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ABSTRACT 

Target fragment production from the interactions of 1.0, 3.0, 
4.8, and 12 GeV 1 2 C and S.0, 8-0, 20, and 42 GeV 2 0Ne with uranium has 
been measured using off-line gamma-ray spectroscopic techniques. The 
experimental charge and mass yield distributions are generally 
consistent with the concepts of limiting fragmentation and 
factorization at energies of 3.0 GeV and above. The total projectile 
kinetic energy was found to be the relevant scaling parameter for the 
comparison of reactions induced by projectiles of different sizes. 
Light fragments with mass number less than 60 were found to violate 
limiting fragmentation, and had excitation functions that were 

strongly increasing with projectile energy until 8.0 to 12.0 GeV. 
12 With the 1.0 GeV C beam the pattern of mass yields was quite 

different from that of all the other reactions, with the normal peak 

in the fission mass region (80 < A < 145), but with much lower yields 
below mass number 60 and between mass numbers 145 and 210, indicating 
that these fragments are formed primarily in very energetic reactions 
in which large excitation energies are transferred to and significant 
amounts of mass are removed from the target nucleis. 

Theoretical predictions of the intra-nucleir cascade, nuclear 

fireball, and nuclear firestreak models are compared with the 



experimental results. The fireball model is found to be inferior to 
the other two, due to its failure to deposit large enough excitation 
energies within the fragment precursors. The intra-nuclear cascade 
and nuclear firestreak models are both able to predict the general 
shapes of the experimental distributions, with the exception of the 
yields for the lightest fragments. However, these two models are 
found to be incapable of reproducing the typical target fragment 
recoil velocities, which suggests that some unexpected mechanism must 
exist for the transfer of large excitation energies to the fragment 
precursors without the correspondingly large amounts of recoil 
momenta. 
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I. IHTRODUCTION 

A. Background 

Simultaneous with a series of dramatic advances In accelerator 
technology that occurred during the 1970's, a new chapter In the study 
of the properties of nuclear matter was opened. During a period of 
only a few years, the kinetic energies of the available composite 
projectiles were Increased from a few MeV to a few GeV per nucleon. 
Projectiles that can presently be accelerated to relativistic energies 
include ions as heavy as uranium (1). Protons are now routinely 
accelerated to several hundred GeV. These advances have made possible 
the study of nuclei undergoing reactions throughout four 
characteristic energy ranges: the subsonic, supersonic, mesonic, and 
relativistic domains. These correspond to nuclear collisions in which 
the center of mass energy is such that the projectile is traveling at 
a velocity below the speed of sound in nuclear matter, above this 
speed, above the pion production threshold, and at relativistic 
velocities, respectively. 

Until recently only a fraction of these domains had been explored 
using accelerators, mainly the subsonic area and the light-mass 
projectile part of the others. Some experimenters have used cosmic 
radiation to access the relativistic regime (?), but this method has* 
severe projectile intensity limitations. With the upgrades of the 
Berkeley Jevalac, the CERN SC synchro-cyclotron, and various 
cyclotrons, it has become possible to access a much larger part of 
these energy domains. 

Researchers have placed particular emphasis upon the study of 
relativlstic heavy-ion (RHI) induced reactions (3), in which it was 
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expected that nuclear matter might be compressed to abnormally high 

densities and subjected to extremes of heating (4). Numerous workers 

have speculated upon the possible formation of nuclear shock waves, 

density isomers, and pion condensates (5,6)• While the existence of 

these phenomena have had no clear experimental confirmation, there has 

been substantial recent evidence for the existence of certain 

anomalies in projectile fragmentation data (7)* It has been 

hypothesized that certain projectile fragments (called anomalous) are 

formed in a small percentage of RHI-induced reactions and have 

reaction cross-sections that are much larger than those of normal 

fragments. 

The reactions induced by heavy-ions at high energies have been 

characterized as belonging to one of two broad clascss: peripheral and 

central collisions (8). This classification can be made according to 

the Impact parameter of the collision. Peripheral collisions occur 

when the impact parameter is nearly the sum of the radii of the two 

nuclei. In this case, only the surfaces of the two nuclei are 

believed to interact, and only a few nucleons are removed from •> each 

nucleus during the interaction. The relatively intact fragment 

precursors separate with only modest excitation energies and momenta 

imparted by the reaction. Due to the reaction geometry, this process 

occurs with large probability. 

Central collisions occur when the Impact parameter is near zero, 

which has a much lower associated probability. In this scenario the 

two nuclei overlap nearly completely, and the nature of the reaction 

is expected to be quite different. Since the nucleon-nucleon mean 

free paths are quite short in nuclei (9), most of the nucleons in the 



projectile will suffer multiple collisions while traversing the target 

nucleus. Thus, the two nuclei are expected to undergo a violent 

collision with a large amount of the incident energy being converted 

into internal excitation. the result can be a violent disintegration 

Into a multitude of light fragments and particles. 

The observed fragments formed in these two types of reactions 

have >een classified as belonging to one of three categories (8): 

projectile fragments, traveling at near-beam velocities in a narrow 

cone around zero degrees in the laboratory frame, target fragments, 

with near zero velocities, and intermediate products, such as various 

light fragments and particles, moving at velocities similar to the 

center of mass of the system. The relative amounts of each of these 

products that are formed are dependent upon the impact parameter of 

the collision. 

A variety of experimental techniques have been employed for the 

detection, of various of these reaction products (3). The methods 

employed include the use of emulsion, mica, and plastic track 

detectors, streamer chambers, recoil spectrometers, particle 

telescopes, radiochemical techniques, etc. 

Due to the previous lack of heavy-mass RHI beams, most of the 

work concerning heavy fragment production has been carried out by the 

reaction of heavy targets with light beams. In this work we will 

concentrate upon the production and detection of heavy target 

fragments in the target reference frame, remembering that the results 

are analogous to those observed for projectile fragments observed in 

the projectile rest frame. 
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B. Hypotheses of fragmentation 

In the simplest view, relatlvistic heavy-ion physics may be 

considered to be a development of high energy particle physics to 

include multi-baryon systems. Therefore, it was logical that the 

concepts used In high energy physics be applied to RHI-induced 

interactions. The hypotheses of "limiting fragmentation" and 

"factorization" [of cross-sections] (10,11), which were first invoked 

in the description of single-particle inclusive spectra, may have some 

value for these more complicated reactions. Due to the complex nature 

of the projectile, a question of the relevancy of discussing 

fragmentation in terms of the total incident projectile kinetic energy 

or of the energy per nucleon (a velocity dependence) naturally arises. 

A third hypothesis has been introduced (12), which states that the 

nature of the reaction is determined by the total kinetic energy of 

the projectile. 

1. Limiting Fragmentation 

Earlier studies of target fragmentation at relativistic 

projectile energies have demonstrated that the target fragments formed 

range in mass from that of the target all the way down to light nuclei 

such as Be (13), with recoil kinetic energies varying from near zero 

to fission energies (approximately 1 MeV/u) (14). The hypothesis of 

"limiting fragmentation" states that the distributions of products and 

their energies, in the respective target or projectile rest frame, 

approach limiting forms as the bombarding energy increases. This 

limiting behavior can be qualitatively understood as being due to the 

fact that as the projectile velocity approaches the speed of light, 



the- project i le - target interaction time approaches a constant value. 

Thus, i t may be expected that the fragment production cross-sect ions 

and klnematical properties may become insens i t ive to further Increases 

in the beam energy. 

2. Factorization 

The hypothesis of "factorization" of cross-sect ions i s operative 

in the region where l imiting fragmentation i s va l id , and s tates that 

the yield of a particular target (project i le ) fragment i s independent 

of the bombarding project i le (target) nucleus, except for a geometric 

factor due to the s ize of the bombarding nucleus. For the case of 

target fragmentation, the yield Y for fragment F from target T and 

beam B, may be expressed as (15): 

Y I , B " G T G B C 1 ] 

where G T depends on the target and the fragment formed, and G„ is 

dependent only upon the geometry. The effect of factorization is to 

scale the magnitude of the observed product yields, but not to change 

the shapes of the distributions. The geometry factor may be expressed 

as (16): 

G B " " ro ( A T / 3 + A B / 3 " d> t 2 ] 

where A_ and A_ are the target and projectile mass number, 

respectively, r is the nuclear radius constant, and d is the overlap 

parameter. 

3. Total Kinetic Energy Dependence 

In the energy range below that in which the concept of limiting 
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fragmentation is applicable, fragment yields and spectra will vary 
with the projectile energy* For the comparison of different 
reactions, it is valuable to know whether the physics of the 
Interaction is dependent upon the total kinetic energy of the 
projectile or the energy per nucleon (velocity dependent). With the 
exception ox products with mass number near to that of the target and 
of some fission fragments, most products are formed by reaction of the 
target with a significant number of nucleons from the projectile. If 
the Interaction proceeds mainly by a. collective cascade of nucleons, 
it might be expected that it is the total kinetic energy of the 
projectile that is sensed by the target nucleus. This shall be the 
hypothesis of choice. 

C. Previous Studies of Target Fragmentation 

A substantial amount of experimental data concerning target 
fragmentation induced by relativistic heavy-ions and protons has 
become available in the past few years. dimming, et al. have studied 

nat 4 12 14 40 
the reaction of Cu with p, He, C, N, and Ar at energies 
ranging from 0.18 to 28 GeV per nucleon (13,17,18). The onset of 
limiting fragmentation for the mass yields of all but the lightest 
fragments was observed at approximately 3 GeV total projectile kinetic 
energy. The isobaric charge distributions for these products were 
invariant above 3 GeV, further indicating the validity of this 
hypothesis. At lower energies the mass yield results scaled with the 
total projectile kinetic energy, not the velocity. The shapes of the 
mass yield curves were found to be correlated with the total kinetic 
energy, providing a sort of temperature measurement. 
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Factorization of the fragment y ie lds seemed to hold for 

project i les with similar total energy and for those with energies In 

the range of l imiting fragmentation. The factorization rat ios were 

found to be consistent with factors based upon simple geometry. The 

fai lure of l imit ing fragmentution for the l ightes t fragments was 

attributed to the poss ib i l i ty that these were formed only in the most 

central c o l l i s i o n s , where their formation cross-aections would be 

enhanced by increasing the project i le s ize and energy. 

Recoil momenta measurements of the target fragments, deduced from 

thick-target , thick-catcher experiments by use of the two-step vector 

model, demonstrated that while the inferred excitat ion energies of the 

fragment precursors were constant above approximately 3 GeV beam 

energy, the recoi l momenta were varying strongly with project i le 

energy up to nearly 30 GeV. Also, the s ize of the project i le seemed 

Important, for at the same to ta l project i le kinetic energy the 

fragments produced with heavy-Ions had larger recoi l energies than 

those formed vith protons. 

Pori le , e_t a l have studied the fragmentation of Ag by p and 
12 

C (19) , and confirmed the va l id i ty of the factorization hypothesis 

for the mass yield and charge d is tr ibut ions , again with the exception 

of the l ightes t fragments. The mass distr ibut ions for heavy-ion 

induced reactions were moderately well reproduced using both an 

abrasion-ablation and an intra-nuclear cascade model calculation. 

However, the models fai led to reproduce the proton-induced reaction 

resu l t s . 
181 Heavy-ion and proton-induced reactions with Ta have been 

studied by many groups. Morrlssey, e t a l , reported that the observed 

fragment production croes-sections scaled with the tota l project i le 
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kinetic energy (12) . A signif icant enhancement of l i g h t fragment 

production with heavy-ions, re lat ive to protons, was noted. For the 

f i r s t time i t was observed that a fraction of the heavy residues must 

have been formed in central c o l l i s i o n s . A comparison of the mass 

yield curve with the resul ts of the intra-nuclear cascade and 

abrasion-ablation model calculations indicated that while both models 

reproduced the general shapes of the distr ibut ion, neither could 

predict the y ie lds of the l ightes t fragments. 

