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A B S T R A C T 

Target fragment formation cross sections for nuclides with 24-~ A~ 
~~7 have been measured for the interaction of 1.0, 3.0, 4.8 and 12.0 GeV 

C and 8.0 and 20.0 GeV 20Ne with 238u. Fragment isobaric yields were 
deduced from these data. The light fragment (A < 60} yields increase 
rapidly with increasing projectile energy until 4 to 8 GeV with only 
smaller increases in yield with increasing projectile energy beyond this 
consistent with the origin of these fragments in a high deposition energy 
process. The yi e 1 ds of n-ri ch fragments ( 80 ~ A ~ 145} are energy 
independent from 1-20 GeV consistent with their origin in low energy 
fission of a uranium-like species. The n-deficient fragments (80 ~ AS 
145} have excitation functions consistent with their ori~in in either a 
deep spallation·or high energy fission process. (At a C projectile 
energy of 1.0 GeV, the n-deficient fragments appear to originate primarily 
from a fission rather than a spallation process}. The excitation functions 
of the heavy fragments with 60 $ A ' 200 are similar to those of the light 
fragments. No large yields of these fragments were observed for any system 
studied contrary to a previous report. Both the in"tranucl ear cascade model 
and the nuclear firestreak model satisfactorily predict the observed yields 
of fragments with A > 60 indicating that the general pattern of yields of 
these fragments is governed by the excitation energy deposited in the 
nucleus during the first step of the reaction and the geometry of the 
collision. 

NULCLEAR REACTIONS ,_238u(12c, X} E = 1.0, 3.0, 4.8, 12.0 GeV; 
12c · 

238u(20Ne X} E = 8.0, 20.0 GeV. Measured cr{Z,A}·, deduced a-(A}. , 20Ne 
Nuclear firestreak model, intranuclear cascade model, OFF calculations, 

target fragmentation, fission, spallation. 

PACS Numbers 25.70 Np, 25.85 Ge 
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I. Introduction 

Relativistic heavy ion (RHI) physics may be considered an extension of 

high energy particle physics to include multibaryon systems. Therefore it 

is logical to apply high energy physics concepts to RHI-induced reactions. 

Two high energy concepts, 1 imi ti ng fragmentati onl and factori zati on2, have 

found widespread applicability in describing projectile and target 

fragmentati on3. In studies of target fragmentati on3, one finds, in 

general, the single-particle inclusive target fragment production cross 

sections to become asymptotically energy independent at beam energies 

between 0.4 and 1 A GeV while the target fragment kinematic properties 
I 

appear to become energy independent at-25 GeV. Furthermore, target 

fragmentation studies have established3 that it is the kinetic energy of 

the projectile, rather than its velocity or rapidity, that is the proper 

scaling variable with respect to limiting fragmentation. At total 

projectile kinetic energies at which limiting fragmentation is occurring, 

the target fragment production cross sections appear to be factorizable, 

i.e., apart from an obvious scaling with total reaction cross section, 

target fragment cross sections are independent of the beam projectile. 

Two exceptions to the idea of factorization have been noted. The 

yi e 1 ds of the 1 i ghtest fragments (A < SO) from the fragmentation of 

targets of Ag and higher A materials by heavy ions are enhanced relative to 

their production in proton induced reactions to the extent that 

factorization fails4. This observation has been explained by arguing that 

such fragments are produced in low impact parameter, central collisions in 

which factorization is expected to fail. The second general exception to 

the idea of factorization occurred in ·the study5 of the fragmentation of 

238u by 25 GeV 12c ions in which substantially enhanced yields of fragments 
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with 160 ~A~ 190 were observed relative to proton induced reactions. 

To better understand this reported deviation from factorization in U 

target fragmentation, to gain insight into the reaction mechanism(s) 

operating in U target fragmentation by RHI•s and to provide a data base to 

test current theoretical models of target fragmentation, we undertook the 

measurement of target fragment production cross sections in the interaction 

of 1.0, 3.0, 4.8, 12.0 GeV 12c and 8.0 'nd 20.0 GeV 20Ne with 238u. We 

report herein the results of these measurements and analyze them to show 

the energy deposition characteristics of RHI~induced fragmentation of 238u. 

We deduce isobaric yields from the measured fragment nuclidic yields and 

compare these data with the predictions of an intranuclear cascade model 

and a new extension of the nuclear firestreak model (designed to treat 

target fragmentation). 

·II. Experimental Procedures 

Irradiations were performed using the external beams of the CERN SC 

synchrocyclotron (1.0 GeV 12c) and the LBL Bevalac (3, 4.8, 12 GeV 12c and 

8, 20 GeV 20Ne). The irradiation conditions along with the target 

thickness(es) and catcher materials are summarized in Table I. As 

indicated in Table I, the targets were natural or depleted uranium foils 

with thicknesses of 25-120 mg/cm2 , surrounded by mylar orAl catcher 

foils. In most experiments, targets of differing thickness were 

irradiated. This was to provide the possibility of measuring the 

contributions of secondary reactions to the measured cross sections. 

At the Bevalac, the beam intensity was measured using an Ar-co2 ion 

chamber calibrated by the Bevalac staff6; fluctuations in beam intensity 

during each irradiation were recorded. For the irradiation at CERN, the 

beam intensity was measured using anAl monitor foil. The induced 24Na 
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activity in the Al foil along with the known? cross section for the 27Al 

(12c, X) 24Na reaction of 24.5mb were used to calculate the beam flux. 

After irradiation, each target catcher foil assembly was assayed by· 

off-line 1-ray spectrometry for a period of 4-6 weeks. Formation cross 

sections for the production of individual radionuclides were calculated 

using techniques that have been described previously8. 

III. Experimental Results 

A. Effects Due to Secondary-Induced Reactions 

Because uranium is so fissionable and because copious fluxes of 

secondary projectile fragments are produced in RHI collisions, it is 

necessary to determine the contribution of secondary fragment-induced 

processes to the observed formation cross sections. The dependence of the 

fragment production cross-sections on target thickness was examined in each 

experiment in which more than one thickness of target was irradiated. In 

general no consistent, statistically significant effe~t was observed for 

the individual nuclides produced in any particular reaction. In order to 

check the apparent lack of secondary-induced processes, the nuclides 

observed in each experiment were collected into five groups by mass number: 

all fragments with mass number A < 80, neutron deficient fragments with 80 

<A ~ 145, neutron excessive fragments with 80 < A < 145 heavy fragments 

with 145 <A 2 210, and near-target fragments with A > 230. The results 

from the fitting procedure were averaged within each group to give an 

average correction factor for secondary induced reactions in each group of 

yields. The statistical errors in the average secondary effects for each 

group were usually larger than their values, or the corrections were 

smaller than the uncertainties present in the original data. The group 

with the largest possible secondary effect was the one consisting of 
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neutron excessive fission fragments. Preliminary results9 from similar 

measurements of the reaction of 25.2 GeV 12c with 238u using target 

thicknesses ranging up to 400 mg/cm2 indicate a secondary reaction 

contribution to the neutron excessive fiss-ion fragments of approximately 

7% (for the average 50 mg/cm2 targets used in this work). Such an effect 

would be di ffi cult to observe in the present study, so the results for the 

measured yields were simply averaged over the vartous different target 

thicknesses. 

