeV/ 

nucleon also appears a t 100 MeV/nucleon. The anomalously high 

temperature is a lso seen a t 100 MeV/nucleon fo r the f i r e b a l l 

source. There is no corresponding temperature to compare to fo r 

a f i r e b a l l source o f beam energies o f 250 and *i00 MeV/nucleon f o r 

composite fragments as the experimenters e i t h e r d id not repo r t 

a temperature or d i d not consider i t t o be an ad jus tab le para-

.. 11 meter. 

There have been several suggest ions to exp la in the d i s c r e p ­

ancies between the p red ic ted and "measured" source temperatures. 

We expect that p roduc t ion o f composites v/i11 decrease the numbers 

o f degrees of freedom o f the source, thereby g i v i ng a h igher 

temperature. For small increases i n temperature t h i s may be a 

reasonable e x p l a n a t i o n , but there are many cases where the tem­

pera ture is a f a c t o r o f three or more g rea te r than expected. 

Since most o f the emi t ted fragments are protons and a t y p i c a l 

source has more than f i f t y nucleons, a s u f f i c i e n t l y h igh tempera­

tu re system to f i t the data cannot be b u i l t by the c r e a t i o n o f a 

few composite p a r t i c l e s . 

Pre-equi1 ibr ium and nonthermal emiss ion are a lso poss ib le 

explanat ions o f the h igh apparent temperatures. J . Stevenson has 

examined several mechanisms o f nonthermal emission, i n c l ud i ng 

26 r o t a t i n g and expanding sources. He has found tha t these mech­

anisms do not give a s a t i s f a c t o r y f i t to the data fo r 500 MeV 

Ar + Au i n t e r a c t i o n s . 

Since the e x c i t a t i o n energies are smal l we should check to 

see how we l l the data are f i t t e d by a Fermi-Di rac d i s t r i b u t i o n as 
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opposed to a Maxwel1-Boltzmann d i s t r i b u t i o n . Most o f the f r a g ­

ments we see have k i n e t i c energies exceeding the nuc lear Fermi 

energy, so we would not expect much d i f f e rence between a Maxwel1-

Boltzmann f i t and a Fermi-Dirac f i t . For carbon the Maxwell ian 

f i t gives a y2 o f ?0 f o r 25 p o i n t s , w i t h g = 0.075, T = 2 8 . 1 , 

8 , = 0.17, and T , = 39.2. The Fermi -D i rac f i t is made us ing: 

d 2 a _ ° l 1 ( l g ) 

dEdJi 2(TIT) V Z . ^ ( E - W J / T l 3 ; 

1+e 

where p is the chemical po ten t i a l a t temperature T = T. The f i t 

gives X 2 = 26, ^ = 0.079, T g = 2 8 . 2 , B f = 0 .17, and T f = 39-2. 

The x 2 drops s l i g h t l y and there i s n e g l i g i b l e change in the f i t t e d 

parameters. 

B. P r o j e c t i l e Fragmentation 

The p r o j e c t i l e f ragmenta t ion peaks are broad and asyn-

me t r i c . Since d e f i n i t e peaks are seen only at 10°, several 

d i f f e r e n t sets o f parameters give f i t s o f comparable q u a l i t y . The 

data are i n s u f f i c i e n t to a l low f i r m conclusions to be drawn. 

Let us cons ider the oxygen data f o r energies g rea te r th-->n 
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A0 MeV/nucleon. Viyogi e t a l . measured a p r o j e c t i l e fragmen­

t a t i o n temperature o f =8 MeV for 213 MeV/nucleon Ar + U, for f r a g ­

ments emit ted from zero to four degrees. They measured a p a r t i a l 

cross sect ion o f ~8l mb for oxygen p roduc t i on . We can check to 

see i f the r e s u l t s o f Viyogi e t a l . apply to our da ta . Figure 

Ha shows how a source w i th T = 8 MeV, (E = 0.^3 (corresponding to 

a beam energy o f 100 MeV/nucleon) would appear using the values 

o f the p a r t i a l cross sect ions f o r oxygen isotopes repor ted by 

Viyogi et a l . V/e see that the f i t i s very poor. D i f f e r e n t 
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parameters w i l l be requ i red to f i t the d a t a . I f the p a r t i a l cross 

sect ions are kept the same, but the temperature T is r a i sed to 

15 MeV (F i g . l ' l b ) , the peak is p icked up f a i r l y w e l l . S i m i l a r 

r e s u l t s apply when examining the f l u o r i n e and neon d . s t r i b u t ions. 

The data a t 16° are obv ious ly not f i t t e d a t a l l ; they w i l l requ i re 

a two-source model f o r a f i t . The d i f f e r e n c e between our r e s u l t s 

and those of Viyogi e t a l . may be exp la ined e i t h e r by supposing 

tha t because we cannot observe angles less than 10° we a re measur­

ing the wings o f some d i s t r i b u t i o n s , o r t ha t the temperature (or 

equ i va l en t l y the momentum width) may r i s e in the v i c i n i t y o f 100 

MeV/nucleon. 

Before cons ider ing mul t i -parameter f i t s we must check to see 

how sens i t i ve the f i t s are to the e f f e c t s o f i_ > pe d i s t r i b u t i o n 

and ta rge t th ickness . I f the assumed iso tope d i s t r i b u t i o n var ies 

from the true one, there w i l l be a misassignment o f fragment 

energy. The beam loses -10 MeV/nucleon t r a v e l i n g through the 

t h i c k e s t ta rge t and t h i s w i l l have an e f f e c t on the measured cross 

s e c t i o n s . Figure 15 shows the resu l t s o f these e f f e c t s . In F i g . 

15a. an 1 6 0 d i s t r i b u t i o n w i t h a c o r r e c t i o n fo r f i n i t e t a r g e t 

th ickness is compared t o an 1 6 0 d i s t r i b u t i o n w i t h no t a r g e t t h i c k ­

ness c o r r e c t i o n . In F i g . 15b, an oxygen d i s t r i b u t i o n w i t h T = 15 

MeV using the isotope d i s t r i b u t i o n o f V iyog i e t a l . is compared 

w i t h a pure 1 6 0 d i s t r i b u t i o n . We see i n both cases t ha t the 

d iscrepancies are w i t h i n the e r r o r bars o f the data ( F i g . 8 ) . 

Using 1 6 0 as the on ly oxygen present w i t h no ta rget th ickness 

c o r r e c t i o n w i l l not s i g n i f i c a n t l y a l t e r the r e s u l t s . ( E f f e c t s o f 

isotopes and t a rge t th ickness have a l s o been checked f o r the 
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" c e n t r a l c o l l i s i o n " data and have a l s o been found to be sma l l . ) 

To f i t the oxygen data we l l w i t h thermal models a t energies 

greater than 40 MeV/nucleon i t is necessary to increase the num­

ber o f parameters. One way to do t h i s is to assume t ha t there 

are two fas t sources (F i g . 16a). The f i t gives x 2 = 1 3 f o r 20 

p o i n t s . The values o f the f i t t e d parameters are al = 12500 yb, 

3 j = 0.42*1, Tj = 15 MeV (corresponding to T = 2k MeV or a momen­

tum wid th o f 151 MeV/c), az = 1200 ub, B 2 = 0.338 and x 2 = 3*1.8 

MeV. The f i r s t source has near ly the beam v e l o c i t y and a tempera­

ture much higher than that expected f o r convent ional p r o j e c t i l e 

f ragmentat ion. The second source has a very high T „ , but we are 

unsure o f i t s na tu re , so i t would be i nco r rec t to assign i t a 

temperature. The second source appears as i f some piece o f the 

p r o j e c t i l e underwent a c o l l i s i o n w i t h the target nucleus w i t n a 

r e s u l t i n g large t r a n s f e r of momentum. This may not be the 

co r rec t i n t e r p r e t a t i o n because the f a c t that the in te rmed ia te 

r a p i d i t y po in ts can be f i t t e d by =i thermal source may be an 

acc ident . 

The n i t rogen data have a lso been f i t t e d at 10° and 16° (F i g . 

16b). The resu l t s are x 2 = ' 9 -8 ub f o r 17 p o i n t s , Oj = A110 yb, 

Q1 = 0.1116, t j = 20 .6 , a 2 = 2760 yb , B 2 = 0.328, T 2 = 20.6 ub. 

