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The Energy Dependence of 209Bi Fragmentation 

in Relativistic Nuclear Collisions 
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Nuclear Science Division, Lawrence Berkeley Laboratory 
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NUCLEAR REACTIONS 209Bi (12C,X) Au, E = 4.8, 25.2 GeV; 209Bi (20Ne,X) Au, 
E = 8.0 GeV; measured Au isotopic distributions, relativistic heavy ions, 
target fragmentation, Ge(Li) spectroscopy. 

ABSTRACT 

The results of cross section measurements for the reactions 
209Bi (12C,X) Au, E = 4.8 and 25.2 GeV and 209Bi (20Ne,X) Au, E = 8.0 
GeV are reported. The observed yields of the gold isotopes show a similar 
dependence on mass number for each reaction, differing slightly in the position 
of the centroid of the. distribution. As the projectile energy increases, 
the inferred excitation energy of the primary residues remains the same 
or decreases slightly. This observation is in agreement with the pre-
dictions of the intranuclear cascade model of relativistic heavy ion 
collisions. 
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gamma ray emitting nuclei were identified using standard techniques4 and 

the production cross sections were calculated for those activities ob

served in the unseparated foils. The activities observed in the chem-

ical samples were normalized to those seen in the unseparated foils. However, 

this normalization was not possible for the 25.2 GeV l2C data because only one 

foil was irradiated and chemically processed and therefore, these production 

cross sections are expressed in arbitrary units. The contribution of 

secondary induced reactions to the Au product yields was studied by 

comparison of the activities of the two unseparated ~ils from the 

4.8 GeV 12C + 209Bi bombardment which differed by a factor of ~2 in 

thickness. This comparison showed that ~30% of the 1989Au yield in 

the thickest target (~.25%/mg/cm)was due to such effects, while the 

lighter nuclidic activities had little or no secondary contributions. This 

secondary reaction correction was applied to the A~198 product yields for the two 

reactions with ~135 mg/cm2 targets, while all other secondary reaction 

contributions were assumed to be negligible. 

The measured cumulative yield cross sections (which include con

tributions from nuclei produced by radioactive decay) were corrected 

for this decay feeding by an iterative fitting of Gaussian distributions to 

the decay-corrected (and independent yield) cross sections. 4 The 

resulting calculated and measured independent yield cross sections 

a(Z,A) are shown in Fig. l' and included in Table I. The uncertainties 

given ~r a(Z,A) reflect the contribution from statistical uncertainties 

from the measurements and an adhoc factor of 20% of the 8-decay feeding 

correction where applied. 5 The yield of 194Au is depressed relative to 

the other nuclidic yields in all the reactions ~r reasons that are not clear. 
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The number of Au isotopes that were observed in each reaction was 

limited by two factors; the low activity levels of the neutron rich 

species and the short hal,f lives (relative to the chemical separation 

time and length of the bombardment} of the neutron deficient species. 

Cursory inspection of Fig. 1 shows that the distributions of Au fragments 

are very similar for the three reactions studied in this work. 

A more detailed examination of the data shows that there is a slight 

(~ 1 amu) shift of the distribution centroids toward larger A values as 

the projectile energy increases. Thus, although the incident projectile 

energy changes by over 20 GeV, the excitation energy imParted to target 

fragments changes by less than 10 MeV. The ratio of the magnitude of 

the integrated Au isotopic yields from the 0.40 GeV/A2oNe bombardment 

to that from the 0.40 GeV/A 12C bombardment is in rough agreement with the 

factorization prediction6 of oR (20Ne+209Bi)/oR(12C+209Bi) = 3644 mb/ 

3030 mb = 1.20. Both of these results are consistent with the obser

vations of Cumming et al. 7 who found that the target fragment isobaric 

and isotopic distributions were identical for many reactions with copper 

targets. 

We are left with the question of whether this apparent saturation 

in energy transfer is predicted by current models of fragmentation 

reactions. One highly developed model of such collisions which makes 

predictions about the fragmentation products is the intranuclear cascade 

model of Yariv and Fraenkel. 8 In this model the collision process is 

described by the superposition of a series of nucleon-nucleon collisions 
I 

with proper accounting of the nucleon-nucleon cross section, angular dis

tributions, Fermi energy distributions and particle-hole excitations 
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in the fragments before de-excitation. The calculated positions of the 

centroids of the gold isotopic distributions using this model are contained 

in Table I along with the experimental results. The calculations are in 

approximate agreement with the results of our study but predict values 

of the centroids of the distributions which are systematically more 

neutron deficient (~1-2 amu) than our data. (The excitation energies of 

the primary fragments were ~125-l50 MeV.) Thus, the experimentally 

observed limiting fragmentation behavior of high mass nuclei is predicted 

by this model of relativistic nucleus-nucleus collisions. 