Recoil properties of these fragments were measured by Loveland, 

e t a l . (20) . These workers found that while the excitat ion energies 

of the fragment precursors were similar for protons and for heavy-

ions , the recoi l momenta were much larger with heavy-ions. Oertel has 

confirmed that l imiting fragmentation i s observed in the mass yield 

curves and lsotoplc distributions obtained with a variety of 

project i les at energies between 5 and 42 GeV (21), again noting the 

exception of the l i gh t fragments. He also determined factorization to 

be valid for the ratio of tota l reaction cross-sect ions of heavy-ions 

versus protons. 

Kaufman, e_t a^. have examined the interaction of protons and 
197 heavy-ions with Au (22,23) . Their conclusions were similar to 

those obtained with the Ta targets , with l imiting fragmentation being 

observed for the fragment production cross-sect ions , but not for the 

recoi l momenta. These authors also confirmed the total energy 

hypothesis. Aleklett , e_t a l . have measured the cross-sections for the 
209 production of gold in the reaction of heavy-ions with Bi (24) . 

They reported that the observed re lat ive y ie lds of the gold isotopes 

snowed a similar dependence upon their mass number, regardless of the 
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projectile-energy combination, with the conclusion that the Inferred 

excitat ion energies of the primary residues remain approximately 

constant. 

A substantial body of data has been published concerning the 

fragmentation of uranium by r e l a t l v l s t l c protons. Yu has shown that 

the charge distributions for target fragments with mass In the f i ss ion 

maas region conalst of both neutron def ic ient and neutron excessive 

species (25) . The neutron excessive fragment mass distribution peaked 

near mass 110 and was understood to be the result: of low-excitst lon-

energy f i s s ion of a uranium-like nucleus. The neutron deficient 

fragment distribution was rather f l a t and has been attributed to being 

formed by a deep-spallation process. These conclusions have been 

confirmed by coincident part ic le detection measurements made by 

Wilkins, et. a l . (26) and Warwick, e t a l (27) . 

Recoil properties and formation cross-sections for these 

fragments have been reported by Fori le , et a l . (28) , Biswas and Porile 

(29) , and Lagarde-Simonof£ and Simonoff (30) . In general, i t was 

found that the neutron def ic ient fragment spectra and formation cross-

sections vary dif ferently with proton energy than do those of the 

neutron excessive fragments. The lat ter have excitat ion functions 

that decrease with increasing beam energy and have recoi l energy 

spectra that are independent o. the beam energy, while tb/i former have 

increasing excitat ion functions and recoi l energy distributions that 

decrease sharply above 3 GeV proton kinetic energy. This reinforces 

the evidence for the existence of different production mechanisms for 

these two c lasses of fragments. 

Relative production cross-sections for fragments formed In the 
12 238 

interaction of 25 GeV C with 13 have been reported by Loveland, e_t 



10 

a l . (31)• They observed a large enhancement of the heavy-mass y i e lds , 

re la t ive to the proton induced reaction, exceeding that expected due 

to simple factorization. Cole and Porlle have Investigated the 18.5 
12 Gev C induced reaction (32) . Here i t was noted that the l ight 

fragments were enhanced re lat ive to those produced with protons, with 

the very l ightes t fragments being most strongly affected. 

D. Proposed Study 

In th i s study we w i l l examine the variation of target fragment 

y ie lds as a function of project i le energy and size for the reaction of 

Intermediate and re lat iv is t lc -energy heavy-ions with uranium. The 

method of choice w i l l be gamma-ray radio-analytical measurement of the 

target fragment production cross-sect ions . Comparison of these mass 

y ie lds and charge distr ibutions with those obtained from proton-

induced reactions w i l l be used to examine the va l id i ty of the three 

hypotheses of fragmentation. Careful examination of the l ight 

fragment y ie lds should provide insight into the underlying reason for 

their known fai lure to be subject to l imiting fragmentation and 

factorizat ion. Theoretical calculations of the experimental 

observables w i l l be performed to help elucidate the mechanisms of 

fragment formation. 
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II . EXPERIMENTAL 

A. Introduction 

Target fragment y ie lds have tradit ional ly been measured using the 

radio-analytical method, which currently remains in use at several 

laboratories throughout the world. The method i s comprised of the 

irradiation of an elemental f o i l with the chosen beam, following which 

the induced rad io -ac t iv i t i e s are surveyed using a gamma-ra., 

spectrometer. Individual nuclides produced in the interactions are 

identif ied by their characterist ic gamma-ray decay energies and half-

l i v e s . This technique offers the advantage of s e n s i t i v i t y to several 

orders of magnitude In cross-sect ion and has the benefits of providing 

for absolute charge and nass determination. Variations of this 

technique have been employed for the measurement of fragment angular 

distributions and recoi l energy spectra. 

Disadvantages of this type of o f f - l ine measurement include the 

inab i l i ty to measure fragment mul t ip l i c i t i e s and the necessity for the 

reaction products to have ha l f - l i ve s of at l east a few minutes, so 

that their decays may be observed. Unfortunately; i t i s knows frois 

f i s s ion and high-energy studies that many of the products typical ly 

formed in a nuclear reaction have quite short beta-decay ha l f - l ives 

(33) . Thus, I t was expected that the axperimentally observed product 

y ie lds would be an admixture of d irect ly formed products, and those 

that summed up part of their isobarlc beta-decay chain. 

The terms "independent" and "cumulative" y ie lds have been used to 

categorize products that have been formed direct ly , with no feeding by 

radioactive decay of a parent, and those that have b."-n formed by both 

paths, respect ively . As a result of th is admixing of different types 
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of y i e l d s , i t was necessary to correct the group of y ie lds measured 

from each reaction. This was accomplished by f i t t i n g the measured 

y ie lds to charge dispersion curves using an i t erat ive procedure, with 

the- independent y ie lds serving as a guide. From the calculated 

l iotopic and isobaric y i e lds , the pre-beta-decay mass and charge 

distribution* were constructed. 

3. Targetry and Irradiations 

The self-supporting targets used in the bombardments consisted of 
2 natural or depleted uranium of 25 to 120 mg/cm thickness, surrounded 

by mylar or aluminum catcher f o i l s , which contained the recoil ing 

fragments. At the beam energies used in this work, there was 

negl ig ible energy lo s s in target stacks of these thicknesses (34) . 

In most of the experiments targets of more than one thickness were 

irradiated. This was to provide for the poss ib i l i ty cf extrapolating 

the fragment production cross-sections to zero target thickness, 

thereby eliminating any e f fec t s due to secondary-particle-induced 

react ions, which are known to give a s ignif icant contribution to the 

y ie lds at large target thicknesses (13) . Depleted uranium was the 

preferred target , s ince i t has much l e s s background act iv i ty . 

However, the prohibitively high cost of this material prevented i t s 

general use. 

Table I l i s t s the accelerator, beam ion, energy, f lux , and length 

of irradiation together with the target thickness(es) and catcher 

material used in each experiment. All of the irradiat ions , other than 
12 with the 1.0 GeV C beam, were performed at the Bevalac accelerator 

f a c i l i t y located at the Lawrence Berkeley Laboratory. This f a c i l i t y 
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consists of the SuperHILAC linear accelerator Injecting the Bevatron 

synchrotron. A schematic diagram of a typical Bevalac target 

arrangement Is shown in figure 1. The beam ex i t s through a Kapton 

window at the end of the beam pipe, and then passes through a wire 

chamber, an ion chamber, the target assemblies, and a f inal wire 

chamber. These high-energy beams lo s t very l i t t l e energy in any of 

the objects in the beam pat1- and no vacuum chamber was required. 

The wire chambers served the purpose of fac i l i t a t ing the 

focussing and alignment of the beam throughout the target stack. 

Generally, the beam focus was approximately one half inch in diameter, 

and remained unchanged in s ize and posit ion during the irradiations. 

An ion co l lect ion chamber f i l l e d with argon and carbon dioxide (80Z 

Ar, 20% CO., 800 mm pressure) was used to measure the beam flux. 

The CERN SC synchro-cyclotron accelerator, located near Geneva, 
12 was used to provide the 1.0 GeV C beam. At this low energy, the 

irradiations were performed inside a small fast-access vacuum chamber. 

The beam flux measurement was obtained with the use of an aluminum 
24 monitor f o i l . The flux was calculated from the Induced Na act iv i ty 

27 12 24 

by assuming that the cross-section for the reaction Al( C,X) Ha 

was 24.5 milllbamB (35) . Because the flux and dE/dX of the bean were 

so much larger at this energy, i t was necessary to use aluminiai 

catcher f o i l s , instead of mylar, to prevent their thermal destruction. 

C. Gamma-ray Spectroscopy 

1. Measurement Systems 

Following the end of each irradiation, the gamma-ray a c t i v i t i e s 

induced in the target-catcher f o i l assemblies were measured with 
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gamma-ray spectrometers for a period of up to s ix weeks. Each sample 

assembly was mounted on an aluminum counting card, which was r ig id ly 

held in place by a Lucite rack at calibrated distances from the face 

of the gam&s-ray detector. Ten or more sample posit ions were available 

to allow for the adjustment of the detector dead time. All 

measurements were made using Ortec coaxial lithium-drifted and 

intrinsic-germanium diode detectors. 

Each detector was DC coupled to a charge sens i t ive pre-amplifler, 

which was connected to a high-rate l inear amplifier with matching 

signal risetime. The amplifier outputs were AC coupled with analog to 

d ig i ta l converters (ADCs) using active baseline restoration for good 

peak resolution at high counting rates . The ADC outputs were in turn 

connected to pulse height analysis systems, which recorded tfre gamma-

ray spectra on magnetic tape or floppy-disc media. A schematic 

diagram of a spectrometer system i s given in Figure 2. Each system 

was programmed to co l l ec t a 4096 channel spectrum covering the energy 

rang of about 80 to 2000 keV. Corrections for detector dead times 

were made by automatically increasing the data acquisit ion time. 

2. Calibrations 

Each detectiom system was calibrated for absolute ef f ic iency and 

energy using standard techniques (36) . This was performed using mixed 

gamma-ray standard sources supplied by the National Bureau of 

Standards and by Amersham Corporation. Spectra from these sources were 

recorded at each detector posit ion used during the experiments. To 

perform the energy cal ibration, the centrold channel numbers of the 

gamma-ray peaks were f i t ted to a cubic equation: 
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E - a : + a 2C + a 3 C 2 + a 4 C 3 [3] 

where E I s the actual energy of a peak, and C la the centrold channel 

number. The coef f ic ients ( a . ' s ) were determined using a least squares 

f i t of the known peak energies to the channel numbers. The 

cal ibration for each detection system was found to be quite l inear , 

with negl ig ib le higher order coe f f i c i ents . 

The detector e f f i c i enc i e s were computed by comparison of the 

known emission rates of the standard sources with their measured 

gamma-ray photopesk areas. From the calculated e f f i c i e n c i e s , the 

energy dependence of the detector ef f ic iency was determined using a 

least squares f i t to an equation of the form: 

" p 2 
F - P j [ E - P 3 exp(-p 4E) ] [4] 

where F i s the detection eff ic iency for a particular peak, E i s the 

peak energy, and the P±'3 a r e the coe f f i c i ents . This f i t t ing 

procedure was performed for each counting position of the detectors. 

The result ing eff ic iency f i t s were found to match the measured 

e f f i c i enc i e s to within the errors associated with the source 

in t ens i t i e s and those due to measurement s t a t i s t i c s . 