Points w i th energies greater than kS MeV/nucleon were inc luded in 

the f i t . The f i t does not reproduce the peak at 10°, bu t the 

e r r o r bars in the data are f a i r l y l a r g e . Note tha t a t 24° the 

f i t exceeds the da ta . This increases our susp ic ion t ha t the large 

momentum t rans fe r source may be f i c t i t i o u s . 
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The boron and carbon data tha t appeared to be due to p r o ­

j e c t i l e fragmentation v/ere f i t t e d at 16° and 24° . Two f a s t 

sources were necessary to o b t a i n , reasonable f i t s . For boron t!ie 

best f i t gives x 2 = ' 0 . 8 f o r 16 p o i n t s , Oj = 6.84 x 1 0 8 , 

Bj = 0.424, Tj = 5.4 (T = 7 -4 ) , a2 = 13600, B 2 = 0.288, T 2 = 41.6 

( F i g . 17a). The f i t overshoots the. data a t 35° . The norma l i za ­

t i o n cross sect ion a f o r the beam v e l o c i t y source is f a r too 

h i g h . By ra i s i ng the temperature we can lower the n o r m a l i z a t i o n . 

A f i t w i t h the parameters a1 = 543, B x = 0 .424 , T1 = 1 1 (T = 15-2) , 

o2 = 133300, B2 = 0.284, and T 2 = 43.2 g ives a x 2 of 15.2 ( F i e . 

17b). The f i gu re shows tha t the f i t is s t i l l reasonably good 

a l though the problems a t 35° have not been s e t t l e d . The carbon 

is f i t a t 16° and 24° f o r energies above 50 KeV/nucIeon. We 

ob ta in x 2 = '1 .3 fo r 16 p o i n t s , a1 = 44300 ub, B x = 0 .402, 

Tj = 16.4 (T = 23 .4 ) , a 2 = 7060 ub, 3 2 = 0 .276, and T 2 = 45 ( F i g . 

18) . Note that the f i t i s close to the 10° po in ts and is roughly 

equal t o the data a t 35° . which was f i t t e d w i t h the f i r e b a l l source. 

A summary o f the p r o j e c t i l e f ragmentat ion f i t s is given in Table 

5 . 

i ) Coulomb S c a t t e r i n g 

We should check to see what e f f e c t Coulomb s c a t t e r i n g 

has on the transverse momentum t r a n s f e r . Suppose two nuc le i 

c o l l i d e w i t h charge and mass Z x , Aj and Z 2 , A 2 . The h a l f d is tance 

o f c l o s e s t approach i n a head-on c o l l i s i o n i s given by: 

a = f^2- (20) 
cm 
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We take the radius: 

R = r o(A! 1 / 3 + A 2
1 / 3 ) (21) 

where r = 1.2 x 1 0 ~ 1 3 cm. The c r i t i c a l s c a t t e r i n g angle in the 
o 

center o f mass, which occurs when the nucle i j u s t touch , is given 

by: 
e 

s i n r = ^ ( 2 2 ) 

For " 0 A r on 2 3 8 U at 100 MeV/nucleon 6 ~ 3-5 degrees. From 

s in9 ~ 0.06 and the beam momentum o f ^ 3 MeV/c/nucleon we have c 

a transverse momentum t rans fe r o f approx imate ly 27 MeV/c/nucleon. 

For an 1 6 0 fragment t h i s gives a momentum t rans fe r o f ^32 MeV/c. 

The measured a is ^75 MeV/c, so the widths have a s i z a b l e 

Coulomb s c a t t e r i n g component. 

i i ) Summary o f Intermediate and P r o j e c t i l e V e l o c i t y Data 

The data show that some fragments are seen t ha t are 

emi t ted by a source moving a t the p r o j e c t i l e v e l o c i t y but the data 

r e a l l y are not d e t a i l e d enough to draw add i t i ona l conc lus i ons . 

The source moving a t the p r o j e c t i l e v e l o c i t y may have a tempera­

tu re in excess o f the 8 MeV temperature seen in convent iona l p ro­

j e c t i l e f ragmenta t ion , but t h i s may be due to the Coulomb s c a t t e r ­

i n g . Data at several angles are needed to resolve the i ssue . 

The data at in termedia te energy are cons is tent w i t h emission from 

a source moving a t 3 ~ 0.1 in the p r o j e c t i l e frame w i t h a h igh T , 

bu t t h i s may on ly be an exercise i n curve f i t t i n g , as the f i t s 

o f t e n overshoot data a t larger ang les . 

2 . F i r eba l l Model 

Although the data are not f i t t e d by a source w i t h a 
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temperature and v e l o c i t y both corresponding to what would be expected 

from the nuclear f i r e b a l l model, i t is s t i l l a good idea to see how 

the model compares w i t h the data. There are several l eve l s o f com­

p l e x i t y one can have i n developing a model to descr ibe emiss ion of the 

fragments we see. I have developed a f a i r l y simple model which can be 

compared w i th the da ta . 

The model fo l lows the general procedure o f the o rd i na ry f i r e b a l l 

model. Ten equal ly spaced values of impact parameter are chosen. The 

i n t e g r a l s tha t g ive the number o f p r o j e c t i l e and ta rge t p a r t i c i p a n t s 
18 

are e a s i l y evaluated by a Monte Carlo c a l c u l a t i o n . Energy and 

momentum conservat ion g ive the momentum and e x c i t a t i o n energy, E-, o f 

the r e c o i l i n g f i r e b a l l . We assume tha t the f i r e b a l l o f mass A breaks 

i n t o two fragments o f mass K and A-K, and the fragment o f mass A-K 

decays to nucleons. A nuclear b ind ing energy co r rec t i on is made by-

s u b t r a c t i n g 8x(A-K) f rom the e x c i t a t i o n energy. For a Maxwel1-Boltzmann 

gas the temperature o f the f i r e b a l l is g iven by: 

_ _ 2 (E*-8(A-K)) , „ > 
T " 3 (A-K+l) ( 2 3 ) 

as there are (A-K+l) p a r t i c l e s in the system. I f the fragment nass is 

g rea te r than the number o f nucleons in t he f i r e b a l l , the c o n t r i b u t i o n 

a t t ha t impact parameter is neglected. The number of p a r t i c i p a n t s and 

the f i r e b a l l v e l o c i t i e s and temperatures f o r each impact p a r a r e t e r are 

shown i n Table 6. We see that at the l a r g e s t impact parameter the 

temperature shows a dramatic increase due to the small number o f 

nucleons in the f i r e b a l l . Recoil c o r r e c t i o n s (such as f rom two-body 

k inemat ics) w i l l lessen t h i s e f f e c t . We might suspect t ha t t h i s may be 

the source o f the h igh temperatures seen in the data, but we must not 
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f o rge t t ha t fragments emi t ted from sources moving at the t a r g e t 

explos ion v e l o c i t y are formed in systems made o f large numbers o f 

nucleons. In th i s model the f i r e b a l l decays according to a Maxwel l -

Boltzmann d i s t r i b u t i o n , and the resu l ts are in teg ra ted over impact 

parameter and transformed to the laboratory frame. Recoil c o r r e c t i o n s 

to the f i r e b a l l are not taken in to account. There is no spec ia l 

we igh t ing (other than geometr ic) of impact parameter, a l though the 

data suggest that impact parameters near zero should be neg lec ted . The 

resu l t s f o r product ion o f carbon fragments are shown in F i g . 19. The 

f i t is normalized to f i t the data at 2k° a t 51 MeV/nucleon. The f i t 

is unacceptably poor. This shows e i t h e r t ha t models o f the f i r e b a l l 

type are not useful or tha t more soph is t i ca ted models need to be used. 

3- Invar ian t Cross Sect ion and Exponential in Momentum 

Contours o f i n v a r i a n t cross sec t i on ( f = —,,-.;-,-) f o r boron 
p dtdii 

are shown in F i g . 20. The coordinate axes are p a r a l l e l and t ransverse 

momentum. The curves are obta ined by drawing smooth curves through 

the da ta , ra ther than corresponding to s p e c i f i c data p o i n t s . The 

contours are roughly c i r c u l a r w i t h centers around a p a r a l l e l monientun, 

p.. , o f about 1000 MeV/c. For large p„ the contours deviate from being 

c i r c l e s due to e f f e c t s o f p r o j e c t i l e f ragmenta t ion . 

In the case of i s o t r o p i c emission from a moving frame the contours 

form e l l i p s e s w i th p.. being one of the axes. For low source v e l o c i t i e s 
B « 1 these e l l i p s e s should be near ly c i r c l es - . From loca t i ons o f o 

the centers o f the c i r c l e s we ob ta in the v e l o c i t y of the source: 

p l l p l l ' 
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and from the radi i of the c i r c l e s we obta in the v e l o c i t i e s $' of the 

fragments in the moving frame: 

We should note that these v e l o c i t i e s re fe r to averages and are not 

rep resen ta t i ve o f d i s c r e t e sources. 

Best f i t c i r c l e s were const ructed fo r the i n v a r i a n t cross s e c t i o n 

contours using a x 2 m in im iza t i on r o u t i n e . Both B and B' were v a r i e d 

u n t i l the minimum x 2 was found . Selected p o i n t s , usual ly those a t 

small angle and large p.., were excluded from the f i t s i f they caused 

the contours to deviate se r ious ly from being c i r c u l a r . A s c a t t e r p lo t 

o f B vs B' f o r the fragments boron through n i t r ogen is shown i n F i g . 