B. Cross Sections 

The 11 thickness-averaged 11 nuclidic formation cross sections are 

reported in Table II. In Figure 1, we show the excitation functions for 

the fOrmation of mostly 11 independent yield .. nuclides that are 

representative of various classes of U target fragments. The data points 

shown in Figure 1 are: (a) the measured formation cross sections for the 

interaction of 12c with 238u (solid points) and (b) the measured formation 

cross sections for the interaction of 20Ne with 238u scaled by the ratio of 

the 11Soft spheres .. total reaction cross sectionslO for 12c and 20Ne induced 

reactions (open points). Uncertainties are shown only for those points 

where the uncertainty is greater than the size of the plotting symbol used 

for each point. 

48sc is a typical light fragment, i.e., a fragment with A< 60, and 

its yield appears to increase strongly with increasing projectile energy up 

to-8 GeV, with a modest increase from 8 to 21 GeV. As discussed earlier, 

these products appear to be the result of high deposition energy, near 

central collisions between projectile and heavy nucleus and limiting 

fragmentation is not strictly valid over the energy region-studied. Quite· 

different behavior is shown by the n-ri ch fission fragments 96Nb and 136cs 
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whose yields are effectively constant over the projectile energly region 

studied. These n-rich products are thought to be the result of a low 

deposition energy-induced binary fission of a uranium nucleus. 

The somewhat more complicated excitation functions for then-deficient 

species 122sb and·88zr can be rationalized. The excitation function for 
88zr shows a continuous increase throughout this projectile energy region 

while that for 122sb shows an approximately constant value. This trend 

would support the notion that the production of 88zr requires a greater 

deposition energy than that of 122sb. This idea is given further support 

by the kinematic data11 for the production of these fragments in the · 

interaction of 4.8 GeV 12c with 238u where one observed a longitudinal 

momentum ·transfer in the initial target-projecti 1 ~ collision 1 eading to 

BBzr that was-2.5 times larger than that observed in collisions leading to 

122sb. 

The excitation functions for the heavy fragments 171Lu and 232pa seem 

to show a somewhat higher proj ecti 1 e energy is required to caus·e 

.. saturation .. behavior for 171Lu compared to 232Pa, consistent with the 

interpretation12 that these nuclides are the result of high and low 

deposition energy spallation, respectively. Other nuclides show excitation 

functions that are composites of the reaction mechanism associated behavior 

discussed herein. 

These simple qualitative pictures of the fragment excitation functions 

in RHI-induced fragmentation of 238u are consistent with previous views of 

the proton induced fragmentation of 238u. Indeed, the ratio of the common 

nuclidic formation cross sections for the 12 GeV 12c + 238u reaction to the: 

same nuclidic formation cross sections( 13-19) (spanning 44 2. A 2. 140) for 

the 11.5 GeV p + 238u reaction is 1.5 + 0.1. This ratio is in good 



'w 

-7-

agreement with the simple geometric cross section ratio for the two 

reactions of ~1.4. Thus, based upon nuclidic cross section ratios, 

factorization appears to be approximately valid for most of the fragments 

produced in the RHI-induced fragmentation of 238u. Not enough formation 

cross section data for common products from both reactions is available to 

evaluate the possibility of enhanced yields for fragments with 160<A<190 

(see Section C, however}. 

C. Mass-Yield Distributions 

Comparisons of the formation cross sections for common, .. independent 

yield 11 fragments from various reactions utilize only a fraction of the 

available experimental data for each target-projectile system. To more 

fully utilize the available data,.we have deduced mass-yield (isobaric ': 

yield} distributions from the measured formation cross sections. The 

method employed in this estimation procedure has been discussed 

previ ously20. 

The measured nuclidic formation cross sections.were placed in ten 

groups according to mass number. These cross sections were corrected for 

precursor s-decay , where necessary, by assuming that the independent yield 

cross section for a given species o(Z,A} can be expressed as a function of 

the isobaric yield 0 (A} as: 
z z 2. 

o(Z,A) = o(A) (2wC~ (A))-112 exp (-( - mp)) 
2C~(A) 

( 1) 

where Cz(A) is the Gaussian width parameter for mass number A and lntp(A) is 

the most probable atomic number for that A. Using this assumption and the 

further assumption that u(A) varies slowly and smoothly as a function of A 

(allowing data from adjacent isobars to be combined in determining Zp(A) 

and Cz(A)), one can use the laws of radioactive decay to iteratively 
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correct the measured cumulative formation cross sections for precursor 

decay20. 

Within each of the ten groups, the data was fit to a Gaussian~shaped 

independent yield distribution. (Only nuclides with well-characterized 

f-decay precursors and no isomeric states were included ·in the analysis). 

The nuclidic groupings along with the centers and widths of the Gaussian 

distributions are given in Table III. With the exception of the 1.0 GeV 

12c induced reaction, the parameters describing the independent yield 

distribution for a given group were nearly the same for every experiment. 

The independent yield distributions deduced from the measured formation 

cross sections are shown in Figures 2-7. These distributions are generally 

quite similar, with the main differences being in the magnitude of the 

yields. For the heavy mass fission products (121 ~ A~ 143), two component 

charge distributions are needed to fit the data. This observation is in 

qualitative agreement with observations12,21 for proton induced 

fragmentation of 238u and the observed Cs isotopic distribution22 from the 

reaction of 77 MeV/A 12c with 238u. For the light mass (83 ~A~ 92) 

fission products, it was not possible to resolve the two components of the 

distribution observed in proton-inducedl2,21 and 12c induced22 

fragmentation of 238u. It have been shown previously21,23 that two 

separate reaction mechaniSms, deep spallation and 1 ow energy binary 

fission, contribute to the production of the n-deficient and n-rich 

components of these charge distributions. 

The isobaric yield distributions obtained from integration of the 

independent yield distributions are shown in Figures 8 and 9. The solid 

curves shown in the figures are drawn to guide the eye through the total 

isobaric yields. The error bars on the integrated data points reflect only 
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the measurement statistics and do not take into account any errors due to 

uncertainties in the absolute beam flux (estimated to be approximately 

15%), contributions due to secondary reactions (possibly as large as 10%) 

or those introduced in the charge distribution curve fitting process. 

Morrissey, et al. 20 have suggested that individual isobaric yields may 

have systematic uncertainties due to the fitting process of approximately 

25%. The uncertainties in the isobaric yields are dominated by the latter 

source of error with the typical uncertainty being approximately 30%. 

All of the experimental isobaric mass yield curves have some features 

in common. Most of the cross section is associated with the·neutron 

excessive fragments found in the fission mass region, formed as the result 

of fission of a uranium-like nucleus •. These fragments are similar to those 

that are formed in low-energy proton or alpha particle-induced fission of 

uranium. Another large isobaric yield is associated with the neutron 

deficient yields in this mass region. These products may have been 

produced both in high-excitation-energy fission events and by 

deep-spallation processes. In all of the reactions studied, the mass yield 

curve rises for near-target products, as expected. These products are 

formed in peripheral reactions and have large cross-sections. 

The energy dependence of the fragmentation of uranium by heavy ions is 

demonstrated in Figure 10. The isobaric yield curves for the four 12c 

projectile energies are superimposed, along with the two energies of 20Ne. 

In the case of the 1.0 GeV 12c ~rojectile there is a large peak in the 

fission mass region, with rather low yields everywhere else except ~ear to 

the target mass number. In this system the neutron deficient yields in the 

fission mass region are much larger than the spallation yields at larger 

mass numbers. This indicates that these nuclei are more likely to have 
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been produced by the fission of a highly excited system, than by a 

deep-spallation process. Two changes in the yield patterns occur as the 

12c bombarding energy increases. Large increases in the production of both 

the light (A< 60) and heavy (145~ A< 210) fragments are observed. 