An important measure of the quality of a detection system i s i t s 

experimental resolution. This i s especia l ly s igni f icant for the 

spectroscopy of RBI-induced reactions, where hundreds of peaks are 

observed in a s ingle spectrum, many of which overlap. Therefore, each 

detection system was set up to provide the best possible resolution by 

careful adjustment of the amplifier risetime and pre-ampllfier 

compensation, together with the use of act ive signal baseline 

restoration and extensive grounding systems. The full-width half-



maximum resolution of each spectrometer was found to be l e s s than or 

equal to 2.2 keV for the Co 1332.5 keV gamma-ray. Using the 

standard sources, the line-shape for each peak was measured and 

subsequently f i t by least squares methods to a shape consisting of a 

gaussian function with an exponential t a i l smoothly joined on each 

s ide . This f.'rm of line-shape was found f i t the peak-shapes of each 

detector to high accuracy. 

D. Data analysis 

1. Peak Analysis 

Each gamma-ray spectrum collected during the four to s ix week 

period following the end of an irradiation was analyzed using a 

sequence of computer programs previously developed for this purpose 

(36) . A flowchart for this procedure i s given in Figure 3. The f i r s t 

operation was to search out and f i t the gamma-ray photopeaks. This 

was done using a modified version of the SAMFO computer code (37) . 

Using the energy, e f f ic iency , and line-shape calibrations previously 

determined for each detector, this program de-convoluted each spectrum 

into individual photopeaks superimposed upon a smoothly varying 

polynomial background. The accuracy of the f i t t ing procedure was 

usually good, but the program tended to miss small peaks, and was 

often unable to resolve superpositions of peaks-

Following the completion of the SAMPO analys is , the resulting 

tables of gamma-ray a c t i v i t i e s were sorted by sample name and 

photopeak energy in preparation for decay curve construction. This 

was done by searching each sample measurement for the presence of 

gamma-rays of energy within an interval centered about an ear l ier 
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observed peak's mean energy. The size of the interval was energy 

dependent with the form: 

D " 2 '°8lOEm " 3 ' ° C 5 5 

where D Is the width of the energy Interval In keV and E i s the mean 

gamma-ray energy. In this way, a table of gamma-ray Intens i t i e s and 

associated errors, sorted as a function of time, was generated for 

each sample. 

2. Hal f - l i fe Analysis 

In tUe next step of the data reduction, an interactive decay 

curve analysis program (TAU2) was used to construct decay curves for 

the gamma-rays observed in each sample. These decay curves were 

sequentially presented on a graphics terminal, together with a section 

of a table of nuclides with gamma-ray energies bracketing the observed 

energy. The data comprising this abridged table were taken from the 

work of Binder, e t a l . (38) . From the interactive terminal the 

investigator was able to choose from a variety of different least 

square f i t s to the decay curves, Including s ingle or multiple 

components, growth and decay, and background a c t i v i t i e s . This 

f l e x i b i l i t y made i t possible to f i t most decay curves correctly and 

rapidly. After the f i t to each decay curve was completed, the 

program recorded the nuclidic ident i f i cat ions , h a l f - l i v e s , calculated 

end-of-bombardment a c t i v i t i e s , and the associated s t a t i s t i c a l errors. 

3. Cross-section Calculation 

Using the ac t iv i ty and nuclidic h a l f - l i f e values determined by 

this method, the cross-sect ions for each component of the decay curves 
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were calculated using another computer code. Since large beam 

fluctuations usually occurred during an irradiat ion, the form of the 

usual equation used for the calculation was expanded about a number of 

short intervals , n, during which there was a re la t ive ly constant beam 

flux: 

n n 
Y - A. / I II r M 1 • exp(-xt. ,) ) exp<-x E t ) ] [6] 

i -1 j - i + 1 0 j 

where Y i s the cross-sect ion, N i s the number of target atoms, <j, i s 

the beam flux during the i ' t h Interval, \ i s the decay constant, AQ i s 

the ac t iv i ty ai. the end-of-bombardment, and the t, 'a are the length 

of the k'th flux interval . The f inal output of this computer code 

was an isotope-ordered l i s t of nuclidtc cross-sect ions , which were 

computed from the weighted averages of a l l gamma-rays observed for 

each particular nuclide in the sample. 

It was found to be necessary to review the nuclidic assignments, 

to ensure that consistent Identif icat ions had been made. This 

screening was done using the following c r i t e r i a : 

(a) The energies of the observed gamma-ray transit ions were 

within 0.5 keV of the l i terature values . 

(b) Each decay curve was resolved into a s ingle unique 

combination of nuclidic ident i f i cat ions . 

(c) The cross-sections calculated for each different transition 

of a particular nuclide were se l f -cons i s tent . 

(d) Al l of the gamma-ray l ines from a given nuclide with 

branching ratios larger than the weakest observed transition 

were found to be present, unless they were masked by another more 
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Intense gamma-ray. 

This screening procedure eliminated most incorrect ident i f i cat ions; 

the few that remained were removed in the charge dispersion f i t t ing 

process to be described la ter . 

An attempt was made to correct Che nuclidic cross-sect ions for 

the possible e f fec t s due to secondary-induced reactions. At 

r e l a t i v i s t i c energies , large fluxes of l ight part ic les with 

intermediate energies are created in the more central co l l i s i ons (39) . 

to permit an investigation of this e f f e c t , targets of more than one 

thicknet- uere xrradiaced in most- uf the experiments. By f i t t ing the 

nuclidic cross-sect ions to a l inear function of target thickness, and 

extrapolating to zero thickness, tha s ize of the e f fec t could be 

determined and the appropriate corrections made. 

A. Mass and Charge Distribution Calculation 

The experimentally measured cross-sect ions included both 

independent and cumulative y ie lds ; products which were formed directly 

by part ic le evaporation and those formed as a result of beta-decay 

following part ic le emission. However, the data of interest were the 

independent nuclidic and isobaric y i e lds . For this reason i t was 

necessary to correct the measurements for the e f fec t s resulting from 

precursor beta-decay. The procedure used was to i t era t ive ly f i t the 

experimental nuclidic yie lds to Gaussian charge distr ibutions (40) , 

functions which represent the distribution of Isobaric cross-section 

among the members of the isobar. For a Gaussian distr ibut ion, the 

independent yield Y(Z,A) can be expressed as a function of the mass 

yield T(A) by: 
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Y(Z,A) - Y(A) £ ( 2 ^ ( 8 ) 2 ) " 1 / 2 exp(-(Z-Z m p(A)) 2/2C z(A) 2) 1 [7] 

where C (A) Is the Gaussian width parameter and Z (A) Is the centrold z mp 
atomic number value* 

Thus, if three independent yields had been measured for each 
Isobar, It would have been possible to uniquely determine each of the 
three unknowns in this equation. Unfortunately, this was not 
possible, since there are no known Isobars containing more than two 
nuclides which are shielded from feeding by beta-decay. In fact, 
generally very few members of any particular isobaric multlplet were 
observed in the experiments. The solution to this problem was to 
assume that the values of the isobaric yield, gaussian width, and 
centroid position vary slowly and regularly as a function of product 
mass number. This was expected to be a poor assumption for products 
with mass number near to that of the target, where the mass yield 
changes rapidly with mass number. Using this approach, the data from 
each experiment were grouped by similar mass number, and then a single 
charge distribution was constructed for each group. 

A computer code named MASSY has been written by Otto to perform 
these calculations (41). From a set of input parameters for Z (A) 
and C (A), the code constructed sets of charge distributions for each 
grouping of the data. Using these distributions, together with the 
half-lives of the members of each isobaric multiplet, the amount of 
beta-decay feeding to each observed nuclide was computed. Then, the 
independent yields were calculated, and their distributions were 
compared to those generated by the original choices for the widths and 
centers of the charge distributions. A set of parameters that gave 
reasonable fits to the calculated Independent yields were found by 
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Iteration. From the independent yields, the mass (isobaric) yields 

vere calculated using equation 7. 
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I I I . THEORETICAL MODELS 

A. Introduction 

At r e l a t l v l s t l c energies heavy-Ions may undergo two basic types 

of Interactions, which can be c lass i f i ed as peripheral and central 

c o l l i s i o n s . Peripheral events are reactions in which there i s only a 

small overlap of nuclear density. Thus, only a small transfer of 

momentum and energy occurs. The project i le fragments continue forward 

within a narrow fragmentation cone ( in the laboratory frame) at 

v e l o c i t i e s close to that of the incident beam. The slowly recoi l ing 

target fragments evaporate part ic les i sotropical ly and may f i s s ion i f 

suf f i c i ent ly heavy. Central co l l i s i on events correspond to those 

reactions in which a nearly complete overlap of the two nuclei takes 

place. In these events fragmentation products are emitted with large 

v e l o c i t i e s over a l l forward angles and are no longer of traceable 

parentage. The high charge mul t ip l i c i t i e s of these fast fragments 

indicate that an "explosion" of the col l iding system may have 

occurred. Of course, these scenarios represent the two extreme cases 

of react ions, and in real i ty i t i s expected that a l l manner of 

co l l i s i ons with intermediate character w i l l take place. 

To aid in the understanding of the mechanism(s) involved in these 

two types of interact ions, i t i s important to compare the predictions 

of current theoretical models with the results of the experimental 

measurements. Three theoretical models of high-energy heavy-ion-

lnduced reactions w i l l be considered: the intra-nuclear cascade model 

(42) , the nuclear f irebal l (abrasion-ablation model) (43) , and the 

nuclear f irestreak model (44) . These three represent somewhat 

l imiting views of r e l a t i v i s t i c nuclear c o l l i s i o n s , with the intra-
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nuclear cascade model picturing the interaction as consisting of 

uncorrelated collisions between individual nucleons from the two 

nuclei, while the nuclear fireball and firestreafc models assume that 

the interaction is localized to collective inelastic collisions of the 

nucleons within the overlap region, with little effect on the non-

overlapping regions of the two nuclei. 

Each >f these models is based upon the common underlying 

assumption aat the nuclear reaction occurs as a two seep process, as 

originally proposed by Serber (42). During the first step, the fast 

projectile-target Interaction occurs., in which the excited primary 

projectile and target remnants are formed. The second step consists 

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

emission and by fission. 

There have been alternate theoretical approaches suggested to 

model these high energy reactions. Campl and Hufner have had some 

success in fitting experimental data by treating the first step of the 

reaction with Glauber theory and the second by solution of the Master 

equation (45). Their results are quite similar to those predicted by 

the use of the intra-nuclear cascade model. Most recently, 

fragmentation processes have been approximated using a relativistic 

hydrodynamic model (46), which views the reaction as being completely 

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

quantitatively predict the formation of large target fragments. 
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B. Intra-nuclear Cascade Model 

The first realistic calculations of the interaction of high 

energy particles with complex nuclei were done within the framework of 

the intra-nuclear cascade (INC) model (42), which approximates the 

nuclear reaction as consisting of a sequence of single nucleon-nucleon 

collisions taking place between the incident particles and the 

nucleons In the target nucleus* Struck nucleons in the target are 

similarly allowed to interact with the remaining undisturbed nucleons, 

until the time at which all the "participant" nucleons have either 

escaped from the target remnant or have been slowed to energies below 

the Fermi energy In the target. This type of calculation is 

particularly well suited to computation using Monte-Carlo simulation 

techniques on a mainframe computer* 

As a representative example of this type of calculation, the 

Yarlv and Fraenkel version of the INC model, named ISABEL (47), was 

chosen for this work* This computer code has been well described 

previously; here only the main assumptions used in the calculation 

will be noted: 

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

cold Fermi gases contained in potential wells. Their nuclear 

density distributions were approximated by a step function 

consisting of eight constant density regions. These regions 

were obtained by fits to folded Yukawa sharp-cutoff density 

distributions. 

(b) The reaction kinematics were treated within the framework of 

relativistic classical mechanics, with all calculations 

being performed in the target rest frame, where the projectile 
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was Lorentz contracted. 

(c) Within the computation, the multiple c o l l i s i o n process was 

handled In stepwise time fashion. Interactions between 

cascade part ic les were not allowed; hence nucleon-nucleon 

correlations were disregarded. 