2 1 . We note there is some c o r r e l a t i o n between B and 3 ' . The c o r r e l a -
o 

t i o n appears poor here because there is s t i l l some contaminat ion from 

p r o j e c t i l e fragments a t small angles. The graph looks much b e t t e r i f 

these contaminants are removed. The dependence o f B1 and 3 has been 
o 
29 s tud ied f o r a number o f experiments by Pr ice and Sr.evenson. They 

c la im t h a t the c o r r e l a t i o n o f fragment v e l o c i t y w i t h source v e l o c i t y 

Independent o f fragment mass shows tha t the source cannot be thermal 

i n n a t u r e . 

From the constructed c i r c l e s we can determine the momentum, p 1 , 

o f the fragments in the moving frame, and p l o t the values o f p' as a 

f u n c t i o n o f i nva r i an t cross sec t ion (F i g . 22 ) . The points shown in the 

f i g u r e are obtained from the boron, carbon, and n i t rogen d a t a . Con­

t r i b u t i o n s from p r o j e c t i l e f ragmentat ion are not inc luded. Recal l 

tha t the po in ts are not data po in ts but are obta ined by drav/ing smooth 

curves through the da ta . Over la id on the p l o t are curves f o r the 
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19 reactions *)00 McV/nucleon Ne + U •+ 8Li and boron. The curve for BLi 

is shown multiplied by three as an approximate correction for the 

other lithium isotopes. The plotted points surprisingly follow the 
12 

p a t t e r n o f the un iversa l curve of Pr ice e t a l . The c h a r a c t e r i s t i c 

momentum o f the p l o t t e d po in ts is approximately P = 190 MeV/c. This 

compares to P = 236 MeV/- fo r ^00 MeV/nucleon Ne + U and P = 3^0 MeV/c 

f o r 500 MeV/nucleon Ar + Au. Since a l l curves l i e r e l a t i v e l y " c l o s e " 

to one another th is suggests that when comparing several cu rves , a 

change i n slope (P ) is compensated by a change in no rma l i za t i on (K) 
-P/p 

f o r some d i s t r i b u t i o n f = Ke . A l t e r n a t i v e l y , we might say that 

a t some value of momentum in the moving frame, a l l i n va r i an t cross 

sec t ions are b a s i c a l l y i d e n t i c a l , w i th the f i r s t order c o r r e c t i o n s 

being determined by P . 

The o r i g i n s o f the un iversa l curve s t i l l remain unknown. I t is 

s u r p r i s i n g that fragment data from react ions fo r p r o j e c t i l e energ ies 

o f 100 to 2100 MeV/nucleon a l l l i e close t o the same curve. 

k. F r i c t i o n Model 
20 Let us cons ider what the f r i c t i o n model of Abul-Magd e t al . 

p r e d i c t s a t 100 MeV/nucleon. In my experiment the u 0 A r is fragmented 

to less than one-ha l f i t s o r i g i n a l s ize and the p r o j e c t i l e fragmen­

t a t i o n peaks are poor ly reso lved, so the best we should hope f o r are 

order o f magnitude agreements of the theory w i t h the data . 

A t an inc ident energy o f 100 MeV/nucleon, TT is M3 HeV/c. Rather 

than us ing an expansion to solve fo r q.. and rj (eq. 15) we so lve fo r 

q,, and then i d e n t i f y : 

" - w^~> -1 ( 2 6 ) 
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From eq. 14 we obtain: 

o 

a 2 

Using ^— = 80 MeV (which p roper l y should be used only above 500 MeV/ 

nucleon) gives q,, = -347 HeV/c and n, = 3-3- Note that n is a p p r o x i ­

mately e i g h t times la rger than a t 2 GeV/nucleon. Because of the l a rge 

value o f n a t 100 MeV/nucleon we may have a s e n s i t i v e test o f the f r i c ­

t i o n model. With n = 3-3 and <U> < 50 MeV we have J <P.. > | < 108 MeV/c. 

For f ragmentat ion to 1 6 0 , the moving source v e l o c i t y is 0.424 which 

gives a momentum t rans fe r of 90 MeV/c. This is reasonably c lose to 

the p red ic ted value al though i t only appl ies to s i n g l e nucleon removal . 

Let us next consider the p r e d i c t i o n o f eq . 16. Using a = 150 

MeV/c for f ragmentat ion to l s 0 we get <P.. > = 520 MeV/c in the pure 

abrasion approx imat ion. This is somewhat l a rge r than expected. A 

f u l l ab ras ion -ab la t i on c a l c u l a t i o n w i l l reduce t h i s va lue. 

5- Asymmetry of the P r o j e c t i l e Fragmentation Curves 

The p r o j e c t i l e f ragmentat ion data a t 10° show a marked 

asymmetry. The high energy s ide is much steeper than the low energ . 

s ide o f the p r o j e c t i l e f ragmentat ion peak. Such asymmetric peaks have 

p rev ious ly been observed a t lower beam energ ies . The asymmetry i s 

obviously due to p r o j e c t i l e i n t e r a c t i o n w i t h the t a r g e t . 

P r e d i c t i n g the shape of the peak is obv ious ly a d i f f i c u l t problem. 

Rather than a t tempt ing to ob ta in the shapes o f the peaks, I have 

developed a simple model that suggests how the peaks may be e x p l a i n e d . 

I f the model proves to be usefu l i t can be f u r t h e r developed to t r y to 

understand the data. The model assumes tha t some f r a c t i o n of- the 
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target nucleons, which are physically near the projectile, will have N 

nucleons within the Fermi sphere in momentum space of the projectile 

nucleus, which contains A nucleons. We note that this model will 

obviously not work at higher projectile energies. The resulting con­

figuration of A + N nucleons can then fragment to a fragment of mass K. 

The calculation proceeds as follows. For a 2 3 B U target we arbi­

trarily assume that 10% (i.e. 2k) of them can interact with the pro­

jectile. These 2k r.ucleons are given momenta randomly drawn from a 

Fermi distribution. The A nucleons of the projectile are also given 

momenta drawn from a Fermi distribution. The momenta of the target 

nucleons are transformed to the projectile frame. If the resulting 

momentum of a nucleon is less than the Fermi momentum (taken to be 

250 MeV/c) then it is allowed to join with the projectile nucleus. 

Usually N = 0 or 1 for the system described. We then randomly pick 

out K nucleons from the resulting system of A + N nucleons. The 

parallel and transverse momenta of the fragment are computed. For the 

present we do not constrain the projectile to have zero momentum in 

its rest frame. The effect will be that of emission from an infinitely 

heavy nucleus. The calculation is repeated many times until sufficient 

statistics are obtained. We take the beam momentum to be in the z-

direction. The x and y distributions are then expected to be Gaussian 

distributed about zero momentum. The expected asymmetry will then 

show up in the negative z direction. 

We first do the calculation for two cases, where a 100 MeV/nuclcon 

projectile of mass kO fragments wi th emission of (a) a mass 3 fragment 

and (b) a mass 16 fragment, with 2k nucleons contributing from the 

target (Fig. 23). The distributions of parallel (z-direction) 
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momentum and of transverse momentum in the x or y direction are shown 

in the projectile frame. We see in both cases that sufficiently far on 

the tails of the distributions the longitudinal distribution exceeds 

the transverse by a factor of 2 or more. Nearer to zero momentum 

there is not a great difference between the parallel and transverse 

distributions, and further refinements or a different model will be 

necessary to explain the shapes of the experimental distributions. 

In Fig. 2'i is shown the calculation for a 20 MeV/nucleon projectile 

fragmenting to a mass 3 nucleus. There is a pronounced effect for all 

momenta less than zero as the target and projectile Fermi spheres are 

much closer than at 100 MeV/nucleon. 

The model can be improved by placing constraints on the momentum 

of the projectile nucleus. V/e form the total momentum from the vector 

sum of the assigned momenta of the individual nuclei. If the corpo-

nents of total momentum and the magnitude exceed a certain value, 

then that combination is rejected and a different set is selected. 

Figure 25 shows the momentum distribution for a mass-16 nucleus with 

no momentum constraint and with the constraint that each momentum 

component be less than 30 MeV/c and total momentum less than t̂O MeV/c. 

