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I. Introduction 

The interaction of relativistic heavy ions with complex nuclei has 

been the subject of many investigations in recent years. These have 

revealed an unexpected variety of processes ranging from the gentle re- 

moval of a single nucleon from the target nucleus to the violent breakup 

of the composite system into a spectacularly large number of nucleons and 

particles. It has been found convenient to divide the interactions into 

three broad categories on the basis of the rapidities of the products. 

Projectile fragmentation involves the formation of products with rapid- 

ities centered about that of the projectile. This process, which is a 

prominent feature of reactions induced by relativistic heavy ions, has 

been widely investigated. Target fragmentation leads to products 

having rapidities close to that of the target and is equivalent to the 

process commonly known as spallation in high-energy proton reactions. A 

number of studies of this process have been reported. 4-8 Both of these 

types of reactions appear to be the result of peripheral collisions. The 

third category involves the formation of products having intermediate 

rapidities. These products, which appear to be concentrated in the light- 

fragment mass region, are thought to result from central collisions in 

which regions of highly excited nuclear matter are produced. 
9-12 

The present work is concerned with one particular experimental 

approach to the study of relativistic heavy ion reactions, namely, the 

determination of the distribution in Z and A of the residual nuclei re- 

sulting from the interaction. The dependence on A of the total isobaric 

cross section, aA, is commonly referred to as the mass-yield curve while 



the variation with Z of the cross sections for the production of nuclides 

of a given mass number is variously called the charge dispersion or the 

isobaric-yield distribution. The results of such experiments provide in- 

formation on target fragmentation and central, collisions but are completely 

insensitive to projectile fragmentation for targets of moderate thickness. 

Measurements of this type have long constituted one of the important 

approaches to the study of reactions of high-energy protons with complex 

nuclei. In addition to the many qualitative features of the interaction 

that may be derived from a phenomenological analysis of the data, com- 

parisons with Monte Carlo cascade-evaporation calculations have permitted 

a more detailed examination of reaction mechanisms. The recent availabil- 

ity of cascade calculations for heavy ions 13-15 makes similar comparisons 

possible for these reactions. Since the calculations are based on the 

assumption that the reaction is propagated by collisions between indivi- 

dual quasi-free nucleons, the comparison serves to indicate the extent to 

which these reactions may be explained without invoking collective effects 

not included in the model. 

A useful feature of charge-dispersion and mass-yield determinations 

in relativistic heavy ion reactions is the possibility of comparison with 

similar results obtained for reactions of high-energy protons with the 

same target. Such a comparison permits a separation of those features 

that are common to both types of reactions from those that are different, 

and presumably not as well understood. More specifically, the comparison 

permits an examination of the validity of the factorization hypotheses, 
16 

which states that the cross sections for produats of target fragmentation 

should depend on the identity of the projectile only via a factorable 



total cross section term. Although it is not completely clear whether 

such a comparison should be made at the same total energy or the same 

energy per nucleon of the projectiles in question, the limiting fragmen- 

tation hypothesis16 suggests that at sufficiently high bombarding ener- 

gies fragmentation cross sections should reach their asymptotic values. 

In this regime the two comparisons should thus yield identical results. 

Most of the previous investigations of this type have been performed 

on copper targets. In a series of articles, Cumming and collaborators 

have reported the mass-yield curve for the interaction of copper with 

8 3 . 9  GeV l4P4 ions,4 25 GeV 12c ions,5 and 80 GeV 40~r ions. Comparative 

measurements were also performed for 3 . 9  and 28 GeV protons. These ex- 

periments confirmed the general validity of limiting fragmentation and 

factorization at bombarding energies of 2-4 GeV and above. The shape of 

the mass-yield curve was thus found to be independent of bombarding 

energy in this high-energy regime. Furthermore, the ratios of cross 

sections for the formation of products in the A > 20 mass region in re- - 

actions induced by these projectiles were found to be independent of pro- 

duct mass number and, in those cases where absolute cross sections had 

been determined, consistent with calculated l7 ratios of total reaction 

cross sections. The'only deviation occurred for the very lightest pro- 

ducts, having A < 10, where a yield enhancement was observed for heavy 

ions relative to'protonis. Unfortunately, this conclusion was based on 

results for only one, or at most two products. In addition to the exten- 

sive results reported for copper, the only other mass-yield measurements 

6 reported to date have been some preliminary results for uranium, gold, 7 

and lead. 
7 



The present study involves a determination of the charge dispersion 

and mass-yield curve for the interaction of silver with 25.2 GeV 12c ions 

and a comparison with similar data obtained for 300 GeV protons. The 

greater mass range of products that can be formed from silver should per- 

mit a clearer delineation between target fragmentation and central col- 

lisions than was possible for copper. On the other hand, the fission 

cross section of silver is sufficiently small19 to permit comparison of 

the results with cascade-evaporation  calculation^^^ which do not take 
this process into account. Although there have been several studies of 

the interaction of silver with high-energy protons 
20-22 

we chose to re- 

peat these measurements in order to obtain the greater accuracy in the 

comparison that can be achieved by the use of the same experimental tech- 

niques and data analysis codes. These earlier proton studies showed that 

the cross sections had become independent of energy perhaps by 12 GeV, 

and certainly by 29 GeV. A comparison between cross sections obtained 

for 25 GeY 1 2 ~  ions and 300 GeV protons thus is equivalent to one between 

the former and 25 GeV protons. Our choice of 300 GeV protons was simply 

dictated by their availability. In addition to a phenomenological anal- 

ysis of the data we present a comparison with Monte Carlo calculations 
15 

as well as with a simple geometric model of relativistic heavy ion re- 

actions, the abrasion-ablation model, 23 which has had some measure of 

success in reproducing the main features of charge dispersions and mass- 

yield curves.24 A preliminary account of the present research has been 

previously published. 
25 



IT. Experimental 

The i r r a d i a t i o n s  wi th  2.1 A GeV 12c ions  were performed i n  an e x t e r n a l  

beam l i n e  a t  t h e  Lawrence Berkeley Laboratory Bevalac. The t a r g e t s  con- 

s i s t e d  of e i t h e r  250 pm o r  75 u m  t h i c k  s i l v e r  f o i l s  of high p u r i t y  

(99.999%) surrounded by 25 pm t h i c k  s i l v e r  guard f o i l s .  These f o i l s  were 

preceded on t h e  upstream s i d e  by a 75 u m  aluminum f o i l  surrounded by 25 pm 

A 1  guard f o i l s .  The purpose of t h e  A 1  f o i l  was t o  s e rve  a s  a r e l a t i v e  

beam i n t e n s i t y  monitor on t h e  b a s i s  of t h e  induced 2 4 ~ a  a c t i v i t y .  

The t a r g e t  s t a c k  was mounted on t h e  upstream s i d e  of an Ar-CO f i l l e d  
2 

ion  chamber used t o  determine t h e  beam i n t e n s i t y .  The chamber had been 

c a l i b r a t e d  by measurement of t h e  charge c o l l e c t e d  when a known number of 

5 GeV pro tons  t r a v e r s e d  i t .  26 The number- of protons was 

determined on t h e  b a s i s  of t h e  number of l lc n u c l e i  produced i n  a carbon 

f o i l  and t h e  knowqZ7 c r o s s  s e c t i o n  of t h e  1 2 ~ ( p , p n )  r eac t ion .  The charge 

obtained i n  t h i s  fash ion  agreed t o  w i t h i n  5% wi th  a va lue  based on t h e  

known energy l o s s  of 5 GeV pro tons  i n  A r  and C02 and t h e  p a r t i a l  p re s su re s  

of t hese  gases  i n  t h e  chamber.28 The c a l i b r a t i o n  f o r  pro tons  was appl ied  

12 
t o  C i ons  on t h e  assumption t h a t  t h e  l a t t e r  were f u l l y  s t r i p p e d  and s o  

2 1 

depos i ted  36 ( i . e .  Z ) t imes more energy than  pro tons  of t h e  same i n c i -  

dent  energy. The response of t h e  chamber was found t o  be l i n e a r  over a 

wide range of pro ton  i n t e n s i t i e ~ . ~ ~  The agreement between t h e  c r o s s  sec- 

12 
t i o n  of t h e  27A1( C,X) 24Na r e a c t i o n  based on t h e  ion  chamber readings  

and an independent est imate8 i n d i c a t e s  t h a t  t h e  chamber was performing 

s a t i s f a c t o r i l y  dur ing  t h e  i r r a d i a t i o n s .  I n  p a r t i c u l a r ,  t h e  e f f e c t  on t h e  

ca l cu la t ed  beam i n t e n s i t i e s  of secondary charged p a r t i c l e s  pass ing  through 

t h e  chamber could be  neglec ted ,  a r e s u l t  t h a t  i s  reasonable i n  view of t h e  



moderate target thicknesses used in this work. The charge collected in 

the chamber was recorded on a strip chart recorder which was calibrated 

before each series of bombardments by feeding in an accurately known 

charge from a standard cell. In addition to providing a value of the 

fluence, the record of the time dependence of the beam intensity was 

used to correct the cross sections of short-lived products for varia- 

tions in beam intensity. 