The increase in the production of light fragments continues up to an 

energy of "'8 GeV as shown earlier. The yields of heavy fragments (160 ~A 

< 200) also increase rapidly as the projectile energy increases from }.0 to 

3.0 GeV and then increase more slowly at higher energies. No evidence is 

seen for a very large peak in the yields of mass number 160 to 180 

fragments, as originally reported5 for the reac~ion of 25.2 GeV 12c with 
' 

238u. A re-measurement and re-analysis of the data for that system9 

confirms the conclusions of this work. 

The isobaric yields for the two 20Ne projectile energies are similar. 

This is consistent-with the previously observed3 feature of target 

fragmentation in which the inclusive production cross sections become 

asymptotically energy independent at beam energies between 0.4 and 1.0 A 

GeV. The production of light fragments and heavy fragments seems to 

increase between the two projecti 1 e energies although the increase is 

within the experimental uncertainties for the heavy fragments. 

IV. Theoretical Model Predictions 

To interpret the different behavior of the components of the mass 

yield distributions, we compare the predictions of theoretical models with 

the experimental results. Two divergent models of high-energy heavy-ion 

induced reactions will be considered: an intra-nuclear cascade 

model24,25,26, and the nuclear firestreak model27. These two models 

represent somewhat different views of relativistic nuclear collisions with 

the intra-nuclear cascade model picturing the interaction as uncorrelated 
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collisions between individual nucleons from the two nuclei (including 

scattering through the remainder-of the nuclei}, while the nuclear 

firestreak model assumes that the interaction consists of inelastic 

collisions of "tubes of nuclear matter" within the overlap region. ~ach of 

these models is based upon the assumption that the nuclear reaction occurs 

as a two step process, as originally proposed by Serber28. During the 

first step, the fast projectile-target interaction occurs which creates 

excited primary projectile and target remnants. The second step consists 

of a slow statistical· de-excitation of these remnants by particle emission 

and by fission. 

Alternate theoretical approaches have been suggested for these high 

energy reactions. Campi and Hufner29 have had some success in fitting 

experimental data by treat!ng ·the first step of the reaction with Glauber 

theory and the second by solution of the Master equation. · Their results, 

in fact, are quite similar to those from .the intra-nuclear cascade model. 

Light fragment production and correlations have been approximated using a 

relativistic hydrodynamic model30 in which the reaction is assumed to be 

completely collective in nature. However, this work has not yet been 

extended to predict the formation of large target fragments. 

A. Intra-nuclear Cascade Model 

The version of the INC model that we have used is that of Yariv and 

Fraenkel26. This model has been described previously and only the main 

assumptions need to be noted here: 

(a) The target and projectile nuclei are assumed to behave as cold 

Fermi gases contained in potential wells. Their nuclear density 

distributions are approximated by a step function consisting of eight 

constant density regions. 
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(b) The reaction kinematics are treated within the framework of 

rel ati vi sti c classical mechanics, with all cal cul ati ons being performed in 

the target rest frame, where the projectile is Lorentz contracted. 

(c) Within the computation, the multiple collision process is handled 

in stepwise time fashion. Interactions between cascade particles were not 

allowed; hence nucleon-nucleon correlations were disregarded. 

(d) Pion production and absorption was included and occurred via the 

delta (3,3} resonance: 

N + N + ~3 , 3 + N 
~3,3 + n + N (2} 

where N is a nucleon, and n is a pion. Nucleon-nucleon and 

pion-nucleon scattering cross sections were interpolated from 

on-mass-shell, free-particle data. 

(e) Effects of the Pauli principle were included. 

(f) During the development of the cascade process, the densities of 

the nuclear Fermi seas were depleted. Each cascade particle was followed 

until it left the nucleus or until its energy fell below the separation 

energy. 

Typically, 500 or more complete cascades were performed at 

geometrically weighted impact parameters. A record of the residual mass, 

charge, excitation energy, recoi 1 momentum, and angular momentum of the 

·projectile and target remnants was kept for each collision. The 

de-excitation of the target remnants formed in the primary interaction was 

calculated using the Monte-Carlo statistical evaporation code described in 

Section IV-C. 

B. Nuclear Firestreak Model 

The simplest macroscopic model of RHI-collisions is the 
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abrasion-ablation model31. However, the application of this model to 

target fragmentation calculations is hampered by the unrealistic 

expectation that the excitation energy of the fragments is that due to the 

deformati on20 ,32 only. In addition, the simple 11 Cl ean cut 11 geometry must 

be another over-simplification since there is significant momentum transfer 

to most target fragments and there exists some projectile energy dependence 

of the fragment yields. 

Myers introduced a 11 firestreak 11 model27 that retains the collective 

nature of the nuclear interaction and attempted to eliminate the 

unrealistic assumptions of the abrasion-ablation model. We have extended 
(" 

the nuclear firestreak model of MyerS" to include production of. primary 

projectile and target remnants. In our formalism, the colliding nuclei are 

assumed to have diffuse surfaces, generated by folding a short-range 

(Yukawa) function into the conventional sharp-sphere density distribution. 

The nuclear density is. divided among a mesh of tubes and the collision is 

considered to occur in a 11 tube-on-tube 11 sense, that is tubes of nuclear 

matter from the target and proj ecti 1 e undergo collinear .i ne 1 asti c 

collisions. 

Previously Gosset et al .33 have included chemical equilibrium 

considerations in the Myers model for the calculation of the spectra of 

pions, protons and light nuclei produced in RHI-induced reactions. The 

resulting cross sections were generally too 1 arge compared to experimental 

data. We found a similar effect in our calculation of target fragment 

cross sections due to collisions between tubes having a very low density 

(from the diffuse tails of the density distribution). We have attempted to 

address this problem within the model by introducing a natural cutoff to 

the tube-on-tube collisions. The flux of nucleons through a firestreak 
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tube of nuclear matter can be written in a Beer-Lambert sense as: 

I = I e-pa Q. 
0 

(3) 

where I/I 0 is the ratio of emergent to incident intensity, pis the density 

of matter in the tube of length i , and a is an average nucleon-nucleon 

cross section (taken to be 30mb). This quantity can be calculated on a 

tube-by-tube basis and is used to surpress collisions involving low density 

or short (peripheral) tubes (for which I/Io > 1/e). 

If two tubes of sufficient density collide they are assumed to fuse 

and equilibrate their kinetic and thermal energies. If the resulting 

kinetic energy of a fused tube is less than its binding energy in the 

target remnant, the tube is captured (contributing to the remnant•s 

energy, mass, and momenta) or, if the kinetic energy is greater than the 

binding energy, the tube will escape. Additional excitation energy, due to 

the surface deformation of the target remnant, was included. The 

de-excitation step of the reaction was handled in identical fashion to that 

of the INC model. 

C. Statistical De-excitation 

Each of these models require the calculation of the statistical 

de-excitation of the primary fragments before comparing the model 

predictions to data. In the de-excitat.ion cal cul ati on, fragments were 

assumed to decay by particle emission and by fission. So as not to obscure 

any differences in predictions of the models for the primary reaction, an 

identical de-excitation calculation was performed for each. We used a form 

of the OFF computer code of Dostrovsky, et al .34 for this calculation. The 

computation was performed in the following manner: 

(a) De-excitation is assumed to occur by the statistical evaporation 

of neutrons, protons, deuterons, tritons, 3He and alpha particles in 
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competition with fission. 