In this calculation there is no contribution from the target. The 

histograms have the same areas. We see that the momentum-constrained 

distribution is narrower than the unconstrained distribution. The 

unconstrained distribution has a J of *)70 MeV/c which is what we expect 

for emission from ar infinite nucleus. The constrained distribution 

should have a width of 290 MeV/c. The calculation gives a width of 

360 MeV/c. The width could be made smaller by using tighter con­

straints, but this would take an excessive amount of computer time. 
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We would have to f i n d a d i f f e r e n t a lgo r i t hm f o r se lec t ing the momentum 

to o b t a i n a s i g n i f i c a n t improvement in the w i d t h . Using the above 

momentum c o n s t r a i n t s , we o b t a i n the d i s t r i b u t i o n s for f ragmentat ion 

to 1 6 0 from 100 MeV/nucleon 1 , 0 A r w i t h the i n t e r a c t i o n of 2*1 t a r g e t 

nucleons ( F i g . 26) . Comparing th is c a l u c l a t i o n to the one w i t h no 

momentum c o n s t r a i n t s , we see there is a s l i g h t improvement in l o n g i ­

tud ina l vs transverse coun ts . At a momentum o f -1200 MeV/c the l o n g i ­

tud ina l to transverse r a t i o is 2.6:1 fo r the momentum-constrained d i s ­

t r i b u t i o n wh i l e i t i s 1.6:1 f o r the unconstra ined d i s t r i b u t i o n . As 

we go f u r t h e r out in negat ive momentum the d i f f e rence in the r a t i o s 

o f the two d i s t r i b u t i o n s becomes more s i g n i f i c a n t . 

These ca l cu la t i ons show we may have a process that generates 

asymmetric t a i l s . One way to check the c a l c u l a t i o n w i th exper iment 

would be to compare w i t h p r o j e c t i l e f ragmentat ion data for on ly the 

removal o f a few nucleons from a large p r o j e c t i l e . In th i s case v.e 

would not have to use the cons t ra in ts o f momentum conservat ion and 

the c a l c u l a t i o n could be done r a p i d l y . 

I t i s important to note that we have analyzed a s i t u a t i o n where 

a rare process ( p r o j e c t i l e pickup of one or two nucleons) can have a 

major e f f e c t on the t a i l o f a d i s t r i b u t i o n , w h i l e the. rest o f the 

d i s t r i b u t i o n is e s s e n t i a l l y unchanged. This should serve n o t i c e that 

we should be wary in app ly ing i n t e r p r e t a t i o n s based on a d i s t r i b u t i o n ' s 

t a i l to the d i s t r i b u t i o n as a whole. 
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Summary and Conclusions 

Data from the reaction 100 MeV/nucleon Ar + U -+ fragments have 

been presented. By conducting three exposures using different com­

binations of target thickness and beam fluence, we have been able to 

measure cross sections over a wide dynamic range. Fragments emitted 

from both central and peripheral collisions are observed. 

The data have been fit with thermal sources, each moving with a 

characteristic velocity and temperature. These sources are not dis­

crete, but are believed to be in some sense an average over a con­

tinuum of sources. The data which are apparently due to central colli­

sions can be interpreted in terms of emission of fragments from two 

sources, one corresponding to a system undergoing "target explosion" 

and the second from a nuclear fireball. The observed temperatures are 

higher than one v/ould calculate using energy and momentum conservation 

and either Fermi-Dirac or Maxwel1-Boltzmann statistics. The process 

that produces these fragments appears to be of the same type that pro­

duces "slowly moving, highly excited nuclear matter" which is observed 

at beam energies of hOO and 500 MeV/nucleon, although its origin remains 

a mystery. A crude fireball model is developed but it agrees poorly 

with the data. An improved fireball or firestreak calculation could 

provide a better fit, but it is likely that it would still be a poor 

fit. The data lie on a previously discovered universal curve (or 

better termed "localized region") of invariant'Cross section vs momen­

tum. The universal curve now encompasses fragments emitted in high 

energy heavy ion collisions for beam energies from 100 to 2100 MeV/ 

nucleon. 

The data which are apparently due to peripheral collisions have 
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temperatures (or e q u i v a l e n t l y , widths) exceeding those seen in other 

p r o j e c t i l e f ragmentat ion s tud ies . This may be due e i t h e r to phenomena 

p e c u l i a r to 100 MeV/nucleon, to Coulomb s c a t t e r i n g or to a p e c u l i a r i t y 

o f look ing at the t a i l o f the p r o j e c t i l e f ragmentat ion d i s t r i b u t i o n . 

We showed tha t 100 MeV/nucleon is a good energy to t es t the p red i c ­

t i ons o f the f r i c t i o n model o f p r o j e c t i l e f ragmentat ion, a l though the 

r e s u l t s of t h i s experiment are not we l l s u i t e d at present as a tes t of 

the model. V/e suggested a model tha t a l lows par t of the t a rge t nucleus 

t o p a r t i c i p a t e in p r o j e c t i l e f ragmenta t ion . Further developments are 

needed before i t can be compared w i t h da ta . Pre l iminary r e s u l t s sho.v 

tha t the l ong i t ud ina l d i s t r i b u t i o n o f p r o j e c t i l e fragments (when viewed 

in the laboratory frame) can have an enhanced low energy t a i l . T-e 

c a l c u l a t i o n is i l l u s t r a t i v e of a s i t u a t i o n where an apparent ly srral l 

e f f e c t can have a dramat ic in f luence on the t a i l of a d i s t r i b u t i o n 

w h i l e having a n e g l i g i b l e e f f e c t on the bu lk o f i t . 

We see that the problems encountered in analyzing the data fo r 

experiments a t A00 and 500 HeV/nucleon a re apparent a t 100 MeV/nucleon. 

Co r re la t i on experiments could help determine i f thermal e q u i l i b r i u m 

is reached before fragments are emit ted from cent ra l c o l l i s i o n s . 

Fur ther t heo re t i ca l developments are necessary before the i n t e r a c t i o n s 

o f r e l a t i v i s t i c heavy ions can be f u l l y understood. 
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Table 1 

Angular V/idth and S o l i d Angle o f the Detector Stacks 

Angle 9, Degrees Angular U id th , Degrees Sol id Angles, Msr 

10 ±1.8 4. 
16 ±2.6 8. 
24 ±3-9 18. 
35 ±5.4 35-
55 ±7.6 72. 
80 ±9.9 120. 
100 ±9.9 120. 
125 ±7.6 72. 
145 ±5.4 35. 
156 ±3.9 18. 
164 ±2.6 8. 
170 ±1.8 h. 



Table 2 

Beam Fluence, Target Thickness and Number 

of Lexan Sheets Per Stack for Each Run 

Run A 

Beam Fluence = 1.1 x 1 0 1 2 ions 

Uranium Target Thickness = 0.239 gm/cm2 

Polar 
Angle 9 

Azimuthal 
Angle. <j> = 0 
No. of sheets 

Angle <() = 30 
No. of sheets 

10 50 400 
16 50 400 
24 50 250 
35 40 200 
55 40 200 
80 40 200 
100 40 200 
125 40 200 
145 30 100 
156 30 50 
164 30 50 
170 30 50 



49 

Run B 

Beam Fluence = 1 . 1 x 1 0 1 1 ions 

Uranium Target Thickness = 0.0989 gm/cm2 

Polar 
Angle 0 

Azimuthal 
Angle $ = 0 
No. of sheets 

An 
No. 

gle 4- = 30 
of sheets 

10 20 50 
16 20 50 
24 20 50 
35 20 40 
55 20 40 
80 20 40 
100 20 40 
125 20 40 
145 20 20 
156 20 20 
164 20 20 
170 20 20 
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Run C 

Beam Fluence = 1.1 x 1 0 1 0 ions 

Uranium Target Thickness = 0.0^91 gm/cm 

Polar 
Angle 6 

Azimuthal 
Angle <j> = 0 

No. o f sheets 
Ang 

No. 
le <J) = 30 
of sheets 

10 10 20 

16 10 20 

2k 10 20 

35 10 20 

55 10 20 

80 10 20 

100 10 20 

125 10 10 

145 10 10 

156 10 10 

164 10 10 
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Table 3 

Data 

E+ and E- de f i ne the upper and lower l i m i t s o f the energy i n t e r v a l 

over which the cross s e c t i o n was averaged. o+ and o- are 68% 

conf idence l i m i t s on the cross sec t i on . 