Seven separate irradiations were performed ranging in duration from 

one to eight hours. The beam intensity varied between 5 x lo8 and 10 
10 

ions per minute. The beam spot was usually close to circular in shape 

with a diameter of 1-2 cm. The target stack, which had dimensions of 

2 
5 x 5 cm , was positioned so that the beam passed through the center. 

Following the irradiations the silver foils were assayed with cali- 

brated Ge(Li) y-ray spectrometers. Measurements were performed at both 

LBL and Purdue commencing in some cases between 8 and 13 minutes after 

the end of bombardment and continuing in others for as long as 1.5 years. 

The various detecto~s used in this work were intercalibrated with National 

Bureau of Standards (NBS) mixed radionuclide y-ray emission-rate standards. 

The spectra were anqlyzed with the code SAMPO~' and the decay curves of 

individual y-rays were fit with the code CLSQ.~' The particular version 

of CLSQ used in this work permitted the separate determination of parent 

and daughter activities in cases where both members of a genetically re- 

lated pair of nuclides contributed to an observed peak. Nuclidic assign- 

ments were made on the basis of y-ray energies and half-lives. Confirma- 

tory evidence for the assignments was obtained from the relative intensi- 

ties of the other known y-rays, if any, emitted by the presumed nuclides. 



The y-ray abundances aqd half-lives were taken from a recent compilation, 
31 

updated in some instances with more recent information. 32 Of the 380 

distinct y-rays that were observed, nuclidic assignments were made for 

280, and cross sections of 99 nuclides were determined on the basis of 

230 y-rays. A more complete description of this procedure has been 

published. 
21 

A number of corrections were applied to the y-ray disintegration 

rates. Because of the relatively thick targets used in this work, the 

disintegration rates of low-energy y-rays had to tie corrected for 

attenuation in the target. This correction amounted to at most 13% and 

was usually much smaller. The cross sectional area of the 12c beam led 

to a spatial distribution of radionuclides that was considerably more 

extended than that of the NBS calibration standard. A correction for 

the difference in geometry was applied on the basis of equations derived by 

Jaffey. 33 The effect ranged from 2 to 4% depending on the particular detec- 

tor and sample-to-detector distance. Due to the relatively low 12C 
- 

ion beam intensity the samples had to be assayed in relatively high geo- 

metry in order to obtain adequate counting rates. As a result, it was 

necessary to apply a correction for reduction in photopeak efficiency due 

to summing between the detected and coincident y-rays. A code based on 

the formulation by McCallum and ~ o o r e ~ ~  was written for this purpose. In 

addition to the detailed decay scheme information for each nuclide,32 the 

input data included the relevant geometric parameters as well as low- 

geometry detector efficiencies. The corrections for nuclides emitting 

several coincident y-rays typically amounted to 10-30%, depending on the 

particular sample-detector configuration. 



The 300 GeV proton irradiations were performed in an external beam 

line at Fermilab. Every effort was made to match as closely as possible 

12 
the conditions of the C experiments. The target stacks were thus 

identical to those described above. The samples were assayed with the 

same or comparable Ge(Li) spectrometers at similar sample-detector dis- 

tances. The activities of short-lived nuclides were determined at Fermi- 

lab and counting commenced about 15 minutes after the end of bombardment. 

Longer-lived nuclides were assayed at Purdue for periods ranging up to 

one year after bombardment. The various detectors were intercalibrated 

with NBS standards. The spectra were analyzed with the same codes and 

the same types of corrections were applied to the data. Four separate 

proton irradiations were performed. 

The proton experiments did differ in three significant respects from 

12 
the C experiments. First, the irradiations had a duration of less than 

two minutes because the proton beam intensity was at least a factor of 

3 
10 higher than the "C intensity. As a result, there was no need to 

apply corrections for beam intensity fluctuations for even the shortest- 

lived nuclides. Second, the proton beam was more narrowly focused than 

12 
the C beam and the extended source correction could be neglected. Third, 

8 ,  

2 7 the cross sections were determined relative to that of the Al(p,3pn) 

reaction, whose value was taken as 8.6 mb. 35 The 2 4 ~ a  activity in the A 1  

monitor was determined by y-ray spectrometry in the same manner as the 

activities of the products from silver. 



A. Secondary Effects 

Since projectile fragmentation constitutes a potentially significant 

source of secondary particles, it is necessary to determine the magnitude 

of secondary processes in relativistic heavy ion reactions. This can be 

done by an examination of the dependence of the measured cross sections 

on target thickness. Fig. 1 shows the ratios obtained for the "thick" 

(250 pm) and "thin" (75 pm) targets in 12c bopbardments as a function of 

product mass number. A statistical analysis of the ratios showed that 

they are independent of mass number for products with A - < 90. The weighted 

average value of the cross-section ratios is 1.05'0.03,indicating the 

occurrence of a small secondary effect even for products far from the 

target. The observed enhancement amounts to approximately 2.5% per 100 

2 
mg/cm of silver. The cross-section ratios fbr products with 

A - > 90 are more consistent with a linear dependence on A than 

with a constant value and a linear least-squares fit was performed. 

The maximum ratio, obtained for A = 106, is-1.45'0.14 indicating 

the occurrence of a substantial secondary effect for products close to 

the target. The measured cross sections were corrected for the contribu- 

tion from secondary reactions by performing a linear extrapolation to zero 

target thickness, a procedure that is appropriate when the range of the 

secondary particles exceeds the target thickness. The uncertainties in 

the measured cross sections were increased by incorporating errors based 

on the standard deviations in the ratios. 

The behavior of the cross section ratios obtained from the proton 

irradiations is more complex since it reflects the combined effect of 



secondary contributions to the reactions of silver and to the monitor 

reaction. The cross sections of products with A - < 90 thus had to be in- 

creased by 2.8% per 100 mg/cm2 Ag indicating that the secondary contribu- 

tion to the monitor reaction was larger than that to the Ag products. 

The cross sections of products in the A = 90-100 mass region were found 

to be independent of target thickness showing that the secondary contri- 

bution to the monitor was equal to that to silver products in this mass 

region. For A > 100 the cross sections had to be decreased by 5.3% per 

2 
100 mg/cm Ag as the secondary contribution to products with mass numbers 

close to that of the target was now larger than that to the monitor re- 

action. The measured cross sections were corrected for these effects in 

12 
the same way as the C values. The above comparison shows that, for 

products close to the target, the contribution of secondary processes is 

substantially larger for reactions induced by 12c ions than for those in- 

duced by protons. 

B. Cross sections 

The corrected cross sections are listed in Table I, each entry being 

the weighted average of as many as seven separate determinations. The 

tabulated uncertainties are the larger of the standard deviation and the 

estimated uncertainty of the individual determinations. The latter are 

based on the propagation of the errors obtained in the SAMPO and CLSQ fits 

and in addition include a 5% uncertainty in detector efficiencies. The 

individual cross-section determinations of nuclides emitting more than 

one assayed y-ray are actually weighted averages of the separate y-ray 

cross sections. We have arbitrarily folded ip a 5% uncertainty in the 



cross sections of nuclides having only a single assayed y-ray. It is 

12 estimated that the C cross sections are subject to a systematic error 

of 10-20% resulting from the ion chamber calibration but this error has 

not been incorporated in the tabulated values. The proton data have a 

similar uncertainty of ?. 8% arising from that in the monitor reaction 

cross section. 

7 The Be cross sections had to be corrected for recoil loss from the 

target. We estimate a 5% loss from the 300 pm thick target and guard 

foil stack on the basis of the differential cross sections for the 

emission of '~e fragments in the interaction of silver with 5 GeV protons. 
36 

The correction is larger for the "c-induced reaction because the frag- 

ment spectra are harder than those obtained in proton reactions. Although 

the spectra of interest have not been reported for reactions of silver 

with heavy ions, such data are available for uranium.12 Assuming that 

the ratio of the fraction of energetic (T - > 100 MeV) 7 ~ e  fragments emitted 

in heavy ion and proton reactions of silver is the same as it is for 

7 
wb estimate a 20% recoil loss of Be in heavy ion induced 

reactions. The tabulated cross sections have been corrected for this 

effect and a 50% uncertainty in the magnitude of the correction has been 

incorporated in the errors. The recoil loss effect for heavier products 

is negligibly small. 

While some of the cross sections represent independent yields (I), 

the majority are cumulative. These are identified as either C+ or C- 

depending, respectively, on whether they represent the integrated iso- 

baric cross section of more neutron-deficient or more neutron-excessive 

precursors. In some instances the measured cross sections include only 



a partial contribution from the decay of isobaric progenitors and these 

cases are designated PC. In a few instances insufficient information 

about the decay scheme of the parent nuclide is available to permit an 

assessment of the nature of the yield. 