(b) Fermi-gas level densities with pairing corrections and level 

density parameter of a = A/20 were used. 

(c) The spins of the fragments were low and angular momentum effects 

were ignored. 

A more realistic treatment of fission competition was included in the 

code. In this treatment, the excitation energy dependence of the ratio of 

fission to particle emission widths is taken to rre35: 

= 

where rf and rn are the fission and neutron emission widths, respectively, 

A is the mass number of the nucleus, E* is the excitation energy, Bn is the 

neutron binding energy, Ef is the fission barrier height, and K0 is the' 

fami 1 i ar projection of the nuclear angular momentum upon the nuclear 

symmetry axis. 

The ratio of the level of density parameter at the fission saddle 

point, af, to that at the equilibrium deformation, an, was assumed to 

slowly vary as a function of excitation energy above the barrier according 

to the relation: 

(5) 

The fission barrier heights were chosen using the approximate formulae 

from Cohen and Swiatecki36: 

Ef = 0.38 (0.75 - X) Eso for 1/3 <X ~2/3 ( 6) 

,., 

' 
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Ef = 0.83 (1.0 - X)3 Eso for 2/3 <X < 1 

for which the fissionability parameter, X, is given by: 

X = 2 
(50.88 A(l-i.7826 [ (AA2Z) ]) 

and the spherical surface energy is taken to be: 

The variation of the width of the fission mass distribution as a 

function of the mass, charge, and excitation e~ergy of the fissioning 

system was taken from the liquid drop model of Nix37. 

(7) 

(8) 

(9) 

Several thousand de-excitation chains were followed for each model 

calculation. In general, 10 de-excitations were performed for each primary 

INC and for each mb of firestreak cross section. The results of these 

simulations are compared to the data in Section IV-D. 

D. Comparisons of Predictions with Data 

The mass yield distributions predicted by the intra-nuclear cascade 

(INC) and the nuclear firestreak models after de-excitation of the primary 

fragments are presented in fig. 11 and 12 together with the experimental 

results previously described. Both models reproduce the experimental yield 

curves reasonably well. Note that the magnitude and the shapes of the 

cross sections are correct. For the 1.0 GeV 12c experiment the 

calculations-follow the shape and approximate size of the fission mass 

distribution but underestimate the heavy fragment yields at mass numbers 
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175 to 225. However, it should be kept in mind that the predicted yields 

·of those nuclei that survive fission in this region are quite sensitive to 

the choice of the af/an ratio. A decrease in this ratio could increase the 

heavy fragment yields significantly.12 When the projectile energy is 

increased to 3.0 GeV, both models predict an increased yield of the heavy 

fragments, so that the predicted values approach the experimental values. 

Further increases in projectile energy have little effect upon the 

theoretical yields of these heavy fragments (due to .fission competition), 

but do result in excess yields of fragments with mass numbers between 50 

and 80. Neither model predicts the appearance of fragments with mass 

numbers less than 50, which is so apparent in the experimental data. This 

failure may be attributed to the lack of an appropriate production model 

for these fragments. 

Two differences between the results from the nuclear firestreak and 

INC model predictions can be noted. The nuclear firestreak calculation 

generally predicts somewhat larger yiel~s for those mass numbers at and 

below the fission peak. This is due to the larger excitation energies that 

are deposited during the first step of the reaction in the former model , 

which result in larger numbers of particles being emitted in the 

de-excitation step, leading to a low mass tail to the fission distribution. 

The other difference between the two models is the apparent 1 ack of 1 arge 

near-target yields predicted by the firestreak model at most projectile 

energies. This is simply an artifact of the de-excitation calculation in 

which each primary fragment was assumed to have a single average excitation 

energy rather than a distribution of excitation energies. (Thus there were 

no "lower-than-average" excitation energies used in the calculation and no 

near-target fragments were formed). A correction caul d be made for this by 
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the use of a discrete distribution of excitation energies for the 

near-target primary fragments. 

It is interesting to know why two models as conceptually dissimilar as 

the intra-nuclear cascade and nuclear firestreak models should give such 

similar results. This can be interpreted as being due to the following 

factors. First, it is the de-excitation process which takes place in the 

common second step of the reaction that is responsible for the general 

shape of the mass yield distribution. As long as the excitation energies 

deposited in the first step are comparable, the resulting shapes of the 

yield distributions will be quite similar. Second, many of the features of 

RHI-induced reactions are simply dependent upon the geometry of the 

collision, which is treated nearly identically in both models. Finally, 

the mean free path of a cascade nucleon in a nucleus is short enough at 

these energies so that its interaction is quite inelastic, giving results 

which approach those obtained as a consequence of the assumption of a 

completely inelastic interaction, which is inherent in the nuclear 

firestreak model. 

While the intra~nuclear cascade and nuclear firestreak model results 

reproduce much of the character of the experimental data for these 

reactions, neither model accurately satisfies the hypothesis of limiting 

fragmentation. This is a consequence of the fact that both models predict 

that the excitation energies of the fragment precursors continue to 

increase throughout the measured projectile energy range. Yet these models 

do demonstrate the validity of the concepts of factorization and a 

dependence upon the total kinetic energy for the results of the reactions. 
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V. Conclusions 

Several conclusions about the RHI-induced fragmentation of 238u can be 

drawn from this study. The light fragments (A< 60) yields increase 

rapidly with increasing projectile. energy until rv5 to 8 GeV with only 

smaller increases in yield with increasing projectile energy beyond this. 

This is consistent with the origin of these fragments in a high deposition 

energy process. 

The yields of n-rich fragments (80 ~ A~ 145) are energy independent 

from 1-20 GeV consistent with their origin in low energy fission of a 

uranium-like species. The n-deficient fragments (80 ~A~ 145) have 

excitation functions consistent with their origin in either a deep 

spallation or high energy fission process. (At a 12c projectile energy of .c 

1.0 GeV, the n-deficient fragments appear to originate primarily from a 

fission rather than a spallation process). The characteristics of both 

classes of these fragments with80~ A~ 145 are similar to those fragments ~ '.: 

produced in the high energy proton induced fragmentation of 238u. 

The excitation functions of the heavy fragments with 160 ~A~ 200 are 

similar to those of the light fragments. No large yields of these 

fragments were observed for any system studied contrary to a previous 

reportS. 

Both the intranuclear cascade model and the nuclear firestreak model 

staisfactorily predict the observed yields of fragments with A > 80. This 

success can be taken to indicate that the general pattern of yields of 

these fragments is governed by the excitation energy deposited in the 

nucleus during the first step of the reaction and the geometry of the 

collision. 
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TABLE I .. 
) 

Irradiation Conditions 

Total Total Irrad. Target 
Beam Ion· Kinetic flux period thickness Catcher 

energ.l: earticles (min) (mg/cm 2
) materia 1 · + 

12c4+ 1.0 GeV 4.34 1015 120. 46.8 Aluminum 

12c6+ 3.0 GeV 8. 38 1013 1605. 37.4,46.0 Mylar 

12c6+ 4.8 GeV 6.23 1013 821.5 56.1 Mylar 

12c6+ 12 GeV 9.13 1012 750. 37.1,44.8 Mylar 

20Ne10+ 8.0 GeV 3. 76 1013 1074. 33.5 Mylar 

20Ne10+ 20 GeV· '1.09 1013 859. 25.3,63.7 Mylar 



... 