BORON 

Energy E E+ E- Cross 
Angle (HeV/ (KeV/ (HeV/ Sect ion o o+ 0 -
(deg) nuc) nuc) nuc) (ub/MeV-sr) (ub/MeV-sr) (ub/KeV-sr ) 

8. 8 4. 8SE+82 7. 25E+62 3. 19E + 02 

i e . 2 3. 98E-»02 5. 88E+82 2. 68E + 02 

2 1 . 8 1. 42E+62 1. 81E+82 1. 12E + P2 

36. 2 1. 27E+82 1. 65E + 82 9. 74E+81 

46. 9 3 4GE + 81 4. 24E+01 2. 71E + CU 

5 8 . 7 3. 23E+01 4 .18EH01 2. 47E + 81 

68 . 8 1. 44E + 61 1. 89E+81 1. 68E+81 

74. 4 1. 58E+01 2. 82E+81 1. 22E-KU 

79. 7 2. 89E+01 3. 32E + 81 2. 45E + 01 

86. 3 2. 73E + G1 3. 13E + 81 2. 22E + B1 

9 1 . 1 2. 29E-4 01 2. 67E + G1 1. 91E + 81 

95. 5 1. 55E + 01 1. 82E + 01 1. 28E-KH 

9 9 . 9 1. 38E + 01 1. 53E+01 1. 87E- td l 

8. 8 5. 3 6 E * 8 2 6. 23E + G2 4. 49E + P2 

18. 2 2. 78E + 02 3. 78E + Q2 2. 62E-*82 

2 1 . 8 7. 83E + 0 1 1 Q6E + 02 5. 68E + CU 

28. 3 2 9 7 E + 0 1 4. 32E+81 2 e O E + e i 

1 6 . 1 0 . 5 12. 1 

1 6 . 1 9 . 6 2 1 . 1 

1 6 . 2 3 . 5 25. 3 

1 6 . 3 1 . l ' 33 . 2 

1 6 . 4 9 . 3 5 1 . 7 

1 6 . 6 0 . 9 63. 2 

1 6 . 7 1 . 6 73 . 2 

1 6 . 7 6 . 6 78. 7 

1 6 . 8 1 . 8 84. 0 

1 6 . 8 8 . 5 90. 6 

1 6 . 9 3 . 2 95. 4 

1 6 . 9 7 . 1* 180. 0 

16 . 182 . 0 164. 0 

24 1 0 . 4 11 . 9 

2 4 . 1 9 . 3 20. 4 

2 4 . 2 3 . 4 25. 0 

2 4 . 2 9 . 7 3 1 . 2 



E E+ E- Cross 
(HeV/ (HcV/ Sec t ion b 0+ 0-
nuc) nuc) (pb/MeV-sr) (pb/MeV-sr) (pb/HeV-sr) 

8 46. 1 4 1 . 4 1. 25E+01 1. 39E+01 1. 11E + 01 

1 5 1 . 4 46. 9 1. 46E+01 1. 69E+01 1. 23E+01 

G 56. 2 5 1 . 9 9. 65E+GG 1. 10E-+61 8. 27E+06 

8 6 2 . 9 5 8 . 7 7. 63E + 0O 8. 89E + 80 6. 3 8 £ ^ 0 

0 67. 1 62. 9 6. 79E+60 7. 67E+0G 5. 98E + G0 

1 73 . 1 69. 0 3. 26E + 00 4. 39E+0P 2. 40E + P0 

0 8 1 . 3 72 . 6 1. 78E + 00 2. 22E + 80 1. 42E + 00 

3 2 4 . 8 2 1 . 8 6 . 4 1 E + 0 1 7. 28E + 01 5. 55E«01 

5 29. 9 27. 1 2. 56E + 81 3. 35E+01 1. 9'lE-tdl 

2 45. 8 38. 5 2. 94E + 0G 3. 30E+0G 2. 59E + 0U 

0 51. 1 46. 9 1 llE + eO 1. 5'JiE + 00 7. 77E-01 

4 62. 6 58. 2 1. 65E-01 2. 95E-B1 8. 60E-02 

6 71. 0 66. 1 5. 76E-02 1. 03E-81 3. B1E-02 

4 11. 9 8. 8 2. 26E + 02 2. 60E + B2 1. 92E+02 

3 18.7 15.8 4. 93E + 01 £. 56E + 01 3. 67E^ 61 

2 20. 0 16. 4 3. 13E + 81 3. 92E + 01 2. 48E + 01 

4 25.0 21.8 7. 34E^0 9. 43E + 00 5. 67E + 00 

4 34. 0 28. 7 1. 62E + 60 1. 17E+00 8. 7SE-81 

6 48. 2 35. 0 2. 13E-01 3. 81E-01 1. 11E-01 

3 46.3 38 2 8. O4E-02 1.13E-81 5 65E-02 

1 49. 0 43. 1 2. 88E-02 4. S3E-02 1. 64E-62' 

8 12.8 8.8 5. 25E + 01 6. 26E + 03 4.24E-K?! 

6 15. 7 11 5 9. 77E400 1. 31E + 01 7. 19E + BD 

8 21. 2 16 4 1. 51E + G0 2. 2BE + 0O 1. 02E+00 
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Energy E E+ E- Cross 
Angle (MeV/ (MeV/ (MeV/ Section o 0+ O-
(deg) nuc) nuc) nuc) (pb/MeV-sr) (yb/MeV-sr) (ub/MeV-sr) 

6. 6 1. 60E+G1 2. G5E+01 1. 25E+01 

8. 8 9. 67E+06 1. 62E + 01 5. 50E + O0 

8. 8 6. 14E+8B 6. 93E+C0 5. 34E+80 

12. 3 3. 5 7 E - 0 1 5. 09E-G1 2. 4GE-81 

14. 5 8. 77E-G2 1. 14E-G1 6. 73E-G2 

16. 4 1. 73E-G2 3. 16E-02 9. 03E-B3 

17. 6 1. 0 3 E - 0 2 1. 64E-02 6. 22E-C-3 

7. 8 3. G l E - G l 5. 93E-01 1. 37E-G1 

8. 8 1. 46E-G1 2. 05E-61 1. G3E-B1 

9. 8 6. 6 5 E - 6 2 1. 55E-81 5. 49E-G2 

1 1 . 5 1. 0 8 E - 0 2 2. 13E-02 5. 8 B E - 0 : 

6. 6 2. 6 2 E - 0 1 3. 29E-01 2. 6SE-CU 

7. 8 3. 62E-G2 6. 48E-G2 1. 8 9 E - d 2 

5. 2 5. 9 4 E - 8 1 7. G3E-81 4. 8 6 E - 0 1 

5. 2 3. 8 7 E - 8 1 5. 63E-81 2. 6 O E - 0 1 

3. 3 4. 60E+GG 5. 75E + 6G 3. 45E + 00 

1G0. 8. 8 1 1 . G 

10G. 1G. 8 1 2 . "7 
l 

108. 1 2 . 0 1 5 . 2 

100. 1 4 . 8 1 7 . 2 

100. 1 9 . 5 2 4 . 6 

100. 2 1 . 4 2 6 . 4 

180. 2 2 . 7 2 7 . 8 

125. 1 8 . 3 1 2 . 8 

125. 1 3 . 3 1 7 . Q 

125. 1 4 . 1 1 8 . 5 

125. 1 5 . 5 n 0 . 3 

145. 1 1 . 3 1 6 . 1 

145. 1 2 . 6 1 7 . 4 

156. 1 0 . 6 1 6 . 0 

164. 1 1 . G 1 6 . 8 

170. 1G. 1 1 6 . 9 



CARBON 

5* 

Energy £ E+ E- Cross 
Angle (MeV/ (MeV/ (MeV/ Section o o+ O-
(deg) nuc) nuc) nuc) (yb/KeV-sr) (yb/MeV-sr) (yb/MeV-sr) 

110. 1 3. 71E + 01 4. 34E + 01 3. 07E+D1 

117. 1 4. 24E+01 4. 98E+01 3. 50E+O1 

10. 3 6. 01E + 02 7. 03E + 02 5. BBE+B2 

21. 2 1. 33E + 02 1. 86E + 02 9. 35E+61 

25. 4 1. 14E402 1. 30E + 02 9. B8E+61 

35. 2 7. 16E4B1 8. 37E+61 5. 95E+B1 

54. 6 1. 71E + 01 1. 9SE + 81 1. 44E+B1 

65. 4 1. 76E + 01 2. 13E + 01 1. 41E + 01 

8B. 3 1. 25E + 01 1. 43E + G1 1. 0SE + 81 

86. 9 1. 36E + G1 1. 53E+61 1. 18E + 01 

93. 1 9. 14E + O0 1. 05E + O1 7. 79E+O0 

100. 9 5. 62E + 00 6. 61E + 00 4. 62E+06 

106. 5 2. 38E + GB 3. 24E+B6 1. 73E+BB 

111. 7 1. 26E + 0O 1. 69E + 00 9. 27E-B1 

10. 3 4. 34E + 02 4. 75E+B2 3. 92E+62 

21. 2 8. 13E+81 1. 1GE-J&2 5. 61E+B1 

25. 4 3. e&E + ei 4. 86E + 01 3. 87E+01 

32. 9 1. 22E + 01 1. 66E + 01 8. 85E+60 

48. 3 5. 45E + 00 5. 95E + O0 4. 95E+60 

54. 6 2. 46E + BB 3. 0SE + BB 1. 95E+6B 

66. 4 2. 76E+06 3. 16E + 66 2. 36E + 66 

I B . 112. 8 115. 5 

I B . 119. 8 122. 5 

1 6 . 1 2 2 1 4 . 2 

1 6 . 2 2 . 9 2 4 . 6 

1 6 . 2 7 . 4 2 9 . 5 

1 6 . 3 6 . 9 3 8 . 1* 

1 6 . 5 7 . 5 6B. 3 

1 6 . 7 1 . 1 7 3 . 8 

1 6 . 8 2 . 9 8 5 . 5 

1 6 . 8 9 . 5 9 2 . 0 

1 6 . 9 5 . 6 9 8 . i . 

