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ABSTRACT 

Target fragment production from the interactions of 1.0., 3.0 

4.8, and 12 GeV 12C and 5.0, 8.0, 20, and 42 GeV 20Ne 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 Ge-V. 

With the 1.0 GeV 12C 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 nucleus. 

Theoretical predictions of the intra-riuclear 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. INTRODUCTION 

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 (2), but this method has 

severe projectile intensity limitations. 	With the upgrades of the 

Berkeley Bevalac, 	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 

relativistic 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 anomalons) 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 classes: 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 
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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 been 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, relativistic 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. 

I. 	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, 
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the projectile-target interaction time approaches a constant value. 

Thus, it may be expected that the fragment production cross-sections 

and kinematical properties may become insensitive to further increases 

in the beam energy. 

2. 	Factorization 

The hypothesis of "factorization" of cross-sections is operative 

in the region where limiting fragmentation is valid, and states that 

the yield of a particular target (projectile) fragment is independent 

of the bombarding projectile (target) nucleus, except for a geometric 

factor due to the size 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): 
2 

T,B = G, GB 	(1] 

where G depends on the target and the fragment formed, and GB  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): 

GB - ir •r2 (4/13 + 4/3 - d) 	(2] 

where AT and AP  are the target and projectile mass number, 

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

parameter. 
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3. 	Total Kinetic Energy Dependence 

In the energy range below that in which the concept of limiting 



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 of 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. Qininiing, et al. have studied 

the reaction of nat  with p, 4He, 12C, 1 N, and 40 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 yields seemed to hold for 

projectiles with similar total energy and for those with energies in 

the range of limiting fragmentation. The factorization ratios were 

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

failure of limiting fragmentation for the lightest fragments was 

attributed to the possibility that these were formed only in the most 

central collisions, where their formation cross-sections would be 

enhanced by increasing the projectile size 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 excitation energies of the 

fragment precursors were constant above approximately 3 GeV beam 

energy, the recoil momenta were varying strongly with projectile 

energy up to nearly 30 GeV. Also, the size of the projectile seemed 

important,. for at the same total projectile kinetic energy the 

fragments produced with heavy-ions had larger recoil energies than 

those formed with protons. 

Porile, et al. have studied the fragmentation of natAg by p and 

(19), and confirmed the validity of the factorization hypothesis 

for the mass yield and charge distributions, again with the exception 

of the lightest fragments. The mass distributions for heavy-ion 

induced reactions were moderately well reproduced using both an 

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

However, the models failed to reproduce the proton-induced reaction 

results. 

Heavy-ion and proton-induced reactions with 181Ta have been 

studied by many groups. 	Morrissey, et Al. reported that the observed 

fragment production cross-sections scaled with the total projectile 
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kinetic energy (12). A significant enhancement of light fragment 

production with heavy-ions, relative to protons, was noted. For the 

first time it was observed that a fraction of the heavy residues must 

have been formed in central collisions. A comparison of the mass 

yield curve with the results of the intra-nuclear cascade and 

abrasion-ablation model calculations indicated that while both models 

reproduced the general shapes of the distribution, neither could 

predict the yields of the lightest fragments. 

Recoil properties of these fragments were measured by Loveland, 

etal. (20). These workers found that while the excitation energies 

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

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

confirmed that limiting fragmentation is observed in the mass yield 

curves and isotopic distributions obtained with a variety of 

projectiles at energies between 5 and 42 GeV (21), again noting the 

exception of the light fragments. He also determined factorization to 

be valid for the ratio of total reaction cross-sections of heavy--ions 

versus protons. 

Kaufman, et al. have examined the interaction of protons and 

heavy-ions with 197 
 (22,23). Their conclusions were similar to 

those obtained with the Ta targets, with limiting fragmentation being 

observed for the fragment production cross-sections, but not for the 

recoil momenta. These authors also confirmed the total energy 

hypothesis. Aleklett, etal. have measured the cross-sections for the 

production of gold in the reaction of heavy-ions with 209Bi (24). 

They reported that the observed relative yields of the gold isotopes 

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

excitation energies of the primary residues remain approximately 

constant. 

A substantial body of data has been published concerning the 

fragmentation of uranium by relativistic protons. Yu has shown that 

the charge distributions for target fragments with mass In the fission 

mass region consist of both neutron deficient and neutron excessive 

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

near mass 110 and was understood to be the result of low-excitation-

energy fission of a uranium-like nucleus. The neutron deficient 

fragment distribution was rather flat and has been attributed to being 

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

confirmed by coincident particle detection measurements made by 

Wilkins,etal.(26) and Warwick, etal (27). 