TABLE II 
Formation cross sections (mb) of nuclides formed by the reaction of 86-1000 MeV/A 12c and 

400-1000 MeV/A 20Ne 

Nuclide 
24Na 

28Mg 

42K 

43K 
44m5c 

44gsc 

46sc (I} 

47ca 

48sc( I) 
48v 

52Mn 

56Mn 

59 Fe 

65zn 
71As 
72zn 
72 Ga 
73Ga 

73Se 

74As(l) 
l5se 

76As (I) 
77

13r 
81Rb 
e:>Br 
82mRb 
83Rb 

Independent yields are indicated by (1), others are cumulative 
12c e-ner-gy{MeV/A)- ---~--- -- -- - 70Ne energy (f.leV/A) 

86 250 400 1000 400 1000 

14 ± 1 

5.0 ± 0.2 

4.6 ± 0.8 

o.19 ± o.o9 1.0 ± o~l 

1.7 ± 0.7 

1.3 ± 0.2 

0.86 ± 0.09 

1.3 ± 0.2 

4.6 ± 0.5 

2;2 ± 0.3 

3.4 ± 0.1 

0.17 ± 0.02 0.84 ± 0.05 

0.51 ± 0.06 

35 ± 3 

10.2 ± 0.6 

10 ± 2 
4.6 ± 1.2 

2.3 ± 0.3 

3.2 ± 1.3 

8.7 ± 1.1 

3.4 ± 0.3 

5.8 ± 0.4 

1.8 ± 0.2 

1.0 ± 0.2 

13 ± 4 13 ± 4 

4.4 ± 0.3 

1.2 ± 0.3 

6.8 ± 0.3' 10.5 ± 0.8 

55 ± 4 
17.0 ± 0.9 

3.6 ± 0.4 

12.3 ± 1.5 

2.9 ±._0.6 

6.5 ± 0.5 

3.2 ± 0.3 

1.4±0.7 

8.9 ± 3 .. 0 

11,3 ± 1.2 

1.6 ± 0.2 2.7 ± 0.5 4.5 ± 0.8 
2.9 ± 0.5 4.0 ± 0.4 

7.2 ± 0.6 

4.3 ± 0.8 

1.4 ± 0.2 

4.8 ± 0.5. 7.3 ± 0.5 

5.1 ± 0.8 

8.6 ± 1.0 

7.0 ± 2.3 

2.0 ± 0.3 

7.1 ± 1.1 

4.5 ± 1.1 

7.5 ± 1.1 

4.9 ± 1.1 

2.4 ± 0.6 

9.1 ± 1.0 
2.9 ± 0.2 

2.7 ± 1.0 

8.4 ± 1.2 

8.1 ± 0.6 

5.9 ± 0.4 

9.3 ± 0.8 
13.4 ± 2.9 

7.2 ± 1.0 11.1 ± 2.7 

6.4 ± 1.5 4.5 ± 0.8 

4.5 ± 2.1 
10.1 ± 0.4 9.4 ± 0./ 

5.3 ± 0.7 7.5 ± 0.9 
12.9 ± 0.6 12.5 ± 1.4 

6.7 ± 1.2 

6.9 ± 1.0 
8.5 ± 0.9 

5.9 ± 2.0 
16.4 ± 1.5 

49 ± 3 
I 

15.5 ± 0.7 

13 ± 2 

6.2±1.1 

3.2 ± 0.4 

14.4 ± 0.9 

3.4 ± 0.6 

7.3 ± 0.5 

3.0 ± 0.2 

1.6 ± 0.2 

11 ± 3 

11.0 ± 0.8 

11 ± 2 

10 ± 2 

2.6 ± 0.3 

11.9±0.8 

70 ± 3 

20.5 ± 0.6 

20 ± 1 

9.2 ± 1.3 

4.8 ± 0.4 

4.1 ± 1.3 

16 ± 2 

8.2 ± 0.4 

3.9 ± 0.3 

2.1 ± 0.3 

16 ± 3 

12 ± 2 

5.3 ± 0.4 
7.0 ± 1.0 

11.2 ± 1.2 

9.3 ± 1.5 

11.6 ± 0.9 

9.9 ± 2.6 

13.8 ± 1.3 13.7 ± 2.3 

6.1 ± 0.6 
11.4±0.7 

6.6 ± 0.9 
20 ± ? 

8.2 ± 1.5 
6.6 ± 1.9 

10.4 ± 0.6 

9.2 ± 1.0 
25 ± 3 

I 

"" U'l 
I 



84Rb(I) 12 ± 1 19 ± 2 23 ± 3 30 ± 4 16 ± 3 28 ± 4 
. 86zr 0.6 ± 0.2 0.8 ± 0.3 
86my 3.5 ± 0.8 4.8±1.5 
87my 12.0 ± 0.6 16.1 ± 0.5 18 ± 2 19 ± 2 .25 ± 3 

87y 7.6 ± 1.2 19 ± .1 17 ± 4 
87Kr 15 ± 2 14 ± 7 
88Kr 9.7 ± 0.8 16.9 ± 2.3 12 ± 3 15 ± 3 17 ± 2 
88zr 4.0 ± 0.4 6.7 ± 0.4 9.1 ± 1.5 10.3 ± 1.1 11 ± 1 14 ± 2 
89zr 5.7 ± 0.6 9.3 ± 0.5 12.9 ± 1.1 13.8 ± 1.3 14 ± 1 16 ± 1 
90my 13.4 ± 1.1 14.4 ± 1.8 13.9 ± 2.1 16 ± 2 16 ± 2 
90Nb 3.4 ± 0.6 6.8 ± 0.9 6.3 ± 1.2 7.7 ± 1.0 8.4 ± 0.7 
91Sr 30 ± 2 31 ± 3 29 ± 3 39 ± 3 40 ± 2 
92Sr 26 ± 2 28 ± 3 27 ± 4 34 ± 3 34 ± 4 
93mMo 3.1 ± 0.3 3.9 ± 0.4 3.8 ± 0.5 4.6 ± 0.4 5.9 ± 0.5 
93Tc 1.9 ± 0.4 3.5 ± 1.1 4.2 ± 1.5 
94Tc 

I 

1.7±0.3 3.0 ± 0.5 2.6 ± 0.5 2.7 ± 0.6 5.0 ± 0.5 N 
en 
I 

95zr 35 ± 2 42 ± 2 46 ± 4 41 ± 3 . 60 ± 4 50 ± 3 
95Tc 5.3 ± 0.5 6.6 ± 0.6 6.8 ± 0.9 7.6 ± 0.7 9.5 ± 0.6 
96Nb( I) 12 ± 2 14.2 ± 0.4 12.1 ± 0.7 11.2 ± 0.6 17 ± 1 14.9 ± 0.7 
96Tc( I) 3.9 ± 0.4 5.8 ± 0.4 6.4 ± 0.6 6.5 ± 0.8 7.9 ± 0.8 7.5 ± 0.6 
97zr 32 ± 2 40 ± 3 31 ± 4 46 ± 4 44 ± 4 
97Ru 1.7 ± 0.5 4.0 ± 0.3 6.1 ± 1.0 7.1 ± 0.8 8.6 ± 1.0 
99Mo 34 ± 2 46 ± 2 34 ± 4 50 ± 4 59 ± 4 56 ± 3 
99mRh 1.8 ± 0.4 3.5 ± 0.7 1.6 ± 0.7 
100Rh 4.8 ± 0.7 4.3 ± 0.3 4.7 ± 0.4 4.6 ± 1.6 6.3 ± 0.6 7.6 ± 0.6 
101mRh 4.3 ± 0.6 5.9 ± 0.5 8.8 ± 0.8 9.4 ± 0.9 7.5 ± 1.0 11.1 ± 0.8 
103Ru 57 ± 4 66 ± 3 60 ± 5 67 ± 6 81 ± 4 82 ± 7 
105Rh 52 ± 8 53 ± 5 58 ± 6 73 ± 10 75 ± 5 
105Ru 48 ± 2 42 ± 3 42 ± 2 57 ± 4 57 ± 3 
106Rh(I) 13.4 ± 1.9 15.7 ± 3.5 