1 6 . 1B3. 5 106. 0 

1 6 . 109. B 111 . 6 

1 6 . 114. 3 117. 0 

2 4 . 1 2 . 1 1 4 . 0 

2 4 . 2 2 . • J 2 3 . 8 

2 4 . 2 7 . 3 2 9 . 2 

2 4 . 3 4 . 6 3 6 . T 

2 4 . 5 1 . 1 5 3 8 

2 4 . 5 7 . 3 5 9 . 9 

2 4 . 6 3 . 0 6 5 . 6 



Angle 
(deg) 

Energy E 
(MeV/ 

nuc) 

E+ 
(MeV/ 
nuc) 

E-
(MeV/ 
nuc) 

C r o s s 
S e c t i o n O 

(yb /MeV-sr ) 
0+ 

(Ub/MeV-sr) 
0 -

(yb /MeV-sr 

2 4 . 7 8 . 9 7 3 . 4 6 8 . 4 1. 1 7 E + 0 0 1. 5 8 E + 0 0 9 . 0 1 E - B 1 

2 4 . 7 5 . 8 7 8 . 3 7 3 . 4 9. 5 3 E - 0 1 1. 2 1 E + 0 0 7 5 3 E - 0 1 

2 4 . 8 3 . 0 8 5 . 4 8 8 . 6 6. 2 6 E - 8 1 9 1 1 E - 0 1 4 . 2 1 E - 6 1 

2 4 . 8 7 . 1 8 9 . 6 8 4 . 5 3 . 1 4 E - 0 1 4. 3 3 E - 0 1 tL. 2 8 E - 0 1 

2 4 . 9 2 . 5 9 5 . 3 8 9 . 8 2. 5 2 E - 0 1 3. 5 3 E - 0 1 1 . 7 7 E - 0 1 

3 5 . 1 2 . 8 1 3 . 8 1 8 . 3 3 . 2 4 E + P 2 4. 4 1 E + 8 2 d.. 3 5 E + 0 2 

3 5 . 2 0 . 4 2 1 . 7 1 9 . 1 4. 5 0 E + 8 1 6. 9 2 E + P 1 C - . 8 4 E + 8 1 

3 5 . 2 7 . 2 2 9 . 0 2 5 . 4 1. 9 0 E + 0 1 16E+G1 1 . 6 5 E + G 1 

3 5 . 3 3 . 2 3 4 . 8 3 1 . 6 7. 8 7 E + G 0 Q 31E-»GP 5. 32E+0G 

3 5 . 4 9 . 2 5 3 . 4 4 4 . 9 6. 1 6 E - 0 1 i* . 0 3 E - O 1 5. 2 9 E - 8 1 

3 5 . 6 8 . 0 6 5 . 3 54 . 6 1. 3 6 E - 0 1 l . 9 S E - 0 1 Q 1 5 E - 8 2 

5 5 . 1 2 . 1 1 3 . 9 1 0 . 3 1. 3 6 E + 0 2 l . 43E+G2 1. 1 6 E + 0 2 

5 5 . 2 8 . 1 2 1 . 8 1 8 . 4 6. 9 2 E + 0 0 l . G1E+01 4 . 66E+0G 

5 5 . 2 1 . 2 2 3 . 3 1 9 . 1 8. 5 7 E + D 0 l . 8 S E + 0 1 t>. 7&E+00 

5 5 . 2 7 . 3 2 9 . 1 2 5 . 4 1. 60E+GO 15E+G6 1 . 1 8 E + 0 8 

5 5 . 3 6 . 6 3 9 . 7 3 3 . 4 1. 8 7 E - 8 1 2. 2 1 E - 8 1 1. 5 4 E - 8 1 

5 5 . 4 3 . 9 4 7 . 0 4 0 . 8 1. 9 6 E - 0 2 3. 2 8 E - 6 2 1. 1 1 E - 0 2 

8 0 . 1 2 . 6 1 4 . 9 1 0 . 3 1. 1 3 E + 8 1 1. 4 6 E + 0 1 8. 8 9 E + 0C1 

8 6 . 1 5 . 9 1 8 . 3 1 3 . 4 2 . 3 9 E + 6 0 3. 41E4O0 1. 6 5 E + G 8 

8 0 . 2 2 . 0 2 4 . 8 1 9 . 1 3 9 E - 0 1 4. 0 8 E - 8 1 1. 3 6 E - 8 1 

1 0 0 . 1 8 . 3 1 2 . 9 7. 7 5 7 7 E + 8 0 r . 4 2 E + 8 0 4. 4GE+G0 

1 0 0 . 1 2 . O 1 4 . 9 9. O 1. 1 9 E + O 0 i 99E+0O t". 77E-CU 

1 0 0 . 1 4 . O 1 7 . 8 1 0 . 3 9. S 5 E - 8 1 i . 1 6 E 4 8 0 8. 1 3 E - C H 

1 5 6 . 1 2 . 4 1 8 . 8 6. 0 5 . 4 6 E - 8 2 e. 4 8 E - G 2 *? 4 5 E - P 2 



NITROGEN 

Energy E E+ E- Cross 
Angle (HeV/ (HeV/ (HeV/ Section a o+ o-
(deg) nuc) nuc) nuc) (ub/HeV-sr) (yb/HeV-sr) (lib/MeV-sr) 

11. 1 3. 16E + B2 5. 86E+82 1. 91E+02 

27. 6 3. 45E+01 4. 12E+Q1 2. 77E + 61 

31. 1 1. 63E+B1 2. 22E + 01 1. 18E+G1 

35. 3 9. 90E4G0 1. 52E+81 6. 25E+G8 

37. 8 1. 04E + 01 1. 55E + 01 6. 79E+08 

41. 9 1. 81E + 01 2. 54E401 1. 27E+01 

55. 8 1. 50E+81 2. 23E + ei 9. 79E + 60 

69. 1 1. 86E + 01 2. 77E+01 1. 21E + C1 

74. 7 1. 53E + CH 2. 45E + 61 9. 24E+60 

79. 7 2. 18E + 01 2. 9GE+01 1. 62E+01 

89. 0 5. 24E + 01 6. 79E + 01 4 02E+O1 

92. 2 5. O7E + 01 6. 57E + 01 3. 89E+G1 

98. 4 8. 29E + 0O 1. 28E + 01 5. 24E + 00 

119. 2 4. 21E + 0O 5. 90E + O0 2. 96E+0G 

127. 8 3. 35E + O0 5. 62E + 00 1. 90E+P0 

11. 1 3. 23E + 02 3. 9GE+82 2. 76E + 02 

19. 2 4. 09E + O1 5. 34E + 01 3. llE + Gl 

27. 6 2. 62E + 61 3. 37E-+01 2. 02E + 03 

38. 2 1. 47E + 01 2. 03E + 01 1. 65E + 01 

46. 5 5 74E + 00 7. 3SE + 00 4. 43E+00 

55. 8 5. 52E + 0O 6. 50E+80 4. 54E+PG 

69.1 5. 1GE + 06 6. 86E + 00 3. 75E*00 

IB. 1 3 . 4 15. 7 

10. 32 . 4 37. 1 

IB. 3 5 . 6 48. 1 

10. 39 . 5 43. 8 

10. 4 1 . 8 45. 9 

10. 4 5 . e 49. 6 

10 59 . 2 62. 7 

10. 72 . 3 75. 5 

IB. I* l* . 1* 80. 8 

10. 8 5 . 0 90. 2 

10. 92 . 1 95. 1 

10. 95 2 98. 2 

10. 105. 9 113. 3 

10. 122. 7 126. 1 

10. 13b. 8 133. 8 

16. 1 3 . 3 15. 4 

16. 2 3 . 6 27. 9 

16. 29 . Q 32. 1 

16. 40. 2 42. 1 

16. 49 . g 53. 3 

16. 60. 8 65. 8 

16. 74 . 8 80. 4 



nergy E E+ E- Cross 
(MeV/ (MeV/ (MeV/ Sect ion o o+ o-

nuc) nuc ) nuc) (pb/MeV-sr) (pb/MeV-sr) (pb/MeV-sr) 