One type of reaction that, in principle, can occur in reactions in- 

duced by 12c ions but not in those induced b y  protons is the formation of 

trans-target products by the transfer of a nucleon or cluster from the 

projectile to the target. A search for the formation of such products 

was made in the studies of the interaction of copper with relativistic 

heavy Although some products were detected, they appeared to 

be primarily due to reactions induced by secondary particles. We investi- 

gated the possible production of such nuclides in the interaction of 

110 m 
silver with 12c ions and did indeed detect Ag and ll11n at a level 

of several mb. However, the dependence of the cross sections on target 

thickness indicates that these products are primarily, if not entirely, 

due to secondary reactions. This is not surprising in view of the large 

momentum mismatch between projectile and target nucleons. 

While our measurements provide the first cross sections of the re- 

12 actions of Ag with C ions, results for high-energy protons in the regime 

where limiting fragmentation appears to be valid have been obtained pre- 

viously. 20y 22 Katcof f , Fickel and wyttenbach20 have measured the distri- 

bution of radionuclides from the interaction of silver with 29 GeV protons. 

In this work most of the radioactivity measurements were performed with 

NaI detectors on radiochemically separated samples. Of the 42 cross 

sections common to the two studies, 25 are in very good agreement, i.e. 

within 15%, and only 7 differ by more than 50%. A cursory examination of 



these  da t a  i n d i c a t e s  t h a t  t he  l a r g e  d i sc repanc ie s  a r e  a t  l e a s t  i n  p a r t  

due t o  d i f f e r e n c e s  i n  t he  assumed decay schemes. I f  these  cases  a r e  ex- 

cluded, t he  average d i f f e r e n c e  between the  two s e t s  of c r o s s  s e c t i o n s  is 9%. 

2  2  
English,  Yu, and P o r i l e  measured t h e  c ros s  s e c t i o n s  of radio-  

nuc l ides  produced i n  300 GeV proton bombardment of s i l v e r  i n  a very 

s i m i l a r  experiment t o  t he  present  one. The main d i f f e r e n c e  between t h e  

two s t u d i e s  l i e s  i n  t he  techniques of s p e c t r a l  a n a l y s i s .  I n  t h e  e a r l i e r  

work a  much l e s s  s o p h i s t i c a t e d  code was thus  used t o  o b t a i n  the  y-ray 

i n t e n s i t i e s .  These two s t u d i e s  con ta in  59 common c r o s s  s e c t i o n s  of 

which 38 agree t o  w i th in  15% and only 5  d i f f e r  by more than 50%. Once 

aga in ,  t hese  l a r g e  d i f f e r e n c e s  a r e  a t  l e a s t  i n  p a r t  due t o  d i f f e r e n c e s  

i n  assumed branching r a t i o s .  Excluding these  cases ,  t h e  average d i f f e r -  

ence between t h e  two s e t s  of c r o s s  s e c t i o n s  i s  11%. 

12  24  
C. Cross s e c t i o n  of t h e  2 7 ~ 1 (  C,X) Na monitor r e a c t i o n  

Although our  exper,iment was not  designed t o  measure t h e  c r o s s  sec- 

t i o n  of a  beam monitor r e a c t i o n  such a s  t h a t  involv ing  t h e  formation of 

2 4 ~ a  from 27~1,  t h e  inc lus ion  of A 1  f o i l s  i n  most of t he  t a r g e t  s t a c k s  

made such a  measurement poss ib l e .  The d a t a  were t r e a t e d  i n  t he  same 

manner a s  t he  s i l v e r  c ros s  s e c t i o n s .  The r e s u l t s  ob ta ined  f o r  A 1  f o i l s  

incorporated i n  t h e  75 pm and 250 pm t h i c k  s i l v e r  t a r g e t  s t a c k s  were 

2 
sepa ra t e ly  averaged, A secondary e f f e c t  of approximately 4 % p e r  100 mg/cm 

of s i l v e r  was noted. The weighted average c r o s s  s e c t i o n  co r r ec t ed  f o r  

t h i s  e f f e c t  was found t o  be 19.4k3.9 mb, where a 15% unce r t a in ty  i n  t h e  

ion  chamber c a l i b r a t i o n  has been fo lded  i n t o  the  quoted e r r o r .  Cumrning 

8 
e t  a l .  have r e c e n t l y  es t imated  t h e  va lue  of t h i s  c r o s s  s e c t i o n  on t h e  



40 2 4 basis of the measured value of the 27~1( Ar,X) Na cross section and the 

application of the factorization hypothesis to reactions induced in A1 by 

40~r and 12c ions. Their derived value of 1823 mb is in agreement with 

our experimental value. 

D. Parametrization of nuclidic cross sections 

Although the number of separate cross sections measured in this work, 

approximately 100 for both 12c ions and protons, is substantial, the data 

add up to only a fraction of the total reaction cross section. In order 

to obtain the mass-yield curve, estimates of unmeasured cross sections 

3 8 must be made. Rudstam has proposed a semi-empirical equation for the 

cross sections of spallation products. His 6-parameter equation assumes 

that the mass-yield curve decreases exponentially with decreasing product 

mass number and that, at a given mass number, the isobaric yield distri- 

bution is Gaussian. We were unable to obtain an adequate fit to our data 

with this equation. This is primarily due to the fact that at medium- 

and low-mass numbers the contribution of processes other than spallation 

becomes important and the mass-yield curve, in fact, appears to go through 

4 
a minimum. Cumming et al. have fit their copper data with a modified 

form of the Rudstam equation. These workers represented this equation as 

a polynomial in mass number, A, and used a non-linear least squares fit- 

ting routine to determine the number of terms that yielded the best fit to 

the data. In addition, the isobaric yield distribution was allowed to be 

asymmetric by the inclusion of an exponential tail on the neutron-rich 

side of the maximum. 

4 
We have adopted the approach of Cumming et al. and fit our data 



with  a  number of  d i f f e r e n t  polynomials of vary ing  o rde r .  The b e s t  over- 

a l l  f i t  was ob ta ined  w i t h  t h e  fo l lowing  10-parameter equa t ion :  

2 3 2 
(I(Z,A) = exp [al+a2A+a3A +a4A + ( a  +a A+a7A ) 1 z -zla8]  

5 6 P 

The f i r s t  f o u r  parameters ,  a -a determine t h e  shape of t h e  mass-yield 1 4' 
4 

curve. Cumming e t  a l .  were a b l e  t o  f i t  t h e i r  copper d a t a  f o r  products  

i n  t h e  A=37-57 mass range us ing  only  t h e  f i r s t  two of t h e s e  parameters .  

The more complex shape of t h e  mass y i e l d  over  t h e  much broader  mass 

range of p r e sen t  i n t e r e s t  r e q u i r e s  two a d d i t i o n a l  terms i n  t h e  s e r i e s .  

The parameters  a - a determine t h e  width of t h e  i s o b a r i c  y i e l d  d i s t r i -  
5 7 

bu t ion .  The i n c l u s i o n  of t h e  two A-dependent t e r m s  is  an  i n d i c a t i o n  of 

t h e  f a c t  t h a t  t h e  width i s  m a s s  dependent.  The parameter a determines 
8 

t h e  shape of t h e  i s o b a r i c  y i e l d  d i s t r i b u t i o n  a t  a  given mass number. A 

Gaussian d i s t r i b u t i o n  corresponds t o  a = 2 .  A sma l l e r  va lue  of ci l e a d s  
8 8 

t o  a broader  d i s t r i b u t i o n  i n  t h e  r eg ion  of t h e  wings and g ives  a  somewhat 

b e t t e r  f i t  t o  t h e  d a t a  than t h e  asymmetric curve used by Cumming e t  a l .  
4 

The i s o b a r i c  y i e l d  d i s t r i b u t i o n  is  symmetric about t h e  most probable  

charge,  Z . The most s a t i s f a c t o r y  form of t h e  r e l a t i o n  between Z and 
P P 

product mass number was found t o  be 

which is  i d e n t i c a l  t o  t h e  r e l a t i o n  used by Rudstam. 
38 

The 12c and proton d a t a  i n  t h e  A = 20-100 mass range were s e p a r a t e l y  

f i t  wi th  Eq.  (1) by i t e r a t i v e  use of a non-l inear  l ea s t - squa re s  code. I n  

t h e  f i r s t  i t e r a t i o n ,  Eq. (1) was f i t  t o  cumulative and independent y i e l d s  



a l i k e .  The cumulative c r o s s  s e c t i o n s  were then co r rec t ed  by means of t he  

ca l cu la t ed  progeni tor  c ros s  s e c t i o n s  and t h e  co r r ec t ed  d a t a  were r e f i t .  