,. ~ 



106mAg( I) 

. ·uomAg( I) 
110m1n 

lllmcd 

111 In 

112Pd 

l14mln(l) 
115Cd 
117mcd 
117m5n · 
118m5b 

119mTe 

120Sb(l) 
1201 

121Te 
1211 

121mTe 

122Sb(l) 
1231 

123mTe 

124Sb(l). 

1241(1) 
125sn 

126Sb 

1261(1) 
127Sb 
127 Xe 
127c5 

128Sb 

128Ba 
129sb 

129r, 
1 .• ' 

4.2 ± 0.2 
10.6 ± 0.5 

5.0 ± 0.7 

9.1 ± 0.8 

10.i" ± 1.1 

4.6 ± 0.3 

7.3 ± 0.13 

6.9 ± 0.8 

9.7 ± 1.1 

5.7 ± 1.3 

9.5 ± 0.6 
7.5 ± 0.9 
5.1 ± 0.6 

6.4 ± 0.4 

7.9 ± 0.9 
9.5 ± 0.8 

15 ± 1 

2.3 ± 0.6 

4.8 ± 0.2 
9.3 ± 0.6 

9.0 ± 1.8 
8.2 ± 0.5 

46 ± 3 

26 ± 2 

41 ± 3 
10.5 ± 0.8 
6.2 ± 0.3 
4.8 ± 0.3 

6.5 ± 0.6 
5.0 ± 0.3 
9.6 ± 0.6 

10.4 ± 2.4 

11.1 ± 0.7 
11.5 ± 1.8 

10.5 ± 0.5 

6.8 ± 0.4 
6.3 ± 0.5 

6.5 ± 0.2 

6.7 ± 0.5 
12.2 ± 0.5 

13.8 ± 0.7 

3.9 ± 0.5 

4.3 ± 0.5 
6.2 ± 0.9 

4.4 ± 0.4 

8.4 ± 2.6 11 ± 5 

4.5 ± 1.0 

7.0 ± 2.1 
9.7 ± 0.9 10.1 ± 0.7 

53 ± 4 

18 ± 2 

43 ± 8 
9.0 ± 0.6 
6.0 ± 0.4 
5.3 ± 0.6 

64 ± 6 

21 ± 2 

31 ± 10 

9.4 ± 0.8 
4.5 ± 0.5 

4.0 ± 2.2 
8.6 ± 1.0 12 ± 1 
9.1 ± 1.3 13 ± 2 

6.6 ± 0.8 9.4 ± 0.9 
13.5 ± 2.4 15 ± 3 

9.5 ± 1.0 8.6 ± 1.0 

4.9 ± 0.6 5.0 ± 0.7 
7.5 ± 1.5 

5.7 ± 0.6 4.5 ± 0.4 

10.2 ± 1.5 
11.7 ± 0.9 11.7 ± 1.0 

13.1 ± 2.7 
13 ± 1 15 ± 2 

4.6 ± 0.4 3.2 ± 0.6 

4.4 ± 1.2 4.7 ± 0.5 
6.8 ± 1.4 

18.1! 0.9 15.3 ! 1.6 1 () ! 2 

5.4 ± 0.4 
12.9±1.4 

6.4 ± 0.9 

12 ± 2 
81 ± 12 

6.4 ± 2.3 

6.3 ± 0.4 

7.1 ± 1.7 

12 ± 2 

13 ± 2 

11 ± 2 

21 ± 5 

13.4 ± 0.9 
7.0 ± 0.6 
9.0:!: 2.1 

.8.4 ± 0.5 

7.5 ± 0.5 
15.4±1.3 

17.3 ± 1.4 

4.1 ± 1.4 

6.4 ± 1.6 

5.6 ± 1.2 
21 :1. 3 

"'- ·:.:-

7.6 ± 1.3 

10 ± 4 

12.9 ± 0.6 
83 ± 7 

27 ± 4 

6.3 ± 0.6 
6.0 l 0.5 

8.0 ± 0.8 

12.8 ± 0.9 

10 ± 1 
20 ± 2 

11.1 ±0.8 

6.4 ± 0.6 

7.3 ± 0.4 

16.1 ± 0.8 

1.9 ± 2 

7.2 ± 1.9 

10.8±1.3 
n; 2 

I 
N 
-..j 



1301 {I) 6.6 ± 0.3 6.9 ± 0.5 3.5 ± 0.4 6.3 ± 0.5 9.6 ± 0.7 
1311 17:7 ± 1.4 21 ± 1 23 ± 3 21 ± 2 27 ± 2 29 ± 2 
131Ba 16.8 ± 1.1 19.6 ± 1.1 18 ± 2 21 ± 3 ' 20 ± 1 19 ± 1 
132ce ·3.9 ± 0.9 5.1 ± 1.3 6.3 ± 1.5 3.9 ± 1.5 8 ± 3 
1331 .. 

16.9 ± 0.9 14 ± 1 17 ± 2 16 ± 3. 28 ± 1 
133Ce 4.0 ± 0.7 4.2 ± 0.4 4.0 ± 0.9 5 ± 1 8 ± 1 
134cs (I) 3.4 ±0.4 
1351 13.5 ± 0.8 16 ± 1 15 ± 2 16 ± 1 22 ± 1 
135Ce 6.7 ± 0.8 8.6 ± 2.4 9.1 ± 0.9 8.3 ± 1.1 9.5 ± 1.4 
136Cs (I) 4.7 ± 0.3 5.5 ± 0.2 5.2 ± 0.4 4.0 ± 0.6 6.6 ± 0.5 5.6 ± 0.6 
138mPr 2.9 ± 0.3 3.5 ± 1.0 3.3 ± 1.1 3.3 ± 0.7 4.9 ± 1.5 
13913a 23 ± 6 
139Ce 9.2 ± 0.9 
140Ba 9.6 ± 0.8 13.3 ± 0.8 15.2 ± 0.9 20 ± 2 21 ± 3 
142La 14 ± 6 
143Ce 9.2 ± 1.2 11.8 ± 0.8 11.6 ± 1.7 11.2 ± 2.1 14 ± 2 18 ± 1 I 