84. 1 1. 79E+00 2. 12E + O0 1. 46E+00 

94. 7 1. 95E+00 2. 62E+00 1. 44E + 60 

1 0 1 . 5 1. 44E + 0G 2. 62E + 00 1. 01E + 00 

110. 1 3. 3 3 E - 0 1 6. 5 6 E - 0 1 1. 52E-G1 

1 1 . 1 2. S4E + 02 3. 18E + 02 2. 59E+02 

2 3 . 0 2. 32E + 0 1 4. 5SE + 01 1. B6E+&1 

2 7 . 6 1. 24E+01 1. 6SE + 01 8. 98EH00 

52. 6 5. 9 1 E - 0 1 7. 5 4 E - 6 1 4. 60E-GH 

59. 5 4. 3SE-G1 6. 7 4 E - 0 1 2. 7 6 E - 0 1 

65 . 8 4. 2 3 E - 0 1 5. 83E-B1 3. 6 2 E - 0 1 

74. 6 8. G1E-02 1. 4 3 E - 0 1 4. 1 S E - 0 2 

1 1 . 1 2. 46E + 02 3. 22E+02 1. 87E+02 

20. 8 2. 56E+01 3. 95E + 01 1. 62E + 01 

27 . 6 3. 19E+0O 4. 3GE+00 2. 35E + 0P 

1 1 . 1 4. 34E + G1 4. 94E + 01 3 . 73E-.01 

20. 0 3. 91E + G0 6. 02E + 00 2. 47E + 06 

20. 8 1. 82E+.0O 2. 7 2 E ^ 0 1. 19E + 0O 

1 1 . 1 2. 10E + 00 3. 34E+66 1. 27E+0& 

8 9 . 6 9 5 . 0 

97. 6 100. 4 

104 . 3 107. 1 

112 . 9 115 . r 

1 3 . 2 1 5 . 2 

2 4 . 4 2 5 . 9 

2 9 . 7 3 1 . 8 

5 5 . 6 5 8 . 6 

6 2 . 4 6 5 . 3 

6 8 . 6 7 1 . 5 

8 0 . 0 8 5 . 4 

1 3 . 0 1 5 . 0 

2 2 . 2 2 3 . 6 

2 9 . 6 3 1 . 5 

1 3 . 1 1 5 . 1 

2 1 . 9 2 3 . 1* 

2 3 . 1 2 5 . 4 

1 3 . 7 1 6 . 2 
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OXYGEN 

Energy E E+ E- Cross 
Angle (MeV/ (HeV/ (HeV/ Sec t ion a 0+ o -
(deg) nuc) nuc) nuc) (ub/MeV-sr) dib/HeV-sr) (ub /KeV-sr ) 

1 1 . 9 1 . 71E+62 3. 07E+G2 8. 9 2 E + 8 i 

20 . 6 3. 7-0E481 6. 28E+81 2. 18E+01 

2 3 . 2 1. 02E+G1 1 . 2SE+GI 8. 16E+00 

29 . 7 1. G6E+G1 1 . 32E+01 8. 44E+88 

33 . 5 5. 05E+O8 6. 97E+88 3. 62E+88 

38 . 0 6. 09E + O0 8. 29E + 00 4. 42E+00 

48 . 6 5. 71E+88 6. 85E+08 4. 57E+O0 

58 . 8 6. 17E + 08 8. 98E+0G 4. 15E+88 

60 . 0 8. 86E + 00 1 . 01E + 01 6. 42E+88 

74 . 4 1 . 75E + G1 2. 18E + 81 1 . 39E + 8 1 

88 . 3 2. 28E + 01 2. 61E + 01 1 . 78E + 81 

85 . 9 2. 34E+B1 2. 88E+G1 1 . S tE + O l 

9 0 . 6 2. 85E+G1 3. 34E + 01 2. 36E-M31 

9 6 . 8 3 .67E+G1 4. 25E + 01 3. IdE-fCU 

P9. 3 3. 84E+G1 3. 56E+81 2. 5 2 E + 0 1 

106 . 1 1 . 75E+G1 2. 29E+01 1 . 33E+CU 

110 . 2 4. 15E + G0 7. 93E + 0O 2. 62E+00 

1 1 . 9 1 . 35E+82 1 . 76E+02 1. 82E+82 

28. 6 2. 14E + 81 2. 81E+81 1 . 61E + 01 

24 . 7 1 25E + 01 1 . 86E + 01 S. 15E + 08 

45. 8 1 . 89E+GG 2. 42E + 08 1. 47E+0G 

50. 8 1. 26E + 80 1 . 72E + 88 9 . 1 4 E - 0 1 

10 . 1 4 . 4 16 . 9 

10 . 2 3 . 7 2 6 . 8 

18 . 2 8 . 9 3 4 . "7 i 

1 0 . 3 4 . e 4 8 . 0 

1 0 . 3 8 . 3 4 3 . 2 

1 0 . 4 2 . 6 4 7 . 1 

1 0 . 4 7 . 1 5 3 . 5 

1 0 . 5 4 . 8 5 8 . 8 

10 . as. 4 7 2 . r 

10 . 7 7 . 9 8 1 . 4 

1 0 . 8 3 . I* 8 7 . 1 

1 0 . 8 9 . 2 9 2 . 6 

1 0 . 9 3 . 9 9 7 . 2 

1 0 . 9 9 . 182. 5 

1 0 . 182 . 6 105. Q 

10 . 109. 3 112. 6 

10 . 116. 1 122. 0 

16 . 1 4 . "t 1 6 . 6 

16 . 2 3 . 5 2 6 . 4 

1 6 . 2 7 . 4 3 8 . 8 

1 6 4 8 . 9 5 2 8 

1 6 . 5 3 . 7 5 7 . r-
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Angle 
(deg) 

Energy E 
(MeV/ 
nuc) 

E+ 
(MeV/ 
nuc) 

16. 66. 8 73. 5 
16. 77. 7 SO. 9 
16. 88. 7 91. 9 
16. 99. 1 102. 4 
16. 102. 3 106. 2 
16. 107. 3 111. 5 
24. 14. 1 16. 3 
35. 14. 0 16. 1 
55. 14. 1 16. 2 

E- Cross 
(MeV/ Sect ion o 0"+ o-
nuc) (ub/MeV-sr) (ub/MeV-sr) (pb/HeV-sr) 

60. 0 1. 53E+C0 1. 92E+06 1. 21E + 60 

74. 4 1. 4C1E + 0O 1. 96E + C0 9. 8 9 E - 0 1 

85. 6 5. 8 3 E - 0 1 1. Q4E + 00 3. 0 4 E - 8 1 

95 . 7 3. G3E-G1 4. 8 4 E - 0 1 1. B3E-01 

99. 3 1. 7 2 E - 6 1 3. 6SE-01 S. 9 S E - 6 2 

103 . 1 1. 2 9 E - 0 1 2. 16E-G1 7. 3 3 E - S 2 

1 1 . 9 9. 03E + 0 1 1. O3E + 02 7. 74E + CH 

1 1 . 9 8. 23E + 0 1 1. 27E + 02 5. 2CE+61 

1 1 . 9 1. 16E + 0 1 1. 45E + 01 S. 30E + 00 
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Angle 
(cleg) 

Energy 
(MeV/ 
nuc) 

E E+ 
(MeV/ 
nuc) 

10. 24. 5 27. 7 

10. 29. 9 35. 9 

10. 36. 0 41. 4 

10. 39. 7 44. 7 

10. 45. 3 51. 2 

10. 53. 4 60. 1 

10. 68. 3 75. 3 

10. 80. 7 84. 4 

10. 86. 7 90. 3 

10. 92. 4 95. 9 

10. 97. 3 100. 8 

10. 104. 6 109. 8 

10. 118. 3 126. 5 

16. 24. 3 27. 3 

16. 50. 7 54. 7 

16. 60. 1 69. 4 

FLUORINE 

E- Cross 
(MeV/ Sec t ion a 0+ o -
nuc) (ub/MeV-sr) (pb/MeV-sr) (ub/,",eV-sr) 

2 1 . 3 1. 64E + 01 2. 04E + 61 4. 73E + 60 

2 3 . 9 3. 39E+C0 4. 42E+60 2. 57E+60 

30. 7 1. 45E + B0 2. 23E+00 9. 14E-G1 

34 . 6 9. 8 6 E - 0 1 1. 65E+08 5. 6GE-01 

39 . 3 1. 56E + 06 2. 08E+08 1. 16E+68 

46 . 6 1. 76E + S0 2. 40E + 00 1. 28E+00 

62 . 2 2. 04E + 00 2. 78E + 0O 1. 4SE-H30 

77 . 1 7. 83E + 09 9. 82E+00 6. 21E+0O 

8 3 . 2 7. 70E + 00 9. 78E+08 6. 64E + C1& 

8 9 . 0 9. 23E+80 1. 16E+01 7. 28E+80 

9 3 . 9 5. 49E+06 7. 39E+60 4. G4E+09 

9 9 . 4 3. 97E + 86 5. 56E+00 3. OFE+Oe 

1 1 0 . 0 6. 4 4 E - 0 1 1. 15E+0O 3 . 2 6 E - 0 1 

2 1 . 3 4. 99E + 0O 7. 45E + 0O 3. 26E+S0 

46. t* 2. 65E-CH 4 24E-G1 1. G0E-O1 

5 1 . 7 1. 4 8 E - 0 1 2. 36E-01 8. 9 3 E - 0 2 
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NEON 