Recoil properties and formation cross-sections for these 

fragments have been reported by Porile, etal. (28), Biswas and Porile 

(29), and Lagarde-Simonof.f and Simonoff (30). In general, it: was 

found that the neutron deficient fragment spectra and formation cross-

sections vary differently with proton energy than do those of the 

neutron excessive fragments. The latter have excitation functions 

that decrease with increasing beam energy and have recoil energy 

spectra that are independent of the beam energy, while the former have 

increasing excitation functions and recoil 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 classes of fragments. 

Relative production cross-sections for fragments formed in the 

interaction of 25 GeV 12 
 C with 238U have been reported by Loveland, et 
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al. (31). They observed a large enhancement of the heavy-mass yields, 

relative to the proton induced reaction, exceeding that expected due 

to simple factorization. 	Cole and Porile have investigated the 18.5 

Gev 
12 
 C induced reaction (32). 	Here it was noted that the light 

fragments were enhanced relative to those produced with protons, with 

the very lightest fragments being most strongly affected. 	 - 

D. 	Proposed Study 

In this study we will examine the variation of target fragment 

yields as a function of projectile energy and size for the reaction of 

intermediate and relativistic-energy heavy-ions with uranium. The 

method of choice will be gamma-ray radio-analytical measurement of the 

target fragment production cross-sections. Comparison of these mass 

yields and charge distributions with those obtained from proton-

induced reactions will be used to examine the validity of the three 

hypotheses of fragmentation. Careful examination of the light 

fragment yields should provide insight into the underlying reason for 

their known failure to be subject to limiting fragmentation and 

factorization. Theoretical calculations of the experimental 

observables will be performed to help elucidate the mechanisms of 

fragment formation. 



II. EXPERIMENTAL 

A. 	Introduction 

Target fragment yields have traditionally been measured using the 

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

laboratories throughout the world. The method is comprised of the 

irradiation of an elemental foil with the chosen beam, following which 

the induced radio-activitiei are surveyed using a gamma-ray 

spectrometer. Individual nuclides produced in the interactions are 

identified by their characteristic gamma-ray decay energies and half-

lives. This technique offers the advantage of sensitivity to several 

orders of magnitude in cross-section and has the benefits of providing 

for absolute charge and mass determination. Variations of this 

technique have been employed for the measurement of fragment angular 

distributions and recoil energy spectra. 

Disadvantages of this type of off-line measurement include the 

inability to' measure fragment multiplicities and the necessity for the 

reaction products to have half-lives of at least a few minutes, so 

that their decays may be observed. Unfortunately, it is known from 

fission and high-energy studies that many of the products typically 

formed in a nuclear reaction have quite short beta-decay half-lives 

(33). Thus, it was expected that the experimentally observed product 

yields would be an admixture of directly formed products, and those 

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

The terms "independent" and "cumulative" yields have been used to 

categorize products that have been formed directly, with no feeding by 

radioactive decay of a parent, and those that have been formed by both 

paths, respectively. As a result of this admixing of different types 
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of yields, it was necessary to correct the group of yields measured 

from each reaction. This was accomplished by fitting the measured 

yields to charge dispersion curves using an Iterative procedure, with 

the independent yields serving as a guide. From the calculated 

isotopic and isobaric yields, the pre-beta-decay mass and charge 

distributions were constructed. 

B. Targetry and Irradiations 

The self-supporting targets used in the bombardments consisted of 

natural or depleted uranium of 25 to 120 mg/cm2  thickness, surrounded 

by mylar or aluminum catcher foils, which contained the recoiling 

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

negligible energy loss 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 possibility of extrapolating 

the fragment production cross-sections to zero target. thickness, 

thereby eliminating any effects due to second ary-partic le-induced 

reactions, which are known to give a significant contribution to the 

yields at large target thicknesses (13). Depleted uranium was the 

preferred target, since it has much less background activity. 

However, the prohibitively high cost of this material prevented its 

general use. 

Table I lists the accelerator, beam ion, energy, flux, and length 

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

material used in each experiment. All of the Irradiations, other than 

with the 1.0 GeV 12  C beam, were performed at the Bevalac accelerator 

facility located at the Lawrence Berkeley Laboratory. This facility 
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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 exits 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 final wire 

chamber. These high-energy beams lost very little energy In any of 

the objects in the beam path and no vacuum chamber was required. 

The wire chambers served the purpose of facilitating 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 size and position during the Irradiations. 

An ion collection chamber filled with argon and carbon dioxide (80 

Ar, 20% CO 2 , 800mm pressure) was used to measure the beam flux. 