N 

145Eu co 2.3 ± 0.2 8.2 ± 0.4 9.5 ± 0.7 9.3 ± 0.8 10.2 ± 0.7 11 ± 1 I 

147Eu 3.8 ± 0.5 10.2 ± 0.8 8.8 ± 3.4 15 ± 2 20 ± 9 
147Gd 7.1 ± 0.5 7.8 ± 0.8 11.2 ± 1.9 8.5 ± 0.6 17 ± 2 
148Eu (I) 1.3 ± 0.2 
149Gd 2.3 ± 0.4 8.2 ± 0.6 7.5 ± 1.1 9.4 ± 0.9 9.3 ± 0.8 
151Tb 14.5 ± 1.6 12.1 ± 1.6 8 ± 3 23 ± 2 
155Dy 4.4 ± 0.8 6.5 ± 2.7 9 ± 2 
157Dy 8.1±0.8 8.3 ± 1.0 9.0 ± 0.9 10.2 ± 1.1 12 ± 2 
161Er 9.8 ± 1.2 14 ± 5 17 ± 2 
166Yb 2.2 ± 0.4 9.1 ± 0.6 9.0 ± 0.9 9 ± 2 14 ± 3 
169Yb 2.2 ± 0.9 10.6 ± 0.6 10.3 ± 0.8 
171 1.5 ± 0.2 6.1 ± 0.5 7.4 ± 0.9 11 ± 2 Lu 8 ± 2 10 ± 2 
173Hf 8.1 ± 0.7 8.6 ± 1.1 16 ± 2 8.6 ± 0.7 9.0 ± 0.9 
175Hf 2.2 ± 0.7 

,. 4• 



' 

182Re 5.1 ± 1.8 4.2 ± 1.1 15 ± 5 23 ± 3 
183m05 3.6 ± 0.4 4.4 ± 0.5 4.4 ± 1.0 4.4 ± 0.5 5.7 ± 1.4 
1841r 4.6 ± 1.2 4.8 ± 2.4 
192Au 10.2 ± 1.3 15 ± 2 
192Hg 3.8 ± 0.6 4.9 ± 0.8 4.2 ± 0.7 4.0 ± 0.5 6.1 ± 1.9 
201Pb 2.7 ± 0.3 3.4 ± 0.6 4.2 ± 0.6 4.1 ± 0.4 6.2 ± 0.6 
202Bi 3.9 ± 0.6 7.3 ± 1.5 5.0 ± 1.1 \6,9±1.1 8.7 ± 2.3 
203Pb 0.9 ± 0.4 3.6 ± 0.4 4.6 ± 0.5 6.2 ± 0.9 
203Bi 3.0 ± 1.3 1.8 ± 0.5 2.8 ± 0.9 
204Bi 4.8 ± 0.3 6.1 ± 0.7 5.5 ± 0.6 5.8 ± 0.6 9.2 ± 0.9 
205Bi 2.4 ± 0.2 6.8 ± 0.4 8.5 ± 0.8 8.1 ± 0.9 14 ± 2 
206Po 1.9 ± 0.2 4.7 ± 0.3 5.5 ± 0.8 5.2 ± 0.6 6.8 ± 0.7 8.4 ± 0.8 
207p

0 3.7 ± 0.6 5.2 ± 0.9 8.6 ± 1.4 
209At 3.2 ± 0.3 3.6 ± 0.3 3. 3 ± 0. 7 5.4 ± 0.4 5.1 ± 0.5 
210At 2.3 ± 0.1 3.3 ± 0.3 2.5 ± 0.3 3.3 ± 0.3 4.6 ± 0.6 I 

t-.1 

230Pa 1.0 1.2 ± 0.1 2.6 ± 0.2 3.1 ± 0.8 I 

232Pa (I) 2.6 ± 0.9 8.3 ± 0.6 9.5 ± 1.1 9.4 ± 1.8 12 ± 1 9.6 ± 1.0 233 6.7 ± 0.6 15 ± 1 18 ± 2 17 ± 2 20 ± 2 23 ± 2 Pa 
234Pa 18 ± 1 17 ± 2 21 ± 2 23 ± 3 
237u 97 ± 8 129 ± 7 146 ± 9 170 ± 19 234 ± 37 
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TABLE III 

Charge Dispersion Parameters 

Fragment Mass 
Number Range 

zmp cz (and type) Reaction* 

24 - 28 (a 11) .405 A + 1.25 0.4 b,c,d,f,g 

42 - 59 _(a 11 ) .405 A + 2.0 0.6 a 
.405 A + 2.0 0.8 b 
.405 A + 2.25 0.8 d,d,f 
.405 A + 2.25 0.9 g 

65 - 77 (all .405 A + 2.-25 0.9 a 
.405 A + 2.5 1.0 b 
.405 A + 2.5 1.1' c,d,f,g 

81 - 93 (n-def) .405 A + 3.25 0.8 a,b,c,d,f,g 

82 - 92 (n-exec.) .405 A + 1.5 0.8 b,c,d,f,g 

93-106 (n-def.) .405 A + 3.5 0.8 a 
.405 A+ 3.75 0.9 b,c,d,f,g · 

95-110 ( n-exec.) .405 A + 1. 25 0.8 a,b,c,d,f,g 

110 124 (n-def.) .405 A + 3.0 0.9 a 
.405 A + 3.5 0.9 b,c,d,f,g 

112 - 128 (n-exec.) .405 A+ .75 1.0 a,b,c,d,f,g 

127 - 139 (n-def.) .405 A+ 2.75 0.9 a 
.405 A + 3.0 0.9 b,c,d,f,g 

130 - 143 (n-exec.) .405 A - 0.5 0.9 a 
.405 A - 1.0 0.9 b,c,d,f,g 

145 - 161 (a 11) -.00026 ~ + .45 A+ 2.75 0.8 a 
-.00026 A + .45 A + 3.0 0.8 b,c,d,f,g 

166 - 175 (a 11) -.00026 A2 + .45 A + 2.25 0.8 a,b,c,d,f,g 

-.00026 A2 + 
... 

184 - 192 (a 11) .45 A+ 2.75 0.7 b,c,d,f,g 

201 - 210 (a 11 ) -.00026 A2 + .45 A+ 2.75 0.7 a,b,c,d,f,g 

230 - 237 (a 11) -.00026 A2 + .45 A + 0.25 0.6 a,b,c,d,f,g 

* a, ' 12 b, c, d = 1.0, 3.0, 4.8 and 12 GeV C 
f,g, = 8.0 and 20 GeV 20 Ne 
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Figure Captions 

l. Independent yield nuclidic formation cross sections for the 

interaction of 12c (solid points) and 20Ne (open 

points) with 238u as a function of projectile energy. 

The 48sc cross section at 18.5 GeV is from ref. 4. 

The 20Ne data have been sealed (see text) to the 12c 

data. 

2. The independent yield distributions from the reaction of 1.0 

GeV 12c with 238u. The plotted points are the 

experimental values and the solid lines are the fitted Gaussian 

charge distributions. 

3. The independent yield distributions from the reaction of 3.0 GeV 

12c with 238u. 

4. The independent yield distributions from the reaction of 4.8 GeV 

12c with 238u. 

5. The independent yield distributions from the reaction of 12 GeV 

12c with 238u. 

6. The independent yield distributions from the reaction of 8.0 Gev 

20Ne with 238u. 

7. The independent yield distributions from the reaction of 20 GeV 

20Ne with 238u. 

8. The mass yield distributions for the reaction of 1.0, 3.0, 4.8 

and 12 GeV 12c with 238u. The plotted points are 

the total (isobaric) yields. The solid lines are to guide the 

eye. 

9. The mass yield distributions for the reaction of 8.0 and 20 

GeV 20Ne with 238u. 
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10 •. A. A comparison of the mass yield curves for 12c induced 

reactions. The solid, dotted, dashed, and dash-dotted curves 

represent total projectile kinetic energies of 1.0,. 3.0, 4.8 

and 12 GeV, respectively. 