What universal feature of RHI reactions is responsible for this 

behavior? In this case involving very peripheral collisions (impact 

parameter b~9 fm >RBi ~ 7.0 fm according to firestreak model 10 calculations), 

it is simply a matter that the predicted changes in the experimental dis

tributions are very small compared to the sensitivity of the experimental 

measurement. Unfortunately, selection of events involving more central 

collisions (i.e., fragments where Atarget - Afragment ~ 20) where the 

changes in the distributions would be larger suffers from the fact that in 

such events the primary reaction processes are observed by the subsequent 

de-excitation of the primary fragments. 9 Thus we conclude that although 

we have picked a relatively favorable case to study, our observation of 

limiting fragmentation like that of others could mean either a saturation in 

the transferred energy with increasing projectile energy or that changes in 

the transferred energy that are too small to detect with current techniques 

of fragment yield measurement. 
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- 5 -

Two of us tWL, KA} wish to thank their home institutions for financial 

support during this work which was supported in part by U.S. Department 

of Energy under Contract W-7405-ENG-48. 



- 6 -

References 

~tPermanent Address: Studsvik Scientific Research Laboatory, Nykoping, Sweden. 
Permanent Address: Dept. of Chemistry, Oregon State University, Corvallis, 

Oregon 97331. 

1. V.P. Viyogi, T.J.M. Symons, P. Doll, D.E. Greiner, H.H. Heckman, 
D.L. Hendrie, P.J. Lindstrom, J. Mahoney, D.K. Scott, K. Van Bibber, 
G.D. Westfall, H. Wieman, H.J. Crawford, C. McParland, and C.K. 
Gelbke, Phys. Rev. Lett., 42,33 (1979). 

2. N.T. Porile, G.D. Cole and C.R. Rudy, Phys. Rev. C19, 2288 (1979). 

3. The bismuth metal foils were dissolved in conc. HCL-conc. HNOg 
(1 :2) with carriers. After dissolution, excess N02 was driven off, 
the solution was cooled and diluted with water. The Au was ex
tracted twice into ether, washed twice with 1.5 M HCl and plated on 
Pt. This procedure required approximately 25 minutes. 

4. D.J. Morrissey, D. Lee, R.J. Otto and G.T. Seaborg, Nucl. Inst. 
Methods, 158, 499 (1979). 

5. A similar procedure was adopted by T.H. Ku and P.J. Karol, Phys. Rev. 
C16, 1984 (1977). 

6. Hard sphere reaction cross sections from H.H. Heckman, D.E. Greiner, 
P.J. Lindstrom and H. Shwe, Phys. Rev. C17, 1735 (1978). 

7. J.B. Cumming, R.W. Stoenner, and P.E. Haustein, Phys. Rev. C14, 
1554 (1976); J.B. Cumming, P.E. Haustein, R.W. Stoenner, L. Mausner, 
and R.A. Naumann, Phys. Rev. C10, 739 (1974); J.B. Cumming, 
P.E. Haustein, T.J. Ruth and G.J. Virtes, Phys. Rev. C17, 1632 
(1978) . 

8. Y. Yariv and Z. Fraenkel, Phys. Rev. C20, 2227 (1979). 

9. O.J. Morrissey, L.F. Oliveira, J.~. Rasmussen, G.T. Seaborg, Y~Yariv, 
and Z. Fraenkel, Phys. Rev. Lett. 43, 1179 (1979). 

10. W.O. Myers, Nucl. Phys. A296, 117 (1978); J. Gossett, J.I. Kapusta, 
and G.O. Westfall, Phys. Rev. C18, 844 (1978). 



Projectile 

Energy (GeV) 

(1) unseparated 

(2) chemical 

(1 ) unseparated 

(2 ) chemi ca 1 

190Au 

191Au 

192Au 

193Au 

194Au 

195Au 

196m+gAu 

198m+gAu 

199Au 

Experimental 

Cascade Mode1 8 

-7-

Table I 

Experimental Conditions and Results 

12C 20Ne 12C 

4.8 8.0 25.2 

Tapget Thickness (mg/cm2 ) 

112.6,227.7 116 

132.9 137 '\,50 

Bombapdment statistics (total papticles [houps ]) 

6.19xl013 [13.7] 3.64xl013 [13.5] 

6 .19xl 013 [13.7] 3.75xl013 [13.5] 5.3xl012 [2.7] 

Independent Yield Cposs sections 

(mb) (mb) (arbitrary units) 
8.2 + 1.4 13.6 + 2.5 

8.1 + 1 .4 10.4 + 1.9 14.2 + 1.4 

7.7 + 1.3 9.4 + 1.9 15.5 + 1.5 

7.7 + 1.3 8.2 + 1.6 14.6 + 1.5 

1.7 + 0.2 1.8 + 0.2 4.6 + 0.5 

3.4 + 0.3 3.7 + 0.4 

1.21 + 0.1 1.24 + 0.94 4.2 + 0.5 

0.65 + .052 0.51 + .039 2.3 + 0.2 

0.54 + .058 0.24 + .026 1.4+0.1 

Isotopic Distpibution Centpoids <A> fop Z = 79 

191.4 ± 0.3 

189.4 ± 0.3 

191.6 ± 0.5 

189.5 ± 0.5 

192.1 ± 0.3 

190.6 ± 0.5 
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Fi g. 1. The isotopic production cross sections for gold products from 
the reaction of 4.8 and 25.2 GeV 12C and 8.0 GeV, 20Ne with 
209Bi are shown. The lines represent the best Gaussian fit 
to each distribution with t~e arrows showing the distribution 
centroids. 
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