This  procedure converged a f t e r  t h r e e  o r  fou r  i t e r a t i o n s .  We d id  not  

fol low t h i s  approach f o r  products  w i th  A > 100. I n  t h i s  mass range t h e  

i s o b a r i c  y i e l d  d i s t r i b u t i o n  ceases  t o  be  symmetric a s  a  r e s u l t  of t h e  

e f f e c t i v e  cu to f f  im'posed by t h e  low p r o b a b i l i t y  of producing nuc l ides  wi th  

atomic number h ighe r  than t h a t  of t h e  t a r g e t .  Furthermore, a  comparison 

of t h e  c ros s  s e c t i o n s  of nuc l ides  t h a t  should be equa l ly  d isp laced  from 

Z e.g.  
103 

P , lo5Eth and Ru, i n d i c a t e s  t h a t  t h e  mass-yield curve v a r i e s  more 

r ap id ly  c l o s e  t o  t h e  t a r g e t  than  a t  somewhat lower m a s s  numbers. A graphi- 

c a l  charge d i spe r s ion  a n a l y s i s  was performed i n  o rde r  t o  determine t h e  mass- 

y i e l d  curve i n  t h i s  region.  

The r e s u l t s  of t h e  paramet r iza t ion  a r e  summarized i n  Table 2 ,  i n  

which t h e  va lues  of a - a obtained f o r  both t h e  12c and 
1 10 

proton experiments a r e  tabula ted .  The q u a l i t y  of t h e  para- 

me t r i za t ion  may be determined from a comparison of t h e  d a t a  with. 

t h e  ca l cu la t ed  i soba r i c -y i e ld  d i s t r i b u t i o n s  and mass-yield curves ,  re- 

spec t ive ly .  I n  o rde r  t o  compare t h e  independent y i e l d s  der ived  from t h e  

measured c r o s s  s e c t i o n s  wi th  t h e  i soba r i c -y i e ld  d i s t r i b u t i o n  i t  is  con- 

venien t  t o  d i v i d e  both experimental  and c a l c u l a t e d  c r o s s  s e c t i o n s  by t h e  

ca l cu la t ed  va lue  of 0 i n  o rde r  t o  o b t a i n  f r a c t i o n a l  i s o b a r i c  y i e l d s ,  A 

designated F and Fcalc, r e spec t ive ly .  I f  t he  i soba r i c -y i e ld  d i s t r i b u -  
e XP 

t i o n  were independent of mass number, a l l  t h e  va lues  of F would l i e  
exp 

on a  s i n g l e  curve. The inc lus ion  of t h e  a and a terms i n  t h e  c ross -  
6 7 

s e c t i o n  paramet r iza t ion  i n d i c a t e s  t h a t  t h i s  is  no t  t h e  case.  In  o rde r  t o  

permit a  comparison of a l l  t h e  d a t a  w i th  a  s i n g l e  ca l cu la t ed  curve,  and 



thereby avoid the necessity of dividing the mass range into a number of 

narrow regions, it is convenient to scale the values of F to a common 
e XP 

mass number by defining a corrected value of this quantity, F as cor ' 

In this expression the experimental fractional yield of nuclide (Z,A) is 

adjusted by the ratio of the calculated fractional yields at A=70 and 

the A value in question, where the F values are evaluated at the same 

distance from the most probable charge at the respective mass numbers. 

This procedure preserves the agreement, or lack thereof, between the 

various experimental and calculated fractional yields and collapses all 

the yields onto a single mass number, arbitrarily chosen as A=70. 

Figure 2 shows a comparison of the F values with the calculated 
cor 

fractional isobaric yield distribution evaluated at A=70 by means of the 

parameters listed in Table 11. The proton data include some of the pub- 
1 

20 
lished results for 29 GeV protons, particularly those for products 

lying far from the maximum and thus able to better define the shape of 

the curve. The calculated curves give a reasonably good fit to the data 

although a number of isolated discrepancies may be noted, particularly 

for the 12c distribution. This is not surprising in view of the fact 

that the much lower 12c ion beam intensity resulted in greater statistical 

uncertainties in these data. The different symbols assigned to the F 
cor 

values identify the mass region of the products. A close examination of 

the figure shows no systematic mass-dependent discrepancies. 

The values of a obtained from the data are compared with the mass- 
A 



yield curves based on the parametrization in Fig. 3. The points are the 

experimental cross sections, corrected for the unmeasured portion of the 

isobaric yield by means of Eq. (1). The different symbols indicate the 

fraction of the isobaric cross section that was experimentally determined. 

The error bars incorporate a 20% uncertainty in the unmeasured contribu- 

tions to the isobaric cross sections. While some discrepancies may be 

noted, on the whole the curves fit the data rather well. 

IV. Discussion 

A. Comparison of the charge-dispersion and mass-yield curves in reactions 

12 
induced in silver by C ions and protons 

The similarities and differences between the isobaric and mass-yield 

12 
distributions obtained in C and proton reactions are implicit in a com- 

parison of the a - a parameters. Of all these parameters, only a 
1 10 8 

uniquely determines some property of the distributions. As mentioned 

above, this parameter fixes the shape of the isobaric yield distribution 

at a given mass number. The value of a is nearly the same for both pro- 
8 

jectiles and is substantially smaller than 2, the value yielding a 

Gaussian distribution. The isobaric yield distributions are thus some- 

what more sharply peaked and, at the same time, significantly broader in 

the region of low fractional yields than a Gaussian distribution. 

Two useful measures of the changes in the charge dispersion with 

mass number are the variation of Z and of the full-width at half-maxi- 
P 

mum (FWHM) with A. These quantities are plotted in Fig. 4. (We actually 

plot Z /A which, according to Eq. (2), is linear in A). It is seen that 
P 

the most probable cparge is virtually identical for both projectiles at 



a l l  mass numbers. Also included i n  t h i s  f i g u r e  is t h e  v a r i a t i o n  of Z 
A '  

t h e  most s t a b l e  charge a t  mass number A. The peak i n  t he  i s o b a r i c  y i e l d  

d i s t r i b u t i o n  occurs  on t h e  neut ron  d e f i c i e n t  s i d e  of s t a b i l i t y  down t o  

about  A=40, t h e  displacement  ranging from about 0.7 t o  1 .4  Z u n i t s .  I n  

t h e  v i c i n i t y  of t h i s  mass number t h e  Z and Z curves  c r o s s  and t h e  y i e l d  
A P  

d i s t r i b u t i o n  a t  lower mass numbers peaks on t h e  neutron-r ich s i d e  of 

s t a b i l i t y .  

The bottom pane l  i n  Fig.  4 shows t h e  mass dependence of t h e  wid ths .  

For bo th  p r o j e c t i l e s  t h e  widths  i n c r e a s e  w i th  A ,  f i r s t  s lowly and then 

more r a p i d l y ,  t h e  i n c r e a s e  be ing  p a r t i c u l a r l y  pronounced a t  A > 80 f o r  12c. 

This  i nc rease  i n  width is  a  r e f l e c t i o n  of t h e  gradua l  broadening of t h e  

v a l l e y  of s t a b i l i t y  wi th  i nc reas ing  A,  which f avo r s  t h e  d i s t r i b u t i o n  of 

t h e  i s o b a r i c  y i e l d  among a  l a r g e r  number of nuc l ides .  Although t h e  

width of t h e  1 2 ~  d i s t r i b u t i o n  i s  s u b s t a n t i a l l y  g r e a t e r  than t h a t  of t h e  

pro ton  d i s t r i b u t i o n  a t  a l l  mass numbers, t h e  d i f f e r e n c e  is  n o t  o u t s i d e  

t h e  u n c e r t a i n t i e s  der ived  from those  i n  t h e  parameters .  It  thus  appears  

t h a t  t h e r e  is  very  l i t t l e ,  i f  any, d i f f e r e n c e  i n  t h e  charge d i s p e r s i o n s  

f o r  r e a c t i o n s  of 12c ions  and pro tons  wi th  s i l v e r .  

Also shown i n  Fig.  4  a r e  some of t h e  va lues  of Z and t h e  width de- 
P  

r i ved  by Katcof f ,  P i c k e l  and wyttenbach2' from t h e i r  s tudy  of t h e  i n t e r -  

a c t i o n  of s i l v e r  w i t h  29 GeV protons.  These workers performed a  non- 

paramet r ic  a n a l y s i s  of t h e  d a t a  and t h e  q u a n t i t i e s  of i n t e r e s t  a r e  based 

on charge-dispers ion curves hand-drawn through independent o r  near-inde- 

pendent y i e l d s  of p roducts  l y i n g  i n  narrow mass i n t e r v a l s .  The va lues  of 

Z a r e  i n  e x c e l l e n t  agreement w i th  t h e  p re sen t  r e s u l t s  bu t  those  of t h e  
P  

fu l l -wid th  tend t o  be l a r g e r  and show a  l e s s  sys t ema t i c  t r end  w i t h  mass 



number. This  i s  probably j u s t  a  r e f l e c t i o n  of t h e  v a r i a b i l i t y  i n  t h e  sllnpt. 

of t h e  hand-drawn curves coupled wi th  t h e  s i z e a b l e  u n c e r t a i n t i e s  i n  the  

va lues  of t h i s  parameter.  