The CERN SC synchro-cyclotron accelerator, located near Geneva, 

was used to provide the 1.0 GeV 12C 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 

monitor foil. The flux was calculated from the induced 24Na activity 

by assuming that the cross-section for the reaction 27A1( 12 C,X) 24Na 

was 24.5 millibarns (35). Because the flux and dE/dX of the beam were 

so much larger at this energy, it was necessary to use aluminum 

catcher foils, instead of mylar, to prevent their thermal destruction. 

C. 	Gamma-ray Spectroscopy 

1. 	Measurement Systems 

Following the end of each irradiation, the gamma-ray activities 

induced in the target-catcher foil assemblies were measured with 
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gamma-ray spectrometers for a period of up to six weeks. Each sample 

assembly was mounted on an aluminum counting card, which was rigidly 

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

of the gamma-ray detector. Ten or more sample positions 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 sensitive pre-ampllfier, 

which was connected to a high-rate linear amplifier with matching 

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

digital 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 the gamma-

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

diagram of a spectrometer system is given in Figure 2. Each systen 

was programmed to collect a 4096 channel spectrum covering the energy 

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

were made by automatically increasing the data acquisition time. 

2. 	Calibrations 

Each detectiom system was calibrated for absolute efficiency 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 position used during the experiments. To 

perform the energy calibration, the centroid channel numbers of the 

gamma-ray peaks were fitted to a cubic equation: 

14 



15 

E - a1  + a 
2 
 C + a 

3 
 C 2  + a 

4 
 C 3 	(3] 

where E is the actual energy of a peak, and C is the centroid channel 

number. The coefficients (a 1's) were determined using a least squares 

fit of the known peak energies to the channel numbers. The 

calibration for each detection system was found to be quite linear, 

with negligible higher order coefficients. 

The detector efficiencies were computed by comparison of the 

known emission rates of the standard sources with their measured 

gamma-ray photopeak areas. From the calculated efficiencies, the 

energy dependence of the detector efficiency was determined using a 

least squares fit to an equation of the form: 

F - p 1  ( E p2- p 3  exp(-p4E) 1 	(4] 

where F is the detection efficiency for a particular peak, E is the 

peak energy, and the. p 1's are the coefficients. This fitting 

procedure was performed for each counting position of the detectors. 

The resulting efficiency fits were found to match the measured 

efficiencies to within the errors associated with the source 

intensities and those due to measurement, statistics. 

An important measure of the quality of a detection system Is Its 

experimental resolution. This is especially significant for the 

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

observed in a single 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 active signal baseline 

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



maximum resolution of each spectrometer was found to be less than or 

equal to 2.2 keV for the 60Co 1332.5 keV gamma-ray. Using the 

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

subsequently fit by least squares methods to a shape consisting of a 

gaussian function with an exponential tail smoothly joined on each 

side. This form of line-shape was found fit the peak-shapes of each 

detector to high accuracy. 

D. 	Data Analysis 

1. 	Peak Analysis 

Each gamma-ray spectrum collected during the four to six 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 is given in Figure 3. The first 

operation was to search out and fit the gamma-ray photopeaks. This 

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

Using the energy, efficiency, 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 fitting 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 analysis, the resulting 

tables of gamma-ray activities 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 earlier 
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observed peak's mean energy. The size of the interval was energy 

dependent with the form: 

D - 2log 
10 m E - 3.0 	[5] 

where D is the width of the energy interval in keV and Em  is the mean 

gamma-ray energy. In this way, a table of gamma-ray intensities and 

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

each sample. 

2. 	Half-life Analysis 

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

curve analysis program (TAXJ2) 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', etal. (38). 	From the interactive terminal the 

investigator was able to choose from a variety of different least 

square fits to the decay curves, including single or multiple 

components, growth and decay, and background activities. This 

flexibility made it possible to fit most decay curves correctly and 

rapidly. After the fit to each decay curve was completed, the 

program recorded the nuclidic identifications, half-lives, calculated 

end-of-bombardment activities, and the associated statistical errors. 

3. 	cross-section Calculation 

Using the activity and nuclidic half-life values determined by 

this method, the cross-sections 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 irradiation, the form of the 

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

short intervals, n, during which there was a relatively constant beam 

flux: 

n 	 n 
Y 	A0  / ( N E 	( 1 - exp(_Atb) ) exp(- Etbi) ] 	(6] 

1-1 

where Y is the cross-section, N is the number of target atoms, 	is 

the beam flux during the i'th interval, X is the decay constant, A 0  is 

the activity at the end-of-bombardment, and the tbk'S are the length 

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

was an isotope-ordered list of nuclidic cross-sections, which were 

computed from the weighted averages of all 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 identifications had been made. This 

screening was done using the following criteria: 

The energies of the observed gamma-ray transitions were 

within 0.5 keV of the literature values. 