E n e r g y E E+ E- Cross 
Angle (MeV/ (HeV/ (HeV/ Sec t ion o o+ o-
(deg) nuc) nuc) nuc) (ub/MeV-sr) (ub/MeV-sr) (yb/KeV-sr) 

26. 1 7. 8 5 E - 0 1 1. 25E+00 4. 7 4 E - 0 1 

42. 9 7. 7 8 E - 6 1 1 11E-+00 5. 3 7 E - 0 1 

50. 9 3. 22E-G1 5. 40E-O1 1. SKE-Sl 

8 4 . 3 1. 67E + 86 2. 5SE + 0D 1.&6E*0& 

91. 6 1. 77E + 00 2. 72E + O0 1. 12E + O0 

97. 3 1. S6E*eO 2. S6E^0 1. 17E-t00 

102. 7 2. 77E + 0O 3. 95E+G0 1. 90E + OO 

108. 9 1. 44E + O0 2. 42E + 00 S. 2OE-01 

112. 7 3. 03E-61 7. 82E-01 1. 87E-01 

23. 2 2. 11E + 00 3. 55E + 0O 1. 20E+0P 

1 0 . 3 2 . 7 3 9 . 3 

1 0 . 4 9 . 5 5 6 . 0 

1 0 . 6 3 . 7 7 6 . 5 

1 0 8S. j : 9 2 . 3 

1 0 . 9 4 . Q 9 8 . 9 

1 0 . 101. 1 105. 0 

1 0 . 106. 5 110. 7 

1 0 . 112. 6 116. 4 

1 0 . 120. 3 127. 8 

1 6 . 2 6 . 5 2 9 . 8 



Fitted Parameters Usincj a Thermal 

Element o,(yb) B x TjtMeV) o 2(yb) $ 2 

Boron 389000 .0696 23.2 75200 .146 

Carbon 382000 .0746 28.2 33300 .170 

Nitrogen 287000 .0331* 32.1 5980 .215 

Tab 
Fitted Parameters Using a Thermal 

Element ax(yb) $x T^MeV) Tl(MeV) a 2(yb) 

Boron 6 . 8 ^ x l 0 s .424 5.*» 9 13600 

Carbon 44300 .402 16. 4 23.4 7060 

Ni t rogen 1*110 .416 20.6 31.7 2760 

Oxygen 12500 .424 15 25 1200 

le 4 

Model Tor Cenirol C o l l i s i o n DaUi 

T (MeV) App l icab le Energy Regime 

36.6 16°:<30 MoV/nuc; 24°:<40 MeV/nuc; 35°:<30 
MeV/nuc; 55° to 125° 

39.4 16°:<30 MeV/nuc; 24°:<4o'MeV/nuc; 35° to 100° 

42.8 10°:<45 MeV/nuc; l6°:<50 MeV/nuc; 24°:<65 
MeV/nuc; 35° to 80° 

le 5 

Model f o r Per iphera l C o l l i s i o n Data 

3 2 T7(MeV) App l icab le Energy Regime 

.288 41.6 16°:>40 MeV/nuc; 24°:>40 MeV/nuc 

.276 45 lo° :>50 MeV/nuc; 24°:>50 MeV/nuc 

.328 41.8 10°:>45 MeV/nuc; 16°:>45 MeV/nuc 

.338 34.8 10°:>40 MeV/nuc; 16°:>40 MeV/nuc 

cr> ro 



Table 6 

Fireball Temperature, Velocity, and Number of Participants 

as a Function of Impact Parameter for Carbon Production 

Impact Fireball Fireball 
parameter b/b temperature velocity 

m a x (MeV) (V/c) Participants 

.1 9 .2 .131 140 

.2 9 .3 • 133 138 

• 3 9-7 • 139 133 
.k 10.5 .150 122 

-5 11.3 .161 1M 

.6 12.2 .167- 81 

.7 13-9 • 179 55 

.8 17-5 .185 3A 

.9 39-'t .191 16 
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Figure Captions 

Figure 1. Drawing o f the p o s i t i o n s o f the Lexan detectors and 

uranium target in the vacuum chamber. 

Figure 2. Drawing of two etched p a r t i c l e t racks fo r the las t three 

Lexan sheets a t the end of range of the p a r t i c l e . Tr.e 

p a r t i c l e on the l e f t would be detec ted in th is experiment 

by the hole in the middle sheet . H is the sheet t h i c k ­

ness before e t c h i n g . AX is the t rack length in the l a s t 

sheet a f t e r e t c h i n g . R is the d is tance from the center 

o f the cone to the po in t where the p a r t i c l e stopped. 

P a r t i c l e on the r i g h t would not be de tec ted . 

Figure 3- P l o t o f the etch ra te V * vs average range R for kOO 

events from the 3 day UV on each s ide and 30"hour e t e i . 

Figure k. Histograms fo r number o f events vs range-adjusted etch 

ra te V T(§100 u ) . 

a) Three day UV on each side and 30~hour e tch. 

b) One day UV on each side and 30-hour e tch . 

Figure 5- P lo t of boron data from 16° to 125°. 

Figure 6. P lo t o f carbon data from 10° to 100°. 

Figure 7- P lo t o f n i t rogen d a t a . 

Figure 8. P lo t o f oxygen data . 

Figure 9- P lo t o f f l u o r i n e da ta . 

Figure 10. P lo t o f neon data . 

Figure 11 . F i t o f two-source thermal model to the boron data. 

Figure 12. F i t of two-source thermal model to the carbon da ta . 

Figure 13- F i t o f two-source thermal model to the n i t rogen data. 



Figure 1*). F i t s o f a s i n g l e source to oxygen p r o j e c t i l e fragmen­

t a t i o n . 

a) F i t w i t h a temperature o f 8 MeV. 

b) F i t w i t h a temperature o f 15 MeV. 

Figure 15- a) E f f ec t o f using a t h i ck t a r g e t on the d i s t r i b u t i o n 

o f oxygen from p r o j e c t i l e f ragmenta t ion . 

b) E f f ec t o f m u l t i p l e isotopes on the d i s t r i b u t i o n o f 

oxygen from p r o j e c t i l e f ragmen ta t i on . 

Figure 16. Tv/o-source thermal f i t s from p r o j e c t i l e f ragmenta t ion . 

a) Oxygen. 

b) N i t r ogen . 

Figure 17- Two-source thermal f i t s to h igh-energy boron d a t a . 

a) F i t w i t h source parameters i j = 5 -^ , T 2 = ^ 1 . 6 . 

b) F i t w i t h source parameters T = 11, T 2 = ^ 3 - 2 . 

Figure 18. Two-source thermal f i t to h igh-energy carbon data. 

Figure 19- F i t o f a model o f the f i r e b a l l type to carbon iaza. 

Figure 20. P lo t o f contour o f constant i n v a r i a n t cross s e c t i o n 

(pb/sr -MeV 2 /c ) in t ransverse momentum P, vs l o n g i t u d i n a l 

momentum P.. f c r boron f ragments. 

Figure 2 1 . P lo t o f source v e l o c i t y S vs fragment v e l o c i t y in the 

moving frame 3 1 fo r low energy B, C, and N. 

Figure 22. P lo t o f i n v a r i a n t cross sec t i on vs momentum in the novin 

frame. P l o t t e d points are from t h i s exper iment. The 

l ines are f rom 'lOO MeV/nucleon Ne + U. 

Figure 23. Histograms o f p r o j e c t i l e f ragmenta t ion w i t h t a r g e t 

p ickup. P a r a l l e l d i s t r i b u t i o n s ( z - d i r e c t i o n ) and t rans -
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verse component (x or y directions are shown). The pro­

jectile velocity is O . ^ c. 

a) Fragmentation to mass 3-

b) Fragmentation to mass 16. 

Figure 2'i. Histogram of projectile fragmentation with target pick­

up to mass 3 for a projectile with velocity 0.20^ c. 

Figure 25. Histogram of projectile fragmentation to mass 16 with 

and without momentum constraints. There is no target 

contribution. 

Figure 26. Histogram of projectile fragmentation to mass 16 with 

target pickup and a momentum constraint on the projectile 

nucleus. The projectile has a velocity of 0.'i3 c. 
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