The mass-yield curves  a r e  compared i n  Fig.  3. Both curves d i s p l a y  

four  common f e a t u r e s .  F i r s t ,  t h e  c r o s s  s e c t i o n s  decrease  sha rp ly  wi th  

decreas ing  A i n  t h e  v i c i n i t y  of t h e  t a r g e t .  Products  i n  t h i s  mass reg ion  

r e s u l t  from t h e  most p e r i p h e r a l  i n t e r a c t i o n s ,  i n  which few nucleons a r e  

knocked out  of t h e  t a r g e t  and l i t t l e  energy t r a n s f e r  occurs .  Next, t h e  

c r o s s  s e c t i o n s  decrease  exponen t i a l l y  over  an i n t e r v a l  of approximately 

40 Inass numbers down t o  A ?. 60. This  i s  t h e  mass r eg ion  where s p a l l a t i o n  

is  t h e  dominant mechanism. I n  t h i s  reg ion  our  pa rame t r i za t i on  p r e d i c t s  

33 
e s s e n t i a l l y  t h e  same dependence of 0 on A a s  t h e  s impler  Rudstam formula. A 

This  mass r eg ion  is  followed by one of e s s e n t i a l l y  cons t an t  y i e l d s  ex- 

tending  downward t o  A=30-40. D i f f e r e n t i a l  range measurements performed 

on products  from t h e  i n t e r a c t i o n  of s i l v e r  w i th  2.9 GeV protons3' ind i -  

c a t e  t h a t  t h e  range of 4 3 y 4 4 ~ c  i s  c o n s i s t e n t  w i th  s p a l l a t i o n ,  s o  t h a t  

t h i s  p roces s  i s  expected t o  be  of importance.even i n  t h i s  r a t h e r  l i g h t  

mas!; region.  While t h e  f i s s i o n  c r o s s  s e c t i o n  of s i l v e r  f o r  29 GeV 1 4 ~  

ion:; is  only 8 mb,19 and t h a t  f o r  comparable energy pro tons  is  even 

sma l l e r  ,40 t h i s  mechanism w i l l  c o n t r i b u t e  t o  t h e  product ion of n u c l i d e s  

l y i n g  a t  t h e  lower end of t h e  mass i n t e r v a l  i n  q ~ e s t i o n . ~ '  F i n a l l y ,  t h e  

mas:;-yield curves  t u r n  up a t  t he  lowest  mass numbers, r e F l e c t i n g  t h e  con- 

t r i b u t i o n  of  fragment emission. The one s t r i k i n g  d i f f e r e n c e  between t h e  

two mass-yield curves  i n  f a c t  occurs  i n  t h i s  n a s s  reg ion .  It i s  thus  

apparent  t h a t  t h e  upturn i n  y i e l d s  i s  cons iderab ly  more pronounced i n  

12 
t h e  C curve. We s h a l l  cons ider  t h i s  d i f f e r e n c e  i n  more d e t a i l  i n  t h e  



context of the cross-section ratios. 

The proton mass-yield curve in Fig. 3 includes the most accurately 

determined total isobaric cross sections due to Katcoff, Fickel, and 

~~ttenbach.~' Their points generally scatter about and follow the curve 

based on the present results. The only systematic difference occurs 

close to the target, where their yields show a much smaller mass depen- 

dence. The paucity of the data available in this region makes it diffi- 

cult to draw any firm conclusions about the total isobaric yields. 

12 The distribution in product yields from the interaction of C ions 

with silver is displayed in somewhat different form in Fig. 5, which shows 

a contour plot of the cross sections in the Z-N plane. The various con- 

tours correspond to a factor-of-two difference in cross section. There 

are two widely separated 12 mb contours. The upper one commences at A Q 70 

and extends up to the vicinity of the target. A 25 mb contour occurs at 

the upper end of the mass range, beginning at A % 102. These contours 

lie on the neutron-deficient side of stability and the probability of 

forming products on the neutron-rich side of the Z line is small. The 
A 

other 12 mb contour first becomes apparent at A Q 34 and extends downward 

from this mass number. The beginnings of a 25 mb contour are seen at 

A % 21. In contrast to the high-yield contours at the upper end of the 

mass range, the low A contours are centered on the neutron-rich side of 

ZA. Nonetheless, the N/Z values about which the yields in this mass 

region are centered are substantially lower than the N/Z value of the 

target, and somewhat lower than the N/Z of the most probable products near 

the target. The difference in the location of the contours at low and 

high A is thus due to the change in the location of the Z line in the 
A 



Z-N plane rather than to any intrinsic change in Z . 
P 

The ratios of the 12c to the proton cross sections are displayed in 

Fig. 6. The points represent either the ratios of individual cross 

sections, or, in cases where more than one isobaric measurement was 

available, those of the measured isobaric yields. The curve is the ratio 

of the parametrized mass-yield curves. If the factorization hypothesis 

is obeyed, these ratios should be equal to that of the total reaction 

12 
cross sections, oR( C)/oR(P). 

The horizontal lines in Fig. 6 represent two estimates of 

12 
aR( c)/oR(P). The top line is based on Karol's calculated value of 

12 
oR( C) for 2.1A GeV carbon ions1' and the experimental value of a (P) 

R 

determined by Ashmore et for 24 GeV protons. The bottom line is 

obtained from our own parametrized values of a summed between A=30 and 
A' 

106. The summation was stopped at A=30 on the assumption that lighter 

products had heavier partners and had thus already been counted. The 10% 

difference between these lines primarily reflects the uncertainty in both 

12 
the calculated and experimental values of a ( C ) .  The experimental R 

ratios scatter about a value of 1.9, and are thus consistent with the 

ratio of total reaction cross sections at all mass numbers down to approxi- 

mately A=40. At lower mass numbers, the values of a12 /a are seen to 
C p 

increase substantially above tile ratio of the reaction cross sections and, 

below A 2, 30, are enhanced relative to this ratio by over a factor-of-two. 

If the comparison had been made at the same energy per nucleon instead of 

at the same total energy of the projectiles, the enhancement would have been 

even greater. The croqs sections for the production of these nuclides in 

reactions induced by protons thus increase by a factor-of-two between 3 



and 29 G~v." Enhanced yields of light fragments have previously been 

12 reported for reactions fnduced in copper by C ions,5 albeit only for 

products having A < 10. Similar enhancements have been reported for frag- 

16 ments with Z 5 15 from the interaction of gold with 2.1A GeV 0 ions 9 

and for Z=2-5 fragments emitted in the interaction of uranium with var- 

ious 2.1A GeV heavy ions .12 The enhanced emission of light fragments 

thus appears to be a general feature of relativistic heavy ion reactions 

and is indicative of the importance of interactions in which high excita- 

tion energies are transferred to the struck nucleus. 

B. Comparison with Monte Carlo cascade-evaporation calculations 

In this section we compare our results with Monte Carlo cascade- 

evaporation calculations. Yariv and ~raenkell~ have recently adapted 

the Vegas intranuclear cascade code 4 2 y 4 3  to reactions initiated by heavy 

ions. The Vegas code (ISOBAR version) incorporates the formation and sub- 

sequent scattering and decay of single A isobars in nucleon-nucleon col- 

lisions, and so is considered to be applicable up to a bombarding energy 

of Q 1 GeV. The heavy ion code ISABELLE~~ represents the incident "C 

ion as a nucleus having the same type of density distribution and nuclear 

potential as assumed in the Vegas code for the target nuclei. The sepa- 

rate nucleon-nucleon collisions of the twelve incident nucleons are fol- 

lowed simultaneously, thereby permitting the depletion of nucleons in the 

interaction region, an effect that is particularly important in heavy-ion 

reactions, to be incorporated in the calculation. Two different prescrip- 

tions for this depletion effect are available. In one option (infinite 

rearrangement time, t = a) a "hole" is punched in the nuclear density r 

at the position in configuration space at which a nucleon was lifted out 

of the Fermi sea and remains stationary with respect to the center of the 



nucleus during the rest of the cascade. The density elsewhere in the 

nucleus is not affected. In the other option (zero rearrangement time, 

t =0) the density of the whole nucleus is reduced after each collision. 
r 

The actual situation presumably lies somewhere between these two limits. 

The results presented below were obtained with the first of these options 

but results of somewhat limited statistical significance were also ob- 

tained for the second option. 

107 The ISABELLE code was run for 1A GeV 1 2 ~  ions incident on both A g  

and 109~g. The deexcitation of the residual nuclei was accomplished by 

use of the evaporation code EVA, which is based on the DFF evaporation 

formalism.44 The calculated results do not include evaporation residues 

from projectile fragmentation and, as mentioned before, neither do the 

experimental data. Although comparison is made with results obtained 

for 2.1A GeV 12c ions, we do not expect this difference in energy to be 

significant. The results obtained by Cumming and collaborators for 

thus show that the mass yield and charge dispersion are inde- 

pendent of energy in this regime. 