B. A comparison of the mass yield curves for 20Ne induced 

reactions. The dotted and dashed curves represent total projec­

tile kinetic energies of 8.0 and 20 GeV, re$pectively. 

11. The mass yield distributions predicted by the two theoretical 

models are compared with the experimental results' from 12c 

induced reactions with 238u. The solid lines are the 

experimental curves, while the solid and dashed histograms cor­

respond to the intra-nuclear cascade, and nuclear firestreak 

model calculations. 

12. The mass yield distributions predicted by the two theoretical 

models are compared with the experimental results from 20Ne 

induced reactions with 238u. 



,..... 
.Q 

8 

4 

10 

4 

16 

8 

E .__. 8 
b 

4 

12 

8 

4 

1-

1-

e 

e 

... 

e 

... 

1-

-
e 

~ 

.. 
e 

0 

I 

e 
e 

e 

I 

e § ... 
... e 

I . I 

0 
e e 

... ... 0 

I I 

I 

e f e 

--

I 
T 

? 
e 

e 

I 

8 

-33-

' ' --. ' ' 
eo . 

e 
4Ssc -

. • I . 
' 122sb eo 

0 

I 0 

88zr •o. 
I I I 

T I I T 

0 
96Nb eo-

e 
. 

0 . t36cs •o ... ·r:: 

I I 

• I 

i 
T 

171Lu . 

I I I 

T T T T T 

e ~ . 
232p

0 . 

I I I . I 

16 24 

Eproj (GeV) 

Fig. 1 



-34-

• L('). 
C"') 
C"') .,. - f 

I 
-=t" 

N <:T 
00 

N• 
. _. 

co 
>< 

• 0 I 

-N 
I 

lj' 

• 
~ 

,.. I 

~ ~ 2 
• 

~ ~ 

\Ill 
~ 

N 

e--1 • N ~ 
01 ·-~ 
-N 
I 

N 
I 

~ 
I 

• 
i"2 ~ 

I 

~ ~ ~ -g -g -g 
• 

~ &:! i 
~ 

.VII VII 
~ < N 

• N 
01 

-N 
I 

N 
I 

"' I 

• I 
-g TS! ~ -g "!:! ~ "!:! ~ 

(qtu) pya! A 1uapuadapu1 



-35-

• IJ:) 

0 a ("') - .("') 
N 

" ....... 
w· ..,, I 

'+· ~ ~ o::T 
N o::T 

co -N• 
....J 
co 
X or 

.N 
I 

I)' 

'? 
• 

~ 
I 

~ ~ ~ 
• 

~ 

~ ~ .., - - " 
Vll Vll w 

41:. ~ 
4( 

N 
Vll VII 

~ 
II') 

~ • N M 

or be ·--N ~ 
I 

N 
I 

" I .. 
~ 

I 

~ ~ ~ ~ ~ ~ ~ .. 
~ ~ " VII 
4( N 
V11 
C\1 .., 

• • N 
or 
-N 
I 

N 
I 

" .. I .. 
I 

~ ~ ~ ~ ~ ~ ~ ~ 

(qw) Pia! A )UapuadapuJ 



-36-



-37-



-38-

• ("') 
Q 

~. 
o:::t" -N ("') 

\Ill "' .-4 
\Ill I < < o:::t" • 
\Ill 

N o:::t" 

~ 
00 

• -J 
N cc 

X or 
_N 
I 

N 
I 

"' I 

• I 
'!: ·~ '!: 

• 
M 

~ ~ 
:!: - "' \Ill \Ill \Ill 

< < < 
N 

\Ill \Ill 

~ ~ - • N 
o, 

-N 
c.c 

I ,!:,D 
N 
I 

~ 

"' I 

• 
,.5! 

. I 

~ '!: ~ '!: ~ ~ '!: 
• 

~ ~ 
Sl 

"' \Ill \Ill 

< < 
\Ill N 

S5 
• N 

o, 

-N 
I 

N 
I 

"' I 

• . I 

~ '!: ~ '!: ~ ~ ~ ~ 

(qw) pya~ A 1uapuadapur 



Q -N 
\Ill 

< 

·~ Ts ~ 

~ 
~ • -VII \Ill 

< < 
\Ill 

~ 

~ ~ ~ 

~ ~ 
\Ill 

< 
\Ill 
N • 

~ 

-39-

N 

~· 
o I 

-~ I 

• I 

~ 
\Ill 

< 
\Ill 

~ -

Sl 

~ 

1::1 -

~ ~ 

~ -\/It 
< 
\/It 

s 

• 

"' 
N 

• 
~ 

0 I 

-~ I 

N 
I 

"' I 

• I 

~ 
• 

" 
N 

• ~ 

0 I 

-~ I 

N 
I 

" I 

• I 
~ ~ 

N 
~ 
M -I 
~ 
~ 
co 
...J 
co 
X 

t-

bD 
~ 

''.:0''' ,'t)· 



10
2 ·1.0 GeV 12C 4.8 GeV 

12
C 

to• 
15' g 
"'d 
(i) 10° ...... ;==~==_.L____t_____l_j 
~ 
C,) 

"£: Hf 
ro 
r§ 
rn -

to• 

0 

10 0 40 80 120 160 200 240 0 40 80 120 160 200 240 

Product mass number A Product mass number A 

XBL 844-1333 

Fig. 8 

.. 
( 

I 
~ 
0 
I 



i• 

.. 

.... 

-41-

trf 

ld 

td 

1 cf o'---_4..._0 --'ao--1.-.20--1 .... 60--2o.._o _ __,24o 

Product mass number .A 

Fig. 9 



ld 

-42-

f' 
\\ .~ .. 

.....__/, . 
........ · . . 

~~ 20N + 238u . ·~ e 
If ' . If '\ . 

! . 
\ f. \ 
... , /.: \ ·.... .., 

·~.~ .I 
···=--- -- --· .· ... .· ...... 

lif o~--.·o---s~o---1~2-0--~16~0--~2o~o--~240 
Product mass number A 

Fig. 10 

It 



,. 

Hf 

to• 
z s 
~ 
~ 

-~ 10°'---~ ~L---~·--_11 -
.....__1,_! _fr~ 

(.) ' ' 

-~ Hf 
ro 
~ 
00 ........ 

td 

Hf o 40 80 120 160 200 240 o 
Product mass number A 

I 

Fig~ 11 

'" 

12 Gev 12C 

40 80 120 160 200 . 240 

Product mass number A 

XBL 844-1339 

I 

""" w 
I 



-44-

20 GeV 20Ne 

td 

lif0----4~0---8~0---1~20~-1-60~-2~0~0~~ 
Product mass number A 

Fig. 12 



This report was done with support from the 
Department of Energy. Any conclusions or opinions 
expressed in this report represent solely those of the 
author(s) and not necessarily those of The Regents of 
the University of California, the Lawrence Berkeley 
Laboratory or the Department of Energy. 

Reference to a company or product name does 
not imply approval or recommendation of the 
product by the University of California or the U.S. 
Department of Energy to the exclusion of others that 
may be suitable. 



~ .......... ~ 

. . 
TECHNICAL INFORMATION DEPARTMENT 

LAWRENCE BERKELEY LAB ORA TORY 

UNIVERSITY OF CALIFORNIA 

BERKELEY, CALIFORNIA 94720 

~ 

·:a-.~...... ..t 