Each decay curve was resolved into a single unique 

combination of nuclidic identifications. 

The cross-sections calculated for each different transition 

of a particular nuclide were self-consistent. 

All of the gamma-ray lines 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 



intense gamma-ray. 

This screening procedure eliminated most incorrect identifications; 

the few that remained were removed in the charge dispersion fitting 

process to be described later. 

An attempt was made to correct the nuclidic cross-sections for 

the possible effects due to secondary-induced reactions. At 

relativistic energies, large fluxes of light particles with 

intermediate energies are created in the more central collisions (39). 

To permit an investigation of this effect, targets of more than one 

thickness were irradiated in most of the experiments. By fitting the 

nuclidic cross-sections to a linear function of target thickness, and 

extrapolating to zero thickness, the size of the effect could be 

determined and the appropriate corrections made. 

4. 	Mass and Charge Distribution Calculation 

The experimentally measured cross-sections included both 

independent and ctuia..tive yields; products which were formed directly 

by particle evaporation and those formed as a result of beta-decay 

following particle emission. 	However, the data of interest were the 

independent nuclidic and isobaric yields. 	For this reason it was 

necessary to correct the measurements for the effects resulting from 

precursor beta-decay. The procedure used was to iteratively fit the 

experimental nuclidic yields to Gaussian charge distributions (40), 

functions which represent the distribution of isobaric cross-section 

among the members of the isobar. For a Gaussian distribution, the 

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

yield Y(A) by: 
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pill 

Y(Z,A) - Y(A) ((2 1C (a)2)h'2 exp(-(Z-Z mp (A)) 2/2C(A) 2 ) ] 	(7] 

where C(A) is the Gaussian width parameter and Z(A) is the centroid 

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 multiplet 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 s.iügle 

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 Zmp(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 i8obaric 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 

were calculated using equation 7. 



III. THEORETICAL MODELS 

A. 	Introduction 

At relativistic energies heavy-ions may undergo two basic types 

of interactions, which can be classified as peripheral and central 

collisions. 	Peripheral events are reactions in which there is only a 

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

momentum and energy occurs. The projectile fragments continue forward 

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

velocities close to that of the incident beam. The slowly recoiling 

target fragments evaporate particles isotropically and may fission if 

sufficiently heavy. Central collision 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 

velocities over all forward angles and are no longer of traceable 

parentage. The high charge multiplicities of these fast fragments 

indicate that an ttexplosiont of the colliding system may have 

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

of reactions, and in reality it is expected that all manner of 

collisions with intermediate character will take place. 

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

two types of interactions, it is important to compare the predictions 

of current theoretical models with the results of the experimental 

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

induced reactions will be considered: the intra-nuclear cascade model 

(42), the nuclear fireball (abrasion-ablation model) (43), and the 

nuclear firestreak model (44). These three represent somewhat 

limiting views of relativistic nuclear collisions, with the intra- 
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nuclear cascade model picturing the interaction as consisting of 

uncorrelated collisions beten individual nucleons from the two 

nuclei, while the nuclear fireball and firestreak 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 of these models is based upon the common underlying 

assumption that the nuclear reaction occurs as a two step 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. Campi 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. Hover, 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 

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

chosen for this work. This compute.r code has been well described 

previously; here only the main assumptions used in the calculation 

will be noted: 

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. 

The reaction kinematics were treated within the framework of 

relativistic 	classical 	mehaivE' 	t.rfrh 	all 	1#,121.4.,.,0 

being performed in the target rest frame, where the projectile 



was Lorentz contracted. 

Within the computation, the multiple collision process was 

handled in stepwise time fashion. 	Interactions between 

cascade particles were not allowed; hence nucleon-nucleon 

correlations were disregarded. 

Pion production and absorption was included and occurred via 

the delta (3,3) resonance : 

N + N 	33 +N [8] 

- 	+N 	[9] 

where N is a nucleon, and 7  is a pion. 

Nucleon-nucleon and pion-nucleon scattering cross-sections 

were interpreted from on-mass-shell, free-particle data. 

Effects of the Pauli principle were included. 

During the development of the cascade process, the densities 

of the nuclear Fermi seas were depleted, and no further 

interactions were allowed in the holes created.. 	Each cascade 

particle was followed until it left the nucleus or until its 

energy fell 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, excitation energy, recoil momentum, and angular momentum 

of the projectile and target remnants was kept for each collision. 

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 statistical 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 a].. (48) and included the use of a relativistic 

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, eta].. named WOOPS (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 of 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 

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. Oliveira, et al. have previously shown that this 

method of calculating the excitation energies of the