The calculated mass-yield curve is compared with the experimental 

points in Fig. 7. In order to minimize statistical fluctuations, the 

calculated cross sections have been binned in AA = 5 intervals. It is 

seen that the calculation fits the data remarkably well. Excellent 

agreement is thus obtained both in the mass region closest to the target, 

where Monte Carlo cascade calculations have often had problems in fitting 

data, and in the A=60-100 mass region. Examining the situation at lower 

mass numbers, it can be seen that the calculation overestimates the yield 

of products in the A=45-60 region by some 20%, a difference that is out- 



s i d e  t h e  u n c e r t a i n t i e s  i n  bo th  experiment and c a l c u l a t i o n .  On t h e  o t h e r  

hand, s a t i s f a c t o r y  agreement is  once aga in  ob ta ined  a t  A=40-45. The 

formation of p roducts  removed a s  many a s  70 mass numbers from t h e  t a r g e t  

by s p a l l a t i o n  r e q u i r e s  t h e  depos i t i on  of very  h igh  e x c i t a t i o n  e n e r g i e s  i n  

12 
t h e  s t r u c k  n u c l e i .  The c a l c u l a t i o n  t hus  i n d i c a t e s  t h a t  C i o n s  a r e  

e f f e c t i v e  i n  d e p o s i t i n g  such h igh  ene rg i e s .  The c a l c u l a t i o n  does n o t ,  of 

course ,  p r e d i c t  t h e  upturn i n  t h e  y i e l d  of t h e  l i g h t e s t  p roducts  s i n c e  

t h e  emission of such fragments l i e s  o u t s i d e  t h e  scope of t h e  cascade- 

evapora t ion  model. It i s  nonethe less  worthy of no t e  t h a t  t h e  p r e d i c t e d  

s p a l l a t i o n  y i e l d s  remain above t h e  5 mb l e v e l  a l l  t h e  way down t o  A=25. 

The observed y i e l d  of  t he se  l i g h t  fraginents may thus  con ta in  a  s i g n i f i -  

c an t  s p a l l a t i o n  c o n t r i b u t i o n .  

The c a l c u l a t e d  mass-yield curve ob ta ined  w i t h  t h e  t =O op t ion  i s  some- r 

what f l a t t e r  than  t h a t  d i sp layed  i n  F ig .  7 .  It thus  p r e d i c t s  lower y i e l d s  

i n  t h e  A - > 90 mass reg ion  and h ighe r  y i e l d s  f o r  A < 6 0 .  In t h i s  r e s p e c t  

i t  appears  t o  be  i n  poorer  agreement w i th  t h e  d a t a  than t h e  t = opt ion .  
r 

The c a l c u l a t i o n  is  compared i n  f u r t h e r  d e t a i l  w i th  t h e  d a t a  i n  Fig.  8 ,  

which d i s p l a y s  t h e  i s o t o p i c  y i e l d  d i s t r i b u t i o n s  of va r ious  elements  rang- 

i n g  from Sc t o  Pd. Data a r e  presen ted  f o r  those  elements f o r  which a t  

l e a s t  four  i s o t o p i c  y i e l d s  were measured. Cumulative experimental  y i e l d s  

were co r r ec t ed  f o r  t h e  c o n t r i b u t i o n  of  i s o b a r i c  p rogen i to r s  by means of 

Eq. (1) .  The c a l c u l a t e d  c r o s s  s e c t i o n s  a r e  dep ic t ed  by t h e  two sets of  

l i n e s ,  which l i e  one s t anda rd  d e v i a t i o n  above and below t h e  c a l c u l a t e d  

value. The main impression obta ined  from t h i s  comparison i s  t h a t  

whi le  t h e  c a l c u l a t i o n  c o r r e c t l y  p r e d i c t s  t h e  l o c a t i o n  of t h e  

peak y i e l d s ,  t h e  i so top i c -y i e ld  d i s t r i b u t i o n s  a r e  much f l a t t e r  

than is  observed exper imenta l ly .  These conc lus ions  a r e  b u t t r e s s e d  by a  



parametrization of the calculated cross sections by means of Eqs. (1) and 

(2). This analysis shows that the charge dispersion is much broader than 

the experimental curve, although both curves are centered on essentially 

the same value of Z . For instance at A=70 the calculated full width is 
P 

2.54 Z units and the experimental value is 1.36 Z units, while the cor- 

responding Z are 32.0 and 32.1, respectively. It thus appears that the 
P 

calculation severely overestimates the widths of the isobaric and iso- 

topic yield distributions. Since the DFF evaporation calculation has had 

considerable success in reproducing isobaric yield it appears 

likely that the cascade calculation must overestimate the width of the 

isobaric yield distribution of cascade residues. 

Bondorf, Fai, and N i e l ~ e n ~ ~  have recently considered the effect of 

isospin correlations in the nuclear ground state on the isobaric yield 

distribution obtained in relativistic heavy ion reactions. The isospin 

potential prevents the occurrence of large local differences in the 

neutron and proton densities and so leads to a narrower isobaric yield 

distribution of the products of the initial interaction than would be 

obtained in the absence of such correlations. While the deexcitation of 

the primary residues should smear this effect out to some extent, the 

resulting distribution of the final products should still be narrower. 

These authors thus estimate that in the interaction of 208F'b with 400A 

MeV 160 ions the inclusion of ground state correlations narrows the charge 

dispersion of spallation products by about 2 Z units. In view of the 

overall narrowing of the charge dispersion that accompanies the steepen- 

ing of the sides of the valley of stability at lower mass numbers this 

effect would presumably be smaller, but still significant,for silver. 



The discrepancy between t h e  width of  t h e  i s o b a r i c  y i e l d  d i s t r i b u t i o n  pre- 

d i c t e d  by t h e  cascade-evaporation model and t h a t  observed exper imenta l ly  

may thus  be an i n d i c a t i o n  of t h e  importance of ground s t a t e  c o r r e l a t i o n s .  

Since t h e  cascade model t r e a t s  t h e  t a r g e t  nucleus a s  a  c o l l e c t i o n  of 

quas i - f ree  nucleons i t  does no t  i nco rpo ra t e  such c o r r e l a t i o n s ,  at l e a s t  i n  

t h e  t = op t ion  of p r e sen t  i n t e r e s t .  It has  been poin ted  out15 t h a t  t h e  r 

t = 0 op t ion  does i nc lude  such c o r r e l a t i o n s ,  a l b e i t  i n  a  r a t h e r  crude 
r 

approximation. Within t h e  r a t h e r  l a r g e  l i m i t s  of u n c e r t a i n t y  of t h e  

p r e s e n t l y  a v a i l a b l e  t = 0 c a l c u l a t i o n ,  i t  does appear t h a t  somewhat 
r 

narrower i s o t o p i c  y i e l d  d i s t r i b u t i o n s  a r e  ob ta ined  by t h e  use of t h i s  

op t ion .  However, t h e  d i s t r i b u t i o n s  remain cons iderab ly  broader  than is  

observed exper imenta l ly .  

B e r t i n i  e t  a ~ . ~ '  have r e c e n t l y  publ i shed  t h e  r e s u l t s  of a  high-energy 

i n t r a n u c l e a r  cascade c a l c u l a t i o n  v a l i d  f o r  i n c i d e n t  p ro tons  up t o  1000 GeV. 

Since t h e r e  have been v i r t u a l l y  no comparisons between s p a l l a t i o n  c r o s s  

s e c t i o n s  and t h e  cascade-evaporation model i n  t h i s  energy regime i t  is  of 

i n t e r e s t  t o  compare our  mass-yield curve  f o r  300 GeV pro tons  w i t h  t h i s  

model. The Oak Ridge cascade code HECC-1 
47,48 

has  been run i n  conjunc t ion  

wi th  an evapora t ion  code based on the  DFF formalism44 f o r  300 G e V  pro tons  

i n c i d e n t  on lo7 s 1 0 9 ~ g .  The r e s u l t i n g  mass-yield curve ,  binned i n  AA=5 

i n t e r v a l s ,  is  compared wi th  t h e  experimental  p o i n t s  i n  F ig .  7. With t h e  

except ion  of a  sha rp  drop wi th  dec reas ing  A i n  t h e  y i e l d s  of p roducts  

l y i n g  wi th in  10  mass numbers from t h e  t a r g e t ,  t h e  c a l c u l a t e d  mass y i e l d  

curve i s  e s s e n t i a l l y  f l a t .  It t h e r e f o r e  does n o t  reproduce t h e  cont inuous 

decrease  i n  c r o s s  s e c t i o n s  t h a t  i s  observed down t o  A 'L 60 and, more- 

over ,underes t imates  t h e  measured y i e l d s  i n  t h e  A=80-105 mass r eg ion  by 



about a factor-of-two. While approximate agreement is obtained in the 

A=20-80 mass region, the slope of the experimental mass yield curve is 

greater than that predicted. Furthermore, the agreement obtained at the 

lowest mass numbers is more apparent than real since the major fraction of 

the measured yield is due to fragmentation.39 Although it appears that the 

calculation underestimates the value of the total reaction cross section, 

this shortcoming is only apparent. In fact, the calculated value of aR is 

1.11 barn, which is very close to our experimental value of 1.12 barn. 