(d) Plon production and absorption was included and occurred via 

the de l ta (3,3) resonance : 

N + N - £ 3 3 4 H [8] 

A

3 3 - T + N £9] 

where N i s a nucleon, and ^ i s a pion. 

Nucleon-nucleon and pion-nucleon scattering cross-sections 

were interpreted from on-mass-shell, f ree -part ic le data. 

(e) Effects of the Pauli principle were included. 

(f) During the development of the cascade process, the densi t ies 

of the nuclear Fermi seas were depleted, and no further 

interactions were allowed in the holes created. Each cascade 

part ic le was followed unt i l i t l e f t the nucleus or unt i l I ts 

energy f e l l below the cutoff for escaping. 

Typically, 500 or more complete cascades were performed, with 

randomly chosen Impact parameters. A complete record of the residual 

mass, charge, excitat ion energy, reco i l momentum, and angular momentum 

of the project i le and target remnants was kept for each c o l l i s i o n . 

After the computation of the fast cascade process was completed, the 

target remnants formed in the primary interaction were de-excited 

using the Monte-Carlo s t a t i s t i c a l evaporation code described at the 

end of this chapter. 
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C. Nuclear Fireball Model 

The nuclear fireball model, as originally proposed by Westfall, 
et al. (43), was developed to account for Intermediate velocity 
nucleon emission resulting from central and near central collisions. 
It was based upon the geometrical concepts of the abrasion-ablation 
model of Bowman, et, ajL. (48) and included the use of a relativlstlc 
statistical thermodynamic treatment of the participant nucleons. The 
model may be stated as follows: When the target and projectile 
collide, the two nuclei make a clean cut through each other. The 
interaction is localized to the region of overlap, with the non-
overlapping regions (spectators) being unaffected. Nucleons in the 
region of overlap transfer their momenta and energies to the center of 
mass of the "fireball" that they form, which travels forward at an 
intermediate velocity* 

This "fireball" contains internal excitation energies which are 
far in excess of normal nuclear binding energies, and is assumed to 
decay as a non-rotating thermally equilibrated relativistic ideal gas. 
After undergoing an isotropic expansion in its rest frame, the 
resulting fast particles have a Maxwellian kinetic energy 
distribution. In contrast to this, the target and projectile remnants 
are assumed to have rather low excitation energies and will decay by 
statistical particle emission and by fission. 

A computer code written by Morrissey, et al. named WOOFS (49), 
was used to perform the fireball model calculations of target 
fragmentation. In this computation the target and projectile were 
assumed to be sharp spheres with uniform density distributions, and 
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made a cylindrical cut through each other during the primary 

Interaction. The number of nucleons removed from the target nucleus 

at each Impact parameter was calculated by numerical integration of 

the intersection volume. By having weighted each impact parameter by 

its geometrical probability, the cross-sections for each fragment mass 

were evaluated. The average ratio of the number cf removed neutrons 

to protons was assumed to be equal to the ratio present in the 

original target nucleus. 

Excitation energies for each target remnant produced in the 

primary encounter were assigned by assuming that the only form of 

excitation energy present was that due to nuclear deformation of the 

remnant. This has been referred to as the "clean cut" approximation. 

The excitation energy was taken to be the product of the nuclear 
2 surface energy coefficient (.95 MeV/fm ) and the increase in nuclear 

surface area of the deformed fragment relative to that of a spherical 

nucleus of identical volume. This was also computed by numerical 

integration. As a result of the "clean cut" approximation, the linear 

and angular momentum transferred to the fragments were assumed to be 

negligible and the results of the reaction are independent of the 

projectile energy. Ollveira, e_t al. have previously shown that this 

method of calculating the excitation energies of the fragments gives 

values which are toe low to account for the experimental results (50). 

To generate the charge distributions for the primary target 

remnants, it was necessary to consider realistic neutron-proton 

fluctuations. Horrissey, e£ al. have proposed that these fluctuations 

could be related to zero point vibrations of the giant dipole 

resonance (GDR) of the target nucleus (49). This resonance has been 

postulated to be a collective vibration of neutrons against protons in 
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a nucleus. Using Myers, et .al. treatment of the GDR in terms of the 
nuclear droplet model (51), these workers were able to treat the 
fluctuations by expressing them in terms of a Gaussian distribution 
with width based upon the classical turning point of a simple harmonic 
oscillator. This approach was found to give better fits to 
experimental fragmentation data than by the assumption that there 
existed a purely statistical distribution of protons and neutrons 
throughout the target nucleus before the interaction took place. 

Once the calculation for the formation of the pi-mary remnants 
was complete, these rtcnants were de-excited using the same model used 
with the intranuclear cascade model calculation. 

0. Nuclear Firestreak Model 

The rather simple nuclear fireball model suffers from some 
serious limitations when used for target fragmentation calculations. 
Specifically, it is expected that the actual amount of excitation 
energy deposited during the abrasion step must be much larger than 
that which nuclear deformation alone can supply. In addition, the 
simple "clean cut" geometry is an over-simplification, since there is 
significant momentum transfer to most target fragments and there 
exists some projectile energy dependence of the fragment yields. 

In order to retain the collective nature of the nuclear 
interaction, but to eliminate the unrealistic assumptions of the 
nuclear fireball model, we have extended the nuclear firestreak model 
of Myers (44) to include a calculation of the primary projectile and 
target remnant production in theBe reactions. Gosset, et al. have 
previously employed the nuclear firestreak model for the calculation 
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of the spectra of pions, protons, and l ight nuclei produced In RHI-

lnduce c o l l i s i o n s (52) . 

Under th i s newer model's formalism, the col l iding nuclei are 

assumed to have diffuse surfaces, which were generated by folding a 

short-range (Yukawa) function into the conventional sharp-sphere 

density d is tr ibut ion. It was assumed that during the co l l i s i on the 

interaction was local ized to the overlap region, vhere col l lnear tubes 

of nuclear matter from the target and project i le underwent completely 

ine las t i c c o l l i s i o n s . A transparency function, based upon a fixed 

nucleon-nucleon scattering cross-sect ion of 30 mill ibarns, was 

Included to prevent c o l l i s i o n s from occurring between tubes containing 

an insuff ic ient density of nucleons. 

Once two tubes had co l l ided , they fused and equilibrated their 

kinetic and thermal energies. If the result ing kinetic energy of a 

fused tube was l e s s than i t s binding energy in the target remnant, 

then i t was retained and contributed d irect ly to the remnant's energy, 

mass, and momenta, which were e x p l i c i t l y conserved during the 

interaction. Additional excitation energy, due to the surface 

deformation of the remnant, was Included. Charge distributions for 

the primary remnants were computed using the GDR model mentioned 

previously. Project i le fragmentation can be calculated in analogous 

fashion with this code, by reversing the assignments of the project i le 

and target nuclei . The de-excitation step of the reaction was handled 

in identical fashion to those of the previously described reaction 

models and i s described in the following sect ion. 
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E. S t a t i s t i c a l De-excitation Model 

Each of the previously described reaction models required Che use 

of a s t a t i s t i c a l de-excitation calculation for the second step of the 

reaction. In this step the excited primary fragments were assumed to 

decay by part ic le emission and by f i s s ion into the nuclides (and their 

beta-decay precursors) that were actually observed in the experiments. 

So as not to obscure any differences in the results of the three 

primary reaction models, the identical de-excitation calculation was 

performed for each. 

We have adapted the DFF computer code of Dostrovsky, e_t a l . (53) 

for th i s calculat ion. The DFF code i s the original stepwise Monte-

Carlo treatment of the de-excitation of nuclei by part ic le emission 

and f i s s i o n . The computation was performed according to the following 

points: 

(a) De-excitation was simulated by s t a t i s t i c a l evaporation of 
3 

neutrons, protons, deuterons, t r i tons , He, and alpha 

part ic les in competition with f i s s i o n . 

(b) Eermi-gas l eve l densit ies with pairing correction and l eve l 

density parameter of a » kl20 were used. 

(c) Effects due to angular momentum were excluded. 

In order to obtain a more r e a l i s t i c treatment of f i s s ion 

competition, we have replaced the f i s s ion section of the code. In 

th i s new sect ion, the exci tat ion energy dependence of the ratio of 

f i s s ion to particle emission widths i s given by (34): 



31 

r £ / r n - 4A 2 / 3a f(E*-B n) exp[2ay 2(E*-B n) - 2a* / 2 (E*-E f ) 1 / 2 ] [10] 

1/2 * 1/2 
V n I 2 a f <E ~Ef> " » 

uhere j<f and p are the fission and neutron emission widths, 

respectively, A i s the mass number of the nucleus, E i s the 

excitation energy, B i s the neutron binding energy, E. i s the fission 

barrier height, and K is the projection of the neutron angular 

momentum upon the nuclear symmetry axis* 

The ratio of the level density parameter at the fission saddle 

point, a f , to that at the equilibrium deformation, a , was arbitrarily 

set using the relation: 

a f / a n - [ 1 +0 .1 / log 1 0 (E -E f) ] [11] 

The fission barrier heights were chosen using the approximate 

formulae from Cohen and Swlatecki (55): 

E. - 0.38 (0.75 - X) E for 1/3 < X < 2 /J [12] 
r s — — 

E. - 0.83 (1.0 - X) 3 E° for 2/3 < X < 1 [13] 
r s — — 

for which the fissionability parameter, X, i s given by: 

X - Z 2 / [ 50.88 A ( 1- 1.7826[(A-2Z)/A]2 ) ] [14] 

and with 

17.80 A 2 / 3 [15] 

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

function of the mass, charge , and excitation energy of the fissioning 
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system was determined using the liquid drop theoretical method of Nix 
(56). 

Several thousand de-excitation chains were followed for each 
model calculation. The averaged results of these simulations are the 
theoretical analogs of the experimental mass and charge distributions, 
which are all compared In the next section. 
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IV. RESULTS AND DISCUSSION 

A. Experimental Results 

1. Effects Due to Secondary-induced Reactions 

In each experiment in which more than one thickness of target was 

irradiated, the dependence of the fragment production cross-sections 

upon target thickness was examined. In general it was found that no 

consistent, statistically significant effect was observed for 

individual nuclides produced in any particular reaction. To enhance 

the statistics obtained from the fitting of the observed yields to the 

target thicknesses, the nuclides observed in each experiment were 

separated into five groups consisting of fragments that were expected 

to be produced by similar types of reactions: light fragments with 

mass number A ' SO, neutron deficient fragments with 80 < A < 145, 

neutron excessive fragments in the same mass range, heavy fragments 

with 145 <. A £ 210, and near-target fragments with A >. 230. 

Within each group, the results from the fitting procedure were 

averaged to give an approximate correction factor for secondary 

induced reactions in each group of yields. Even with this rather 

extreme measure, the statistical errors in the calculated secondary 

effects were still usually larger than their values, or the calculated 

effects were smaller than the uncertainties present in the original 

data. The only group in which there was any hint of a secondary 

effect being present was the one consisting of neutron excessive 

fission fragments. Therefore, it was assumed that there was uo 

significant dependence of the target fragment production cross-

sections upon the target thicknesses in any of the experiments 
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performed* The results for the directly measured yields were simply 
averaged over the various different target thicknesses. 

2. Charge Distributions 

For the purpose of obtaining the independent and lsobarlc yields, 
the averaged nuclidlc yields were placed into one of sixteen groups 
according to the mass number of the nuclide and its position with 
respect to the line of nuclear stability. Each member of a particular 
group was fitted to a Gaussian-shaped independent yield distribution, 
as described previously. The nuclidic groupings, together with the 

centers and widths of the Gaussian distributions, are given in Table 
12 II. With the exception of the 1.0 GeV C induced reaction, the 

parameters for each group's fitted distributions are nearly the same 

in each experiment, indicating that identical fragments were initially 
formed in each of these reactions with generally similar excitation 
energies. 

The most probable atomic number values (Z ) used for the centers 
of the charge distributions are consistent with those determined by Yu 

for the 11-29 GeV proton-Induced reaction (25), the two sets being 
within less than 1.5 Z units of each other for all of the mass 

12 regions. The Z values obtained from the 1.0 GeV C induced " mp 
reaction are within 1.5 Z units of those reported by de Saint Simon, 
et al. (57), who have measured the mass distributions of Rb and Cs 
from the reaction of 77 A MeV C with U. 

Representative charge distributions from the reaction of 3.0 GeV 
12 23& 
C with U are shown in Figures 4 through 19. The distributions 

measured in each of the other reactions are quite similar, with the 

main differences being only those due to overall changes in the 
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isobaric yields* In the fission mass region (80 < A < 145), the 

charge distributions were found to be composed of two separate 

distributions, one neutron excessive and the other neutron deficient. 

These distributions have a separation of from less than two units of 

atomic number at mass number 90 to approximately four units at mass 

number 135. This behavior has also been noted in the work of Yu (25) 

and de Saint Simon et al. (57). Warwick, e£ al. (27) have suggested 

that these two distinct distributions are formed as a consequence of 

this mass region being populated by two separate reaction mechanisms, 

one being deep-spallatlon and the other medium-energy fission. 

3. Mass Distributions 

Presented in Figures 20 through 27 and in Table III are the 

yields for each isobar produced in the various reactions, obtained by 

Integration of the charge distributions. Outside of the fission mass 

range, these are the isobaric yields. Inside this range, they are the 

isobaric yields of the neutron deficient and neutron excessive 

distributions. The solid curves shown in the figures represent an 

approximate fit to the total isobaric yields. The error bars on the 

measured points reflect only the measurement statistics and do not 

take into account any errors due to uncertainties in the absolute beam 

flux or those introduced in the charge distribution curve fitting 

process. Horrissey, et al. (12) have suggested that individual yields 

may have systematic uncertainties of approximately 25 percent. The 

observed scatter in the yields indicates that this may be an 

underestimate. Since it is expected that the mass yield changes 

slowly over a narrow range of mass (except near the target mass), it 
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i s believed that this scatter i s not s ign i f i cant , and the averaged 

values may be used as the iaobaric yields* 

Al l of the experimental mass yie ld curves have some features in 

common. Most of the isobaric yield l i e s in the neutron excessive 

fragments found in the f i s s ion mass region, which are formed as the 

result of f i s s ion of a uranium-like nucleus. These fragments are 

identical to those that are formed in low-energy proton or alpha-

particle-induced f i s s ion of uranium, A large part of the remaining 

Isobaric yield i s a l so contained in th i s mass region, and consists of 

neutron def ic ient y i e l d s . These may have been produced both in high-

excitation-energy f i s s ion events and by deep-spallation processes. 

This pos s ib i l i t y i s indicated by the fact these y ie lds are generally 

larger than those for the fragments with larger mass, which are 

expected to be purely spal lat ion y i e lds . In a l l of the reactions 

studied a strong increase in the mass y ie lds i s observed for the near-

target products, as expected, since these are most l ike ly formed in 

peripheral reactions, which should have large cross-sect ions . 

The energy dependence of the fragmentation of uranium by heavy-

ions i s demonstrated in Figure 28, in which the isobaric yield curves 
12 

for the four energies of C are superimposed, and likewise in Figure 
20 12 

29 for the four energies of Ne. In the case of the 1.0 GeV C 

projectile there is a large peak in the fission mass region, with 

rather low yields everywhere else except near to the target mass. The 

neutron deficient yields in the fission mass region are much larger 

than the spallation yields at larger mass, indicating that most of the 

former are produced by the fission of a highly excited system. 
12 

As the C bombarding energy increases, two dramatic changes in 
the yield patterns are apparent. Of greater significance, a large 
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Increase in the production of the light fragments (A < 60) is 

observed, with the very lightest fragments showing the largest effect. 

This increase continues up to the highest energy of 12 GeV, suggesting 

that the mechanism for the formation of these fragments is quite 

energy Intensive. Gutbrod, e£ a_l. (58) have suggested that the 

formation of the lightest fragments can be accounted for by assuming 

that they are emitted from a highly excited thermal source. If this 

is the case, then the probabilities for their formation are related to 

their size and to the temperature of the sources, which are directly 

dependent upon the beam energy. The shapes of the light fragment 

yield distributions measured In this work seem to be exponential up to 

about mass number 50, as would be expected if they were produced 

thermally. 

A large change is also observed in the yields of the heavy 

fragments (145 <. A £ 210). These increase sharply as the projectile 

energy increases from 1.0 to 3.0 GeV and then seem to become 

relatively constant at higher energies. The bump observed at mass 

number 175 In the yield curve from the experiment performed at 12 GeV 

may not be significant, since there are few experimental points in 

this region. No evidence is seen for a very large peak in the yields 

of mass number 160 to 180 fragments, as originally reported by 
12 238 Loveland, et_ a^. for the reaction of 25.2 GeV C with U (31). A 

re-analysis of that work has determined that the fitting of the 

independent yields to the charge distributions may have been performed 

incorrectly, resulting in abnormally large yields (59). The yields of 

fragments in the fission mass region seem to be nearly independent of 

the projectile energy, while there appears to be some increase in 
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these yields going up In energy from 1.0 to 3.0 GeV, this could simply 
be due to the choice of the monitor cross-section that was used to 
calculate the beam flux for the 1.0 GeV experiment being somewhat too 
large. 

Much less variation of the yields with projectile energy is 
20 observed with Ne , as expected, since its lowest total kinetic 

energy was 5.0 GeV. With this projectile the mass yield curves are 
all quite similar, except for a problem with the overall height of the 
yields obtained from the reaction induced at 5.0 GeV. Apparently, in 
this experiment there was an undiagnosed difficulty with the Ion 
chamber and the associated electronics that were used to measure the 
beam flux, with the result being that an erroneously small flux was 

recorded. This problem Is clearly demonstrated in the table of total 
reaction cross-sections to be introduced in the following section. If 
the height of this yield curve is normalized to that of the others, an 

Increase in light fragment production is observed as the energy 
Increases from 5.0 to 8.0 GeV. At higher energies little further 
change is apparent. The heavy element yields are all similar, with 

the increase at 20 GeV again probably being due to the scarcity of 
data in this region. Yields of the fission mass products are 
relatively constant at all these energies. 

With the confirmation of limiting fragmentation for all but the 
lightest fragment's yields at approximately 3.0 GeV, it is of interest 
to make some tests for factorization. In Figure 30 the isobaric 

12 20 
yields for the 4.8 GeV C and 5.0 GeV Ne-induced reactions are 

compared. Again with some variation in the heavy mass region, the 

yield patterns are nearly identical. The good agreement for even the 

lightest fragments confirms the viability of both the factorization 
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and the to ta l energy hypotheses. 

Heavy-ion and proton-induced reactions are compared in Figure 31. 

The two isobarlc yield curves are for the reactions of 29 GeV protons 
20 238 

and 20 GeV Ne with U. The proton data were taken from the work 

of Chu, e t a l . (60) . The variation of iaobaric yield with product 

mass number i s similar for both reactions, except for the f latness at 

the top of the f i s s ion bump from the proton-induced reaction. Yu has 

re-analyzed these proton data (25) and concluded that there should be 

a peak in th i s region, which would be in better agreement with the 

heavy-ion data. Heavy fragment y i e l d s , which were not reported in the 

original proton work, have since been measured by Jacak, e t a l . (61) . 

These workers observed cross-sections of about 5 to 10 mil l lbams for 

fragments of mass numbers ISO to 200, which are in agreement with 

those seen in this work, keeping in mind the difference in total 

reaction cross-sections. 
4. Total Reaction Cross-sections 

In order to further check the various hypotheses of 

fragmentation, It i s useful to examine the tota l reaction and total 

f i s s ion cross-sect ions . These were determined by integrating the mass 

yield curves according to the following points: 

(a) The lower l imit of the integration was set at mass number 40. 

The origin of fragments with lower mass i s uncertain and thus 

their mul t ip l i c i t i e s are unknown. In some cases these fragments 

may have even been formed in conjunction with a heavy fragment. 

(b) All of the fragments from within the f i s s ion mass region (80 

< A < 14S) were assumed to have been produced by binary f i s s ion . 
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Therefore, their yields were divided by two before integration. 
While some of the neutron deficient products in this group may 
have been produced by spallation, most were probably of binary 
origin. 

(c) The upper limit of the integration was mass number 230. This 
choice helped to eliminate fragments that were formed in the most 
peripheral reactions, such as coulomb excitation, from making 
large and uncertain contributions to the total reaction cross-
sections. 

The total reaction and fission cross-sections obtained in this 
manner are presented in Table IV. The experimental values are 
expected to have errors of approximately 25 percent. Tnese data show 
that the total reaction cross-section for a RHI-induced reaction of 
uranium is generally Invariant as the total projectile kinetic energy 

is varied from.3.0 to 42 GeV. The deviations observed for the 1.0 GeV 
12 20 

C and 5.0 GeV tie-induced reactions have been previously discussed. 
Excluding these two measurements, the values of the total reaction 

12 20 238 

cross-sect ions for C and Ne with U agree rather well with the 

respective geometric values of 3.75 and 4.16 barns. The lat ter values 

were calculated using Equation 2, taking the parameters r . and d to be 

1.37 and 5.1 fm, respect ively , as suggested in the work of Heckman, et 
20 a l . (62) . The average experimental cross-sect ion ratio for Ne 

12 

re lat ive to C i s 1.22, which i s well within the error of the ratio 

of 1.11 for the geometric cross-sect ions . No evidence i s seen in the 

experimental total reaction cross-sections for any e f f ec t s due to 

nuclear transparency. Since the free nucleon-nucleon scattering 

cross-sect ions vary dramatically with kinetic energy (63) , there 
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existed the possibility that the total reaction cross-sections would 
be energy dependent, but this appears not to be the case. 

The fraction of total reaction cross-section going into the 
fission channel seems to be relatively constant at all but the lowest 
energy, with an average value of about .56 at energies above 1.0 GeV. 
This is nearly Identical to the value of .58, Which was calculated in 
a similar manner from the results presented by Yu for 11-29 GeV 
protons (25). Track detector measurements of total fission cross-

14 sections from the reaction of various energies of N with uranium 
have been made by Kateoff and Hudis (64), and match nicely those 

12 obtained from the C-induced reaction. 

B. Theoretical Model Predictions 

1. Theoretical Mass and Charge Distributions 

In Figures 32 through 39 the mass yield distributions predicted 
by the intra-nuclear cascade (INC), nuclear firestreak, and nuclear 
fireball models are presented, together with the experimental results 
previously described. Since the nuclear fireball model includes no 
projectile energy dependence, its results are shown only once for each 
choice of projectile. From an examination of Figures 35 and 38, it is 
evident that this model drastically overestimates the yields of the 
heavy fragments and underestimates those of the fission mass 
fragments. This is primarily due to the very low excitation energies 
which are deposited during the first step of the model reaction, which 
are in turn the consequence of the "clean cut" assumption. As earlier 
noted, Oliveira, et al. have come to this same conclusion (50). Of 
course, by altering the a,/a ratio used in the de-excitation 
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calculation, it would be possible to allow more fission to occur* 
However, even for larger values of this ratio, too few of the heavy 
realdues will fission before losing their excitation energy by 
particle emission. 

In contrast to the predictions of the nuclear fireball model, 
both the nuclear firestreak and INC models reproduce the experimental 

12 yield curves with fair accuracy. For the 1.0 GeV C experiment these 

two calculations follow the shape and approximate size of the fission 

mass distribution but underestimate the heavy fragment yields for mass 
numbers 175 to 210. Of course, it should be kept in mind that the 
theoretical yields in this region are quite sensitive to the choice of 

the a./a ratio. As the projectile energy increases to 3.0 GeV, the 
calculations begin to fill in the yields of the heavy fragments, so 

that they approach the experimental values. Eurther increases in 
projectile energy have little effect upon the theoretical yields of 
these fragments, but do result in yields that become too large for 
fragments of mass numbers 50 to 80. Neither model is capable of 
predicting the turn-up in the yields for fragments with mass numbers 

less than 50, which is apparent in the experimental data. This 
failure can be attributed to the possibility that these fragments are 
not formed in binary fission, which is their assumed mechanism of 
formation in the model calculations. 

Two primary differences between the nuclear firestreak and INC 

model results can be noted. The nuclear firestreak calculation 
generally predicts somewhat larger yields for the mass nuabers at and 
below the lower end of the fission region. This Is due to the larger 

excitation energies that are deposited during the first step of the 

reaction, which result in larger numbers of particles being emitted in 
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the de-excitat ion s tep . The other difference between the model 

calculations i s the appareut lack of large near-target y ie lds that i s 

predicted by the f irestreak model at most project i l e energies. This 

i s simply an ar t i fac t of the interpolation process that was used in 

the calculation to predict the average exc i tat ion energy fox each 

primary fragment mass that was formed during the primary reaction. A 

correction could be made for this by the use of a discrete 

distribution of exci tat ion energies for the near-target primary 

fragments. 

I t i s of some interest to examine the charge distributions that 

are predicted by the various models. However, the widths and centers 

of these distr ibutions turn out to be much more dependent upon the 

parameters used in the de-excitation model, than upon the choice of 

fragmentation model, except possibly for products with mass near to 

that of the target. This has been noted previously by Morrissey, et 

a l . (65) . Hence, a comparison of the predicted charge distributions 

with those determined in the experiments can serve best as a tes t of 

the accuracy of the de-excitation model. In Figure 40 the predicted 

charge distribution for products with mass numbers 40 to 60, which was 

calculated through use of the intra-nuclear cascade model, i s compared 

with the experimental independent y ie lds for the reaction of 3.0 GeV 
12 238 
C with U. The center and width of the theoretical distribution 

are similar to those of the experimental data, with the former being 
centered somewhat more neutron excessive. Throughout the non-fission 
mass regions the theoretical centers of the distributions are 
generally within less than 1.5 Z units of those obtained from the 
experiments. For fission mass products the calculations give single 
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broad charge distributions, which superimpose over the tops of the 
twin narrow distributions of neutron excessive and deficient fragments 
which are observed in the experiments. 

It is somewhat surprising that 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, 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. 
Second, 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. Finally, it is the de-excitation 
process which takes place in the common second step of the reaction 
that generates 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. 

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 this 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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2. Theoretical Recoil Velocity Distributions 

As a parallel to this study, we have previously reported the 

target fragment energies and momenta measured in the reactions of 4.8 

GeV C and 5.0 GeV Ne with uranium (66). A comparison of the 

recoil velocities for neutron deficient fragments produced in the 4.8 
12 GeV C-induced reaction with the velocities predicted by the nuclear 

firestreak and INC models Is shown in Figure 41. The selection of 

neutron deficient fragments was made to eliminate the products of low-

excitation-energy fission and to emphasize fragments produced in deep-

spallation type reactions. The lines of recoil velocity shown for the 

model calculations were determined by allowing the target remnants 

produced in the first step of the reaction to de-excite by particle 

emission only. A cursory examination of this figure reveals a rather 

dramatic failure of the models; except for the near-target fragments, 

both models grossly overestimate the recoil velocities that are 

imparted to the fragments. This failure is especially significant at 

mass numbers above ISO, since these fragments are expected to be 

formed only by a deep-spallation type of mechanism. 

It is difficult to understand the behavior of the experimental 

recoil velocity distributions in terms of conventional theory. The 

recoil velocities are nearly Identical for all fragoents of mass 

numbers 100 through 200. This 1B hard to reconcile with the 

supposition that these fragments are formed by de-excitation of 

primary remnants that were given widely different amounts of 

excitation energy during the fast abrasion step of the reaction. 

Apparently, some mechanism exists which allows for the transfer of 



large amounts of excitat ion energy to the fragments, without the 

transfer of correspondingly large amounts of l inear momentum. Crespo, 

e t a l . have proposed that the primary remnants could have emitted 

large pre-equlllbrium fragments such as Na (67), which carried off 

large amounts of momenta before the s t a t i s t i c a l de-excitation took 

place. This mechanism could therefore account for the large recoil 

v e l o c i t i e s of these l ight fragments, as well as their strongly energy 

dependent excitat ion functions. 

3. Theoretical Total Reaction Cross-sections 

The tota l reaction cross-sections predicted by the intra-nuclear 

cascade and nuclear firestreak models are given together with the 

experimental values in Table IV. Both calculations predict a general 

inv iriance of reaction cross-section with beam energy. They match the 

experimental values reasonably wel l , except for the measurements with 
12 20 

the 1.0 GeV C and 5.0 GeV He beams, which are somewhat suspect, as 

discussed ear l i er . This general agreement i s simply the result of the 

geometrical assumptions inherent in the two models. 
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V. CONCLUSIONS 

Several conclusions can be drawn from the r e s u l t s presented in 

the previous sec t ion . Clear evidence for the v a l i d i t y of the concepts 

of l imi t ing fragmentation and f ac to r i za t ion i s seen i n the 

experimental mass yield and charge d i s t r i b u t i o n s . Limiting 

fragmentation i s observed in the y ie lds of a l l but the l i g h t fragments 

(A < 60) for energies beginning a t approximately 3.0 GeV. At 1.0 CRV 

the f i s s ion taass v ie lds are s imi lar to those a t higher energ ies , but 

the y ie lds of the heavy fragments (145 £ A £ 210) are s trongly 

suppressed. This i s cons i s ten t with the o r ig in of the l a t t e r 

fragments a r i s i ng from deep-spa l la t ion r e a c t i o n s , which can only take 

place i f l a rge energies were deposited during the primary i n t e r a c t i o n . 

The l i g h t fragment production c ross - sec t ions are ° ' rongly 

increasing with energy u n t i l 8 to 12 GeV. This i s i nd ica t ive of the 

p o s s i b i l i t y tha t these fragments are formed in "explosive events" or 

are emitted from thermal sources , both of which would require la rge 
12 p r o j e c t i l e ene rg ies . Comparisons of the mass y ie lds from the C and 

20 the Ne-induced react ions with those previously published for proton 
14 and N p r o j e c t i l e s of s imi la r energy confirm that the t o t a l 

p r o j e c t i l e k ine t i c energy i s a good parameter for describing the 

r e s u l t s of the r eac t i ons . 

The t heo re t i ca l model ca lcu la t ions give ins igh t in to the probable 

mechanism of formation of the various t a r g e t fragments. The heavy 

fragments are produced by deep- spa l l a t ion , i n which a highly excited 

primary remnant evaporates a mult i tude of l i g h t p a r t i c l e s . Neutron 

excessive fragments of f i s s ion mass (80 < A < 145) are produced by 

f i ss ion of moderately-excited nea r - t a rge t spec i e s . Neutron de f i c ien t 



fragments of this mass region are produced by fission of highly-
excited heavy species and to a smaller degree by deep-spallatlon 
processes. 

Of the three theoretical models, only the nuclear fireball model 
is clearly inferior In its predictions fc. the mass yield 
distributions, which is due to the inability of this mechanism to 
deposit large enough excitation energies within the fragment 
precursors. The nuclear firestreak and lntra-nuclear cascade models 
both produce air predictions for the shapes of the experimental mass 
and charge distributions, with the exception of the yields for the 
lightest fragments. This failure can be attributed to the lack of any 
mechanism within the de-excitation model, other than that of fission, 
which can populate this mass region. The two reaction models are both 
found to be incapable of predicting target fragment recoil velocities 
which are close to the previously measured values. This suggests that 
some other mechanism must exist for the transfer of large excitation 
energies to the target fragments, without the correspondingly large 
amounts of recoil momenta. 
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TABLE I . 

Irradiation Conditions 

Total Total Irrad. Target 
Accel. Beam Ion kinetic flux period tmckness Catcher 

energy part ic les min. mg/cm material 

CERH SC 1 2 C * + 1.0 GeV 4.34 1 0 1 S 120. 46.8 Aluminum 

Bevalac 1 2 C 6 + 3.0 GeV 8.38 1 0 1 3 1605. 37.4,46.0 Mylar 

Bevalac 1 2 C 6 + 4.8 GeV 6.23 1 0 1 3 821.5 56.1 Mylar 

Bevalac 1 2 C 6 + 12 GeV 9.13 1 0 1 2 750. 37.1,44.8 Mylar 

Bevalac 2 0 N e 1 0 + 5.0 GeV 1.01 1 0 1 3 639.8 37 .2 ,45 .8 , Mylar 
116.2 

Bevalac 2 0 N e 1 0 + 8.0 GeV 3.76 1 0 1 3 1074. 33.5 Mylar 

Bevalac 2 ° N e 1 0 + 20 GeV 1.09 1 0 1 3 859. 25.3 ,63.7 , Mylar 
118.7 

Bevalac 2 ° N e I t H ' 42 GeV 1.93 1 0 1 2 545. 36 .0 ,44.6 , Mylar 
107.4 
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TABLE I I . 

Charge Dispersion Parameters 

Fragment Z C Reaction 
j mp z 

mass and type 

24 • • 28 all .405 A + 1.25 0.4 b,c,d,e,f,g,h 

42 - 59 all .405 A + 2.0 
.405 A + 2.0 
.405 A + 2.25 
.405 A + 2.25 

0.6 
0.8 
0.8 
0.9 

a 
b 

c,d,e,f 
g.h 

65 - 77 all .405 A + 2.25 
.405 A + 2.5 
.405 A + 2.5 

0.9 
1.0 
1.1 

a 
b 

c,d,e,f,g,h 

81 -• 93 n-def. .405 A + 3.25 0.8 a,b,c,d,e,f ,g,h 

82 -• 92 n-exc. .405 A + 1.5 0.8 b,c,d,e,f ,g,h 

93 -• 106 n-def. .405 A + 
.405 A + 

3.5 
3.75 

0.8 
0.9 

a 
b,c,d,e,f,g,h 

95 -• 110 n-exc. .405 A + 1.25 0.8 a,b,c,d,e,f,g,h 

110 - 124 n-def. .405 A + 3.0 
.405 A + 3.5 

0.9 
0.9 

a 
b,c,d,e,f,g,h 

112 - 128 n-exc. .405 A + .75 1.0 a,b,c,d,e,f ,g,h 

127 - 139 n-def. .405 A + 2.75 
.405 A + 3.0 

0.9 
0.9 

a 
b,c,d,e,f ,g,h 

130 - 143 n-exc. .405 A -
.405 A -

0.5 
1.0 

0.9 
0.9 

a 
b,c,d,e,f ,g,h 

145 - 161 all -, 
all -, 

.00026 A* + 

.00026 A + 
.45 A + 2. 
.45 A + 3. 

.75 

.0 
0.8 
0.8 

a 
b,c,d,e,f,g,h 

166 - 175 all -, .00026 A 2 + .45 A + 2. .25 0.8 a,b,c,d,e,f,g,h 

184 - 192 all -. .00026 A 2 + .45 A + 2. .75 0.7 b,c,d,e,f,g,h 

201 - 210 all -. ,00026 A 2 + .45 A + 2. 75 0.7 a,b,c,d,e,f,g,h 

230 - 237 all -. .00026 A 2 + .45 A + 0. 25 0.6 a,b,c,d,e,f ,g,h 

* a, b, c, d • • 1.0, 3.0, 4.8, and 12 GeV * 2C 
e , f, g , h - 5 .0, 8.0, 20, and 42 GeV Ne 
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TABLE I I I . 

isnMic vinu (Minimus) non mm-ioa • u-tM tmMonns* 
• 3 U . I K 9MJECTILE 

1 0 » C-12 > 02V C-12 O . I OJV C-12 12 02» C-12 » 02V K - 2 0 i « v « - : o 20 6CV W - 2 0 12 « V IC-20 
Oft t » 1.9332*01 

I . M < H 
i . i 3 J t * o i 
i . toOKoo 

t .OOS*01 
4 . 0 . U - 0 0 

9.44*2*01 
2.7002*00 

* . « l * * 0 . 
3 . r m * o o 

r . i f i E * o t 
3.4»1X*00 

4.*>]J2*01 
I . « * E * 4 0 

« n 1.1992*01 
M I I M 1 

< . * » * o i S:»S« 0.10*2*01 
1.1002*00 l .SHOOO 

4 . t )4E*0 ! 
l .M4E*40 

S . V U M I 
i . 3 m * o o 

> i t «. 7002*40 
1.7071*00 

2.1122*01 
• J . M S X O MUGS r o w r + c i 

J . W * * 0 0 
• 1 . I I X + 0 I 
1,111C*C0 

3.0«QE*01 
4.W0E*«0 

i n 1 . 1 * 1 ( 4 1 
2.9312*00 I.W8 l , « 4 f * 0 1 

2.1UE«00 
2 . I 3 IE *0 I 
I . t U C + M 

X M l l .OOJMO 
7.3312-41 !:8.4o 1 . 1 W 0 1 

t . o m t - o i l.S11E**H 

SC M l 1.9132*01 
I . N I H I 

2.1302-01 
» J * * I - * 0 

3.4442*0, 
5 .2TX*40 

2.»7E*Q1 
•».0fc«*00 

SC M 1 .4MCM0 
I.SOOE-OI 

1.0972*01 
1.1202*00 

I . I 7 K X 1 
2.3732*00 

2.0012*01 
1.1992*00 

2 . i rnc*e i 
I . .TJO0Q 

a .noF*o i 
1 ,H5E*W 

3 . 4 W + 0 1 
1 . 5 M E * M 

U «7 *>.3002*00 
0 .03W-OI 

1 . 7 2 X 4 0 
1.0212*00 

2.0022*01 
1.9901*00 

l . 7792*01 
3.40*2*00 

r n w o i 
2 . 4 2 K * « 3.5<K*QQ 

1.17Z£*01 
•I.W7J+00 

sc <r 1.9002*01 
1.7312*00 

2.4492*01 
i . 4 r i t *oo 

2.2t4E«0l 
i .304E*W 

3.4<f5E*0] 
V.TCK*O0 

sc « t 2.0102*00 
4.22*2-41 

O.24«lf*00 
3.2022-01 

1.7132*01 
i . i m * o o 

1.0172*01 
1.31*2*00 

Z.HC£«4>I 
l.QTt£«4Q 

2.151**01 
1.320E+W 

2.53St*01 
1.1V3C*TO 

l . r i3E*01 
* . « 1 E - 0 1 

V 41 « .5H2*00 
9.4202-01 

0.9312*90 
9.7002-41 1:031 2.1072*01 

2.03*2*00 
2.312E+OI 2 . 0 4 * * 0 1 

, . » 1 E * W 
Z .34 IE* * . 
1 .45*!*00 

2.3»TC*01 
3.0oME*00 

• J 02 1.0332*01 
1 . 1 1 1 * 

1.4372*01 
z . totc-oo 

2.0722*01 
1.40*2*01 

2.1«V**01 
3 ,MTE*W 

2 .33«*OI 
5.3Wt*O0 

2 .2HT*01 
2 .72K*00 

2.332E*0t 
1 . l *K*O I 

* f t 1.9192*01 
0.39*2*90 

1.0232*01 
4.9092*00 

1. HOE-01 
3.0102*00 

2 .44X+0 I 
•VTTOEoOO 

1 .34 * *01 
3.»TE«0D 

2.1UF*01 
3.W7E-00 2.130C*O0 

f t 10 
3.0302-01 

9.2022*00 
• .JOJE-01 

1.9092*01 
1.19*1*00 

I.T3*C*01 
1.7*52*00 

2.132E*01 i .4 ioe*o i 
1.22HE+00 

1.05K40I 
3.4531*00 

a u 7.0092*00 
2.0232*00 

• s n 1.2222*01 
1.2002*00 

2.1*42*01 
4.07*1*00 

3.0012*01 
5.1332*00 

1 . 1 3 * * 0 1 
2 . t l K * 0 0 

2.U2E*01 
S.144E*00 

» n I .MOE*01 
i . W E < « l 

2.7022*01 
z.997c*oo 

3.40*2*01 
9.7442*00 

30012*01 
7.3002*00 

5 . 2 7 * * 0 1 
* .«»«**00 

< I \ I 1 4 E * 0 I 
4.H2E+00 

2.135li*«\ 
T . * I IK*00 

w n 2.170(40] 
l . « 2 2 * O 0 

2.0922*01 
3.1232*00 

2 3072*01 
1.43*£*00 

• v s w - o i 
3 . *>m*00 

3 .27t t*01 
T . U H J - H I O 

1,41 K * 0 1 
3.W5E+OQ 

V 4 * 3 E * M 
<l.D41E*00 

* 
See text,page 35. 
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I S O I M I C VIILDS iMaiWAW) ran W A W - I M • u - i» i m n m i r s 

i m» t-n i m C-II 
M n l.***C*Ol 

l.TWKM 
x n irttfcS. 
•s n I.W4CX1 

l.ftOKOO HM» 
I . * 

•s rt 

i . i iSto 

• " 1:83-1 
V M 

a M 

n i r 

I . I H M I 

I.ATttttl 
A.1*11400 

< l • » C-ll 

1.HK11 

!:8*« 
!:SI« 

nwjtcnu 
I I • « C-lt I • * HI-10 • KV KE-10 » SEV W - » 41 Kv W-20 

»:U$}. 
$! 1111409 

l .H7 t« l 

MKNI 
MBS 
I.Hff«l I.IMW 

t . lKCOl 
I.WC-41 

I . I 9 X 0 I 
I.IMC400 

i . n i i x i 
i . m c < « 

l . lTOMl 
i . f t x * w 

1.OIK40I I.MC40I 
i . i r « « o 

I.VMCXI 
t .M«-OI 1.SV1E4M 

1.AI4C401 
i .< ia<« 

1. I I V M I 
l . z fooo I .JUf-M >.M4C«0 

1.IUE401 MBS i. 13X441 
«.vm»o» 

i . w o o i 
A.MIE400 

t . n i t x i 
S.HOCXO 

4.4ME401 ] . » I t « l 
1.UK4O0 

J.TMfWM 
I.H0E4CO 

f.<jS««i 4.am*oi 
s.oriExe 

J .moo i 
V.7HC400 

4.11X441 
S.feSKtO 

t . M K O I A.0K40I 
».7irt*oo 

|.14X*{ 

t . t n c x 
A. in fH 

v in* 
a w 

J . M X * 
i . t t i x 
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isamic Vitus <niu.»«wsi nwn mw-iat • U- IH urcnicms 

M I C L I O C n c n c T i u 

1 t U C-12 3 ICV C - U 1 . 1 • > C - I I I t C€* C - l t • • » K - » • C C V K - H tC «EV M - 2 0 «2 a v pe-!o 

a n l . n S M i 2 . 3 * 3 * 6 1 
l . » T t « C « i:8S« i:&3i MBS 3.93IE*01 

2.TT9E*H 
4 .0 l tE*01 
2 . t 3 K * 0 0 

3 . t ! * < 0 1 
I.TME*C0 

Y « R * . l * ) l j * S l t . l t c x i 
t . i r S * M •:?i5« 1 . 2 M C « 2 

I . 4 9 1 E * * 
T . 3 « I E * O I 
• . 3 T S * M 

r . s n c * o i 
« .«3E*oo 

I . 1 I T E X I 
I . 0S5EXI 

» « MHBtt VUŜ i « . < l « « l « .M«C*0I 
9.9tFE«W 

t . W 2 E * 0 l 
9.22«I*00 

S . W l E f l 
< . I K C * I 0 

in « I . H M I . : T S ^ I I H « « I 1 U I « * 0 1 
t . t U M I %.22ot*oi 

9.993C*00 
T . t»E«OI 
f . l«*E*O0 

» « 9 . r t f E * W l . ! ) S « l 
9.4«9C*0I t .9TW*01 

1.1712*00 
7 ,2»rt*oi 
I .JUE*01 

HO « M l . f l T K I l 
I . U W - M 

l . l W t - « \ 
1 . « * • • « 

i . t y c x i 
2 . 9 W « 0 

| . » W « i l 
2.TT3E«« 

t . 2 l<«*0 l 
1 W E * 0 0 

2.t»TE*0> 
2 . 3 1 * * 0 0 

l.<l<E*0> 
1 . I21C40 

TC M 
3 . 9 T C « M 

1.399O01 
l.243E*01 

3.042C*01 
t .*93E*00 

3.7072*01 
1.301E*01 

2 .MTE-0I 
1.SITE*C1 

I t » l 1 . 2 9 1 M 1 
I . I H E - 0 0 

2.2JOE*0l 
2.3*2E*0Q 

l .S*IE*01 
I . 3 0 « « 0 

a » » . > l « « l 
i . n o c x o 2 .» r i f *oo 

9 . 9 2 * * 0 1 
5 » K * H 

i . m t x i i 
3. I1TEM0 

I.TTIEtOI 
3 . 2 M C X 0 

7 . I » ? E * O I 
«.291C*00 

9.9t0E*0l 
3.0I<C«K 

4.fTJE*01 
S.70TE*C0 

TC « 1 . 4 I 3 M I 
I . I I S * » 

i . m o o i 
l . 4WC«M 

1.9WC*01 3.009E*01 
9 . 9 < 9 E * M 

2.0ICC*0I 
l . T 3 « * 0 0 

2.9UE-01 
1.3M€*O0 

l.«53E*OI 
I.TT1E»0O 

a H 
1.9T1E»M 

« . J H E * 0 I 
t . 9 t * t * g O 

« . t u c « i 
2 .322E»U 

r.taoE*oi 4 . 0 3 * * 0 1 
3.32ZE*O0 

9 . 3 4 « * 0 1 
2 . 9 0 * * 0 0 

TC W l . M I C X I 
l . H 3 E « M 

l . o t a t x i 
t . l « 4 E * M 

i . m « i l , « I « l 
2 . ! 4 & « » 

2 . r 3 K * 0 1 
1.339E*00 

2.03QE*Ql 
I . H I E * 0 0 

L.919E*01 
1.920E*O0 

1 . 2 T K r f l 
I.IKE^OO 

a w t .W2E*01 
« . 3 t K « * 0 

• 31IE-0I 
t . S l E W O 

«.92IE«01 
T . H T C * W 

L £ 2 7 M 2 
t . r 3 « * « 0 f.31DE*00 

9.0942*01 
I .M4E400 

T.3ME401 
1.021E«0] 

Ml " t . M ! E « M 
! . M * 

l .39tF<01 
i . iorE*oo 3 . 2 W » W 

2.9t9E*Ql 
2 . . I9E-00 

2.3T«E*01 
2 .»3E*00 

! . I W « ] 
3.39<IE*O0 

2.0T4E««1 
2.0$IE*«0 

• « 2 . * * I E « W 
* . 9 « E * 0 1 
z . ? i K * t o 

l . t t t f O l 
«.4»<C*O0 

9.4ME*61 
• n x - o o 

».332E*B1 
«.9tt€«00 

*.470E*01 
3.932E*00 

4.10*2*01 
2 . 9 * I E * O O 

4. I3 IE*«1 
S.KK-M 

•»«* 1.919E*0I 
I . T M E t M 2 . » K < 0 0 

M « l 1.9*«E*01 
3.T»2E*00 

RH1M l . l » « O I l . » i E « e i 
l l « H I 

l .90 IE*0 l 
I . M t O 

1 *T0E*OI 
9 . 23 tC«0 

3.1902*01 
2.030E*00 

l.922E*01 
I.OQCC*Q0 

2.2212*01 
l.«r$E*oo 

1.I11E*41 
I . » » * « 0 
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isewnt vnus (MLLIKMSI mm waw-in • u-tu IIKHUCKTS 

want 
i 

M1«M 

MllU 

MI1H 
m i t t 

MjlM 

M1MK 

HIM" 

fNittn 

n i iw 

• m i 

•out 

t«u«i 

csum 

Limx* 

4. IMMI 
i . i i i ix i 

) • * c-u 

i.ini<w 

i.Ttinw 

i .m<« 
i.iMixo 

IMS 
MH1 

mOJECTlU 
U KV C-12 5 QEV « -J0 

.•Oil* 

smim i.»zr*«i 
I . 1 K M 1 • .n t t -4 ] 

s t u n 1.5«<E*01 
T.JWtHJl 

I.WIErtl 1.M0CXO 
SI1M» I.I1S*C1 2.M1EX0 

2.W1M1 

m i l l.»7E«61 
l.<ll<f-«l 

l.]«E-OI 
1.310E*OC 

m i M 1 , t » 4 l 

{.Mg-M 

i.nitxo 

i .nxxi 
.rucm 

t.Mll« 

l.MS«< 

• KV « - 2 0 20 ItV K-20 42 «EV W-20 
l.flZf«C 

l . »X«2 1.1 
t.tiffwe ».i 
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isawaic tnus <MUIWWSI m wmv-im • u-IM n m i n m 
• W U K PMJECT1L£ 

I « « C-tl > « - z-n «.t m c -u I I K V C-12 > « V « - » t icv m~io 20 KV « - » 42 ttV tt'Zt 

1 I I I t . n i c « i 
« .r tX*M 

l.«ttC«41 
t.>>*•<» 

t , M « E * 0 1 
l.HfE+OO 

3 . M W * f l l 
4 .040E«« 

K.M1E*0I 
S.*ME*O0 

l .H3C*0) 
l . r * s *oo 

a i u «.MTt«0t 
MMC«M 1.-&B& » . » t E * o i 

3.1ITE+O0 
4 . M K + 0 I 
».4T5E*00 

3 . f t t t * 0 . 
T.130E*00 

3.411E+01 
3, fMC*00 

3.i3TC*OI 
5.44TE*00 

T t lMl I . W 4 1 

i i n l . f < l l * l 
i . n a « o 1:8131 M H C « O I 

«.43«*O0 
1.T1IC*0| 
i . m r « c o 

j . m r * o i 2 .WC+01 
1.011C*Q0 

2 .312*01 
4.QT1E+0C 

a m l .MCMI t . r « f * i 
I . I M M t 

2.4TTC*01 
f . 4 3 * « M 

• , » « + 0 ] 
2 .S«C*«0 

4.442E+01 3.4«1E*0I 
1 . 3 2 * * 0 0 

J.MTT*0] 
2.143t*00 

i i t * i . iyc*oi 
I.OMC.40 

t . i M o a i 
1.IME.M 

l.§4«E*0l 
2.*0IE*O0 

l . i w e + o i 
I . U I E + W t . 2 T t I * 0 0 

2.21JE*01 
2.025E*80 

2.019E*01 
l . « K * 0 0 

l . 4 l « * 0 1 
2 . IME*00 

M I S l . l » « t l 
3.I*C«O0 

3 .9 I1XI 
I.«ME<«t 

3 . 1 1 * * 0 1 
T,4ME*4Q 

5.73»E*01 
1 . 1 W + 0 1 

4.755E+01 
1 .04 * *01 

a i u I . M I t X I 
I.M1E«44 

I.tMCrfl 
T.JTO-OI 

I . WW+01 
l.WJE+00 

».3T*C*0l 
I.431E+O0 

Z.I44E+01 
1. 72K*00 

Z.4HC+01 
1.201E*O0 

a i z r J.T«E<OI 
l . « S « W I . IMKW 

4 . r i i e « e i 
3.42S+0Q 

« . 4 « t * 4 l 
4.137V5+O0 

i . « i E * o i 
3 . 4 * * * 0 0 

4.1Tit+01 
9 . 1 4 * * 0 0 

4 . 4 9 « * 0 1 
3.Z2TE*O0 

4 , « I E * 0 1 
*.425E*00 

K l i r I . l r t M l 
l.«13E*«t 

1. MIC .01 | . T t t E + M * . W S * 0 ] 
3.7331*00 

2.294E+01 
l.403E*00 

CSIIT f..OT*t*01 
f . r w f o o 

3,227f*01 
4 . Z « E * 0 0 

9. eric-*oi 
« . 3 1 * * 0 0 

4 .H3t*C> 
3.ri3E*0ti 

a i u I.tMC.01 
).lfIE««0 

3.23M+01 2.2ME*»1 
3 . W E + 0 0 

*. I33C*01 
J.HK+OO 

* . « * * 0 1 
i.oo-w-Hn 

4.30W+01 
3.1*2E*00 

3.011E-01 
4.21«E*40 

•»» I .WC01 
S.M3E«M 

l . l fX««l 
I .WE-M 

l .MZf+01 2.O43E+0I 
2.233E+00 

l . J 2 « * 0 1 
4.A92|*O0 

2.002E+01 
4.4T4E*0O 

3.114E+01 
• . « 1 E * W 

c s m 1.M3EXI 
I J O I - M 

2.142F+01 
2.2J3E*M 

2 . » 4 E * 0 I 
3 . 4 3 * * 0 0 

4.443E*0] 
4 .U4£*00 

3 . 0 4 * * 0 1 
» . T 4 * * W 

3 .323*01 
3.043E+00 

1 IM <3IS«0I 
I .SNL*CO 

4 . M X « 4 I 
3.JT«.+00 

2.3I4E+Q1 
t . t * l t * 0 0 

# . T M E * O I 
4.35X+O0 

4 . 1 3 K 0 1 
3.S2K+00 

4 .3M£*01 
4.400E*00 

3.14«E*01 
4.T01E*O0 

i H I Z.4IK«01 
I . I7WW 

I H I W J . *«E+01 
V I M E + W 

3.14IE+01 
V » 3 l * O 0 

9 . 4 2 * * 0 1 
» . 4 I S * 0 D 

3.442E*01 
3 . 4 0 * * 0 0 

1 .Z4H*0 l 
3.02OE*O0 

3.332E*01 
2 .7 I IE*00 

M i l l l.Ttst-OI 
l.MIE-W 

Mttc*oi 
I.M1C«W 

2.4J2E+0I 
2 . » « E * 0 0 

J . 1338*01 
4 .1ME+M 

S.4l4E*0t 
4.2»5E*00 

2 .4Tr t *0 l 
I .4HE+00 

Z.T)ZE*ftl 
Z.0SZE*00 

TCIJI i . m r x i 
1.31*«W 

| . M « * 0 l 
1.IMC-01 

2.4ME«Cl 
I . I T H + O O 

2 f73E*01 
l.4ME*O0 

1 . 9 3 * * 0 1 
2.200E*OO 

3.14TE+01 
I .W2f *00 

3.422E*0I 
t.40*E*00 

2.WIE*01 
2.32TE*00 
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ISOMIC VltUIS !MILIUMS) FMK m n - I M • U-2M IITWCTIS 

WCUOt 

I 132 

« m 
I 133 

a m 

I I K 

CSI3» 

I I B 

• I S 

am 

csi» 

WIS* 

a m 

W I M 

L*H2 
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TABLE IV. 

Total Reaction and Mission Cross-sections 

for Heavy-ions and Protons with U 

(barns) 

INC Firestreak 
Projectile r e a c t l o n f i 9 8 i o n faction r s a c t l o n r e a c t l 0 1 1 

1.0 GeV 1 2 C 2 .31 1.65 . 7 1 3 . 3 4 3 .15 

3 . 0 3 . 3 3 2 . 0 3 . 61 3 . 3 6 3 .41 

4 . 8 3 .71 2 . 0 0 . 5 4 3 . 4 4 3 .51 

12. 4 . 0 8 2 .18 . 5 3 3 . 5 4 3 .71 

5 . 0 GeV 2 0 N e 6 .36 3 . 5 9 . 5 6 3 . 5 2 3 .84 

8 . 0 4 . 3 3 2 .65 . 61 3 . 8 6 3 . 9 6 

20 . 5 . 0 2 2 . 7 6 . 5 5 3 . 9 6 4 .15 

4 2 . 4 .24 2 . 2 6 . 5 3 4 .35 

11-29 GeV p 1.84 1.06 .58 

2.0 GeV 1 4 N 2.84 

3.9 2.39 

29. 2.13 

The values shown for 11-29 GeV protons were computed using the data 
14 from Reference 25. The f i ss ion cross-sect ions for the N-ioduced 

reactions were taken from Reference 64. 



FIGURE CAPTIONS 

64 

(1) A typical Bevalac targetry arrangement. 

(2) The schematic diagram of a conventional gamma-ray 
spectroscopy system. 

(3A-3B) The flowchart diagram for the sequence of computer operations 

used in the analysis of the gamma-ray spectra. 

(4-19) The independent yield distributions from the reaction of 3.0 
12 238 GeV C with U. The plotted points are the experimental 

values and the solid lines are the fitted Gaussian charge 
distributions. 

(20-27) The mass yield distributions for the eight reactions studied. 
The open circles are the total (isobaric) yields, while the 
triangles are the total neutron excessive yields and the 
squares are the total neutron deficient yields. The solid 
lines are the fitted isobaric yield curves. 

12 
(28) A comparison of the mass yield curves for C induced 

reactions. The curves A, B, C, and D represent total 
projectile kinetic energies of 1.0, 3.0, 4.8 and 12 GeV, 
respectively. 

20 
(29) A comparison of the mass yield curves for Ne induced 

reactions. The curves A, B, C, and D represent total 
projectile kinetic energies of 5.0, 6.0, 20, and 42 GeV, 
respectively. 

12 
(30) A comparison of the mass yield curves for the 4.8 GeV C and 
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20 5.0 GeV Ne induced reactions, labeled as A and B, 

respectively. 

(31) A comparison of the mass yield curves for the 28 GeV proton 
20 and 20 GeV Ne induced reactions, labeled as A and B, 

respectively. The data for the proton Induced reaction were 

taken from Reference 60. 

(32-38) The mass yield distributions predicted by the various 

theoretical models are compared with the experimental 

results. The solid lines are the experimental curves, while 

the curves labeled as A, B, and C correspond to the intra

nuclear cascade, nuclear firestreak, and nuclear fireball 

model calculations. 

(39) A comparison of the experimental and theoretical mass yield 
20 238 curves for the reaction of 42 GeV Ne with U. The solid 

curve is the experimental data and the curve labeled A is the 

nuclear firestreak model prediction. 

(40) A comparison of the independent yields for fragments with 

mass numbers 30 to 50, produced in the reaction of 3.0 GeV 
12 238 

C with U, and the charge distributions predicted by the 

intra-nuclear cascade model. The plotted points are the 

experimental data and the solid curve is the result of the 

model calculation. 
(41) A comparison of the theoretical and experimental target 

fragment longitudinal velocities imparted during the reaction 
12 238 of 4.8 GeV C with U. The plotted points are the 
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experimental data for the neutron deficient fragments, which 
were taken from Reference 66. The solid curves are the 
velocities for the Itagments not arising from fission, as 
predicted by the intra-nuclear cascade and nuclear firestreak 
model calculations. 
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