What is not shown in Fig. 7 is that the calculated mass-yield extends be- 

low A=20, there being a contribution of 0.19 barn due to the formation of 

these very light residues. 

The slope of the mass-yield curve is a measure of the excitation energy 

deposited in the residual nuclei by the intranuclear cascade. A flat mass 

yield is an indication that high-energy transfers are as probable as low- 

or medium-energy ttansfers. It thus appears that the HECC-1 code predicts 

the occurrence of high excitation energies with substantially greater pro- 

bability than is observed experimentally. This shortcoming of the calcu- 

lation may be a reflection of the assumptions concerning particle produc- 

tion built into the model. It is thus assumed that pion production in 

nucleon-nucleon collisions occurs via isobar formation and that the isobar 

decays at its point of formation. However, the relatively low average 

multiplicity of energetic secondary hadrons produced in p-nucleus colli- 

sions at high energies4' suggests that this assumption is unfounded. It 

appears, instead, that the initial hadronic state produced in a high- 

energy collision does not decay to its final multi-particle state until it 

is well outside the struck nucleus. The resulting secondary particles 



thus cannot interact inside the nucleus and so do not contribute to the 

excitation energy. The incorporation of this effect into the particle 

production model would presumably result in a lower average excitation 

energy of the struck nucleus and lead to better agreement with experiment. 

C. Comparison with abrasion-ablation model 

The abrasion-ablation model of the interaction of energetic heavy 

ions ~ith.nuclei*~ has been applied by Morrisey et a1.24 to the determin- 

ation of the cross sections of target fragmentation products. The pre- 

sently determined charge dispersion and mass-yield curve may be used to 

explore the validity of this formulation. 

The model is analogous to the cascade-evaporation formalism in that 

it represents the interaction of a relativistic heavy ion with a complex 

nucleus as a two-step process: a prompt first step, abrasion, which cor- 

responds to the cascade step, and a slower second step, ablation, which 

is identical to the evaporation step. Abrasion is a geometric model of 

the primary interaction. The projectile and target nuclei, which are 

represented as sharp spheres, make clean cuts through one another as a 

result of the collision. The number of nucleons sheared off from the tar- 

get by this process, and hence the mass of the target residue, is calcu- 

lated as a function of impact parameter by determining the intersecting 

volume of two spheres, corresponding to target and projectile. The ex- 

citation energy of the abraded residues is assumed to be equal to their 

excess surface energy, which results from their greater surface area 

relative to those of spherical nuclei of equal mass. The excitation 

energy is thus equal to the product of the excess surface area and the 



nuclear surface energy coefficient. In the ablation step the excitation 

energy is dissipated by the evaporation of nucleons and light particles. 

The cross sections of the final products are obtained by summing the re- 

sults over the impact parameter of the initial collision, each impact 

parameter being weighted by its geometric probability. 

In order to perform this calculation it is necessary to make some 

assumptions about the distribution in atomic number of the abrasion 

products. Morrisey et a1. 24 obtained this distribution on the assumption 

that the fluctuations in the number of protons removed when a given number 

of target nucleons is swept out by the projectile arises from zero point 

vibrations of the giant dipole resonance of the target nucleus. These 

workers postulate a Gaussian charge dispersion whose standard deviation 

is derived from the droplet model of the nucleus. 50 The final distribu- 

tion of products is obtained from that following the abrasion step by use 

J I 
of the evaporation code OVERLAID ALICE. 

The mass-yield curve obtained for the interaction of lo7 , logAg with 

1 2 ~  ions is displayed in Fig. 7. The curve is terminated at A a 60 since 

at lower mass numbers it turns up in an unphysical way due to the 

onset of near-central collisions. 24 The calculated mass-yield curve fits 

the experimental points in the A Q 60-90 mass region remarkably well. 

However, at higher mass numbers the calculation overestimates the isobaric 

cross sections. In a somewhat different formulation of the abrasion- 

ablation model, Oliveira,Donangelo, and   as muss en^^ also noted that the 
model overestimated the mass-yield curve in the vicinity of the target. 

Following an earlier suggestion by ~Gfner, ~chzfer, and ~chiirmann, 53 these 

workers assumed that this discrepancy was due to the neglect of final state 



i n t e r a c t i o n s .  These i n t e r a c t i o n s  a r e  those  between some of t he  outgoing 

abraded nucleons and t h e  remaining s p e c t a t o r  nucleons. Since t h e  former 

tend t o  move perpendicular  t o  t h e  beam d i r e c t i o n  they can s c a t t e r  o f f  t he  

s p e c t a t o r  nucleons on t h e i r  way ou t  of t h e  nucleus.  The r e s u l t i n g  energy 

t r a n s f e r  i n c r e a s e s  t h e  e x c i t a t i o n  energy of t he  abraded nucleus.  This  e f f e c t  

appears  t o  be  p a r t i c u l a r l y  impqrtant f o r  ab ra s ion  products  t h a t  have 

only a  few less nucleons than  t h e  t a r g e t  and s o  have very l i t t l e  excess  

s u r f a c e  energy. The inco rpora t ion  of t h i s  e f f e c t  reduces t h e  c a l c u l a t e d  

c r o s s  s e c t i o n s  of products  near  t h e  t a r g e t  and l e a d s  t o  improved agree- 

ment w i th  experiment.52 While t h i s  model has not  been compared wi th  t h e  

present  d a t a ,  a s i m i l a r  improvement should be obta ined .  In  a d d i t i o n ,  t h e  

inc rease  i n  t h e  e x c i t a t i o n  energy of t h e  abraded n u c l e i  must l e a d  t o  

l a r g e r  c r o s s  s e c t i o n s  f o r  products  f a r  from t h e  t a r g e t  and, i n  t h e  c a s e  

of p re sen t  i n t e r e s t ,  should l ead  t o  an  ex tens ion  of t h e  c a l c u l a t e d  mass- 

y i e l d  curve below A % 60. Since t h e  depa r tu re s  from f a c t o r i z a t i o n  only 

become n o t i c e a b l e  a t  A Q 40, one might expect  t a r g e t  f ragmentat ion t o  

populate  t h i s  extended mass reg ion .  While t he  inc lus ion  of f i n a l  s t a t e  

i n t e r a c t i o n s  thus  appears  t o  improve the  agreement wi th  experiment,  i t  

becomes necessary  t o  s a c r i f i c e  t h e  remarkable s i m p l i c i t y  t h a t  makes t h e  

abras ion-abla t ion  model s o  a t t r a c t i v e .  The inc lus ion  of nucleon-nucleon 

s c a t t e r i n g  processes  thus  l eads  t o  a  more hybrid model, i nco rpora t ing  

in t r a -nuc lea r  cascade a s  w e l l  a s  s t r i c t l y  geometric f e a t u r e s .  

The i s o t o p i c  y i e l d  d i s t r i b u t i o n s  obtained f o r  A s ,  Y ,  and Pd a r e  com- 

pared wi th  t h e  experimental  va lues  i n  Fig. 8. The r e s u l t s  f o r  A s  and Y 

a r e  i n  good agreement w i t h  t h e  d a t a  i n d i c a t i n g  t h a t  t h e  g i a n t  d i p o l e  

resonance model of t h e  primary charge d i s p e r s i o n  is  v a l i d  f o r  i n t e r a c t i o n s  



in which considerable abrasion occurs. In contrast, the calculation does 

not fit the distribution of palladium isotopes. The model thus severely 

underestimates the number of emitted neutrons. An examination of the 

isobaric yield distribution in this mass region indicates that the calcu- 

lation considerably underestimates its width. For instance, at A-100 the 

full-width is 1.1 Z units compared to the experimental value of 1.9. It 

thus appears that the giant dipole resonance model is not suitable for 

the most peripheral interactions, in which very small mass loss occurs. 

In their calculation of the yields of products from the interaction of 

heavy ions with light element targets, Oliveira, Donangelo, and Rasmussen 
5 2 

assumed that the proton and neutron distributions of the struck nucleus 

were completely uncorrelated. The charge dispersion of the abraded nuclei 

is then given by the hypergeometric function. This model has been 

shown 2 4 y 5 2  to lead to much broader distributions than the giant dipole 

resonance model. While such large widths are unrealistic for products 

far removed from a silver target nucleus, they may constitute a better 

representation for the most peripheral collisions. 

The geometric nature of the abrasion-ablation model implies a tor- 
- 

respondence between the average impact parameter, b y  of the collision and 

the mass number of the final products. This correspondence is made ex- 

plicit in Fig. 5. It is apparent that the mags number of the products de- 

- 
creases as b decreases. In the vicinity of b = 3, target and projectile 

overlap at their half-density points and the model becomes unrealistic at 

smaller impact parameters. At this value of b the mass number of the 

target residue is in the vicinity of 55. While the terms "peripheral" 

and "central" are qualitative, it seems reasonable to conclude that 



when the impact parameter becomes as small as the difference between the 

half-density radii of target and projectile, it no longer makes sense to 

refer to the collisions as "peripheral." In view of the fact that the 

observed deviations from factorization occur not far from this mass num- 

ber, the model lends support to the notion that they are associated with 

the onset of centrql collisions. The incorporation of final-state 

interactions would presumably improve this correspondence. 

V. Conclusions 

The determination of approximately 100 formation cross sections of 

radionuclides from the interaction of silver with 2.1A GeV 12c ions and 

300 GeV protons, and the development of a well tailored parametrization 

of these data, have enabled us to perform a detailed comparison of the 

interaction of these two projectiles with a medium A target in the energy 

regime in which limiting fragmentation appears to be valid. The charge 

dispersions were found to be closely comparable and the mass yield curves 

obey factorization down to A 40. However, products of lower mass num- 

ber have enhanced yields in 12c-induced reactions, the enhancement below 

A ?. 30 relative to the ratio of reaction cross sections being a factor- 

of-two or more. The formation of these products is shown to be associated 

with central collisions. 

The results have been compared with several reaction models. Monte 

Carlo cascade-evaporation  calculation^^^ predict a mass-yield curve that 
12 

is in excellent agreement with the curve obtained for C ions. This 

12 
agreement extends down to A 40 indicating that C ions are effective 

in transferring the high excitation energies needed to form these products 



by spallation. Since the cascade model is based on the assumption that 

the interaction between the two nuclei consists of a series of collisions 

between individual nucleons, the agreement is an indication that most of 

the reaction channels do not involve collective interactions. A more de- 

tailed comparison, involving several series of isotopic cross sections, 

indicates that the calculated charge dispersions are considerably broader 

than is observed. This discrepancy can be explained on the assumption that 

there are ground-state correlations between neutrons and protons that are 

preserved in the intra-nuclear cascade as well as in the subsequent evapor- 
, 

ation phase. 

A similar comparison of the mass-yield curve obtained in proton 

reactions with the Oak Ridge HECC-1 cascade code4' run for 300 GeV protons 

yields less satisfactory agreement. The calculated curve is thus much 

flatter than the experimental one indicating that the model overestimates 

the excitation energies of the struck nuclei. This overestimation may be 

due to simplifications in the multiparticle production process associated 

with the assumption of instantaneous decay of excited hadronic states. 

The mass yield curve from the interaction of 12c ions with silver, 

as well as selected isotopic yield distributions, have been compared with 

an abrasion-ablation calculation in which the charge dispersion of 

the abraded nuclei was obtained on the assumption of neutron-proton cor- 

relations based on the giant dipole resonance The isotopic yield 

distributions are in excellent agreement with experiment, except in the 

vicinity of the target, where they are too narrow. This agreement is a 

further indication that the discrepancy observed between the isotopic yield 

distributions and the Monte Carlo simulation can be attributed to the ne- 

glect of these correlations in this calculation. The mass yield curve 



predicted by the abrasion-ablation model is in moderately good agreement 

with experiment except that it overestimates the yields of products close 

to the target and indicates that the target fragmentarloi~ cross sec.L Lou is 

used up by A 2, 60 instead of extending some additional twenty mass numbers 

to A % 40. These discrepancies indicate that the excitation energy spec- 

trum of the abraded nuclei must be shifted towards higher values than pre- 

dicted by this model. The incorporation of final state interactions 5 2 

appears to be an improvement in this respect. 
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Table I. Cross sections for the production of radionuclides in the inter- 

action of silver with 25.2 GeV 12c ions and 300 GeV protons. 

Type of 0 (12c) a (PI 
Nuclide yield (mb ) (mb 
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Nuclide 
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Table 2. Parameters obtained from the fit of Eqs. (1) and (2) to the cross 

sections of A=20-100 products from the interaction of silver with tligh-energy 

12c ions and protons. 

Parameter 12c Protons 



F i g u r e s  

F ig .  1. R a t i o  of c r o s s  s e c t i o n s  o b t a i n e d  f o r  250 and 75 pm t h i c k  s i l v e r  

12 
t a r g e t s  bombarded by 25.2 GeV C i o n s .  Open p o i n t s ,  neu t ron-excess ive  

n u c l i d e s ;  c l o s e d  p o i n t s ,  n e u t r o n  d e f i c i e n t  n u c l i d e s .  The l i n e s  a r e  t h e  

r e s u l t  o f  a  l e a s t - s q u a r e s  f i t  d e s c r i b e d  i n  t h e  t e x t .  

F ig .  2 .  Comparison of t h e  f i t t e d  f r a c t i o n a l  i s o b a r i c  y i e l d  d i s t r i b u t i o n  

a t  A=70 (curve)  and t h e  d a t a  p o i n t s  a d j u s t e d  t o  A=70 ( s e e  t e x t ) .  The 

d i f f e r e n t  symbols i d e n t i f y  t h e  p roduc t  mass reg ion :  o ,  A=21-40; o,  A=41-60; 

A ,  A=61-80; A, A=81-100. The l e f t  p a n e l  p r e s e n t s  t h e  comparison of t h e  

p ro ton  d a t a  and t h e  r i g h t ,  t h a t  of t h e  12c r e s u l t s .  

F ig .  3 .  Comparison of t h e  f i t t e d  mass-yield c u r v e s  w i t h  t h e  d a t a .  The 

p o i n t s  are t h e  e x p e r i m e n t a l  i s o b a r i c  c r o s s  s e c t i o n s  w i t h  e s t i m a t e s  of t h e  

unmeasured c o n t r i b u t i o n s  o b t a i n e d  from t h e  f i t t i n g  p rocedure  d e s c r i b e d  i n  

t h e  t e x t .  The d i f f e r e n t  symbols i n d i c a t e  t h e  f r a c t i o n  o f  t h e  i s o b a r i c  

y i e l d  t h a t  was measured: o ,  >50%; A, 2 0 - 5 0 % ; a ,  10-20%. The open p o i n t s  

12 
r e f e r  t o  p r o t o n  bombardments and t h e  c l o s e d  p o i n t s  t o  C .  The c u r v e s  a r e  

based on Eqs. (1) and ( 2 ) .  The dashed e x t e n s i o n s  above A = 1 0 0  a r e  based on 

a s e p a r a t e  a n a l y s i s  of t h e  d a t a  i n  t h i s  mass r e g i o n .  The c r o s s e s  r e p r e s e n t  

d a t a  from e a r l i e r  p r o t o n  work [ r e f .  201. 

Fig.  4 .  Mass dependence of Z / A  ( t o p  p a n e l )  and o f  t h c  width  of t h e  i s o -  
P 

b a r i c  y i e l d  d i s t r i b u t i o n s  (bot tom).  S o l i d  l i n e s ,  procon r e a c t i o n s ;  dashed,  

1 2 C .  The d o t r s d  curve  shows che v a r i a t i o n  of Z / A .  ?he c r o s s e s  r e p r e s e n t  
4 

r e s u l r s  f o r  i n c i d e n t  p r o t o n s  from r e f .  20.  

F i g .  5. Constant  c r o s s  s e c t i o n  c o n t o u r s  f o r  t h e  r e a c t i o n s  of s i l v e r  w i t h  

: 2 
(- i o n s .  Contours cor responding  t o  2 5 ,  1 2 ,  and 6 mb are  shown. The dashed 



line represents the smoothened behavior of Z The crosses mark the loca- 
A ' 

tion of the target. The arrows and associated numbers indicate the mass 

number. The diagonal scale gives the average impact parameter of the col- 

lisions leading to products of indicated A value, as obtained from the 

abrasion-ablation model [ref. 241. 

12 Fig. 6. Ratios of C to proton cross sections. The points are based on 

the data in Table 1. The curve is the ratio of a values obtained from the 
A 

cross section parametrization. The horizontal lines represent two estimates 

of the ratio of total reaction cross sections. 

Fig. 7. Comparison of mass-yield curves with Monte Carlo and abrasion- 

12 ablation calculations. Closed points, C isobaric cross sections from 

Fig. 3; solid histogram, Monte Carlo cascade evaporation calculation for 

1 GeV A 12C plus silver [ref. 151 ; dashed curve, abrasion-ablation calcu- 

lation [ref. 241; open points, proton isobaric cross sections from Fig. 3; 

dashed histogram, Monte Carlo cascade-evaporation calculation for 300 GeV 

protons plus silver [refs. 47,481. 

Fig. 8. Comparison of isotopic yields of various elements formed in 12c 

reactions with calculations. Points, experimental independent cross sections 

(corrected for progenitor yield where necessary); solid lines, Monte Carlo 

cascade-evaporation calculation (2 a interval centered on calculated cross 

sections) [ref. 151; dashed line, abrasion-ablation calculation [ref. 241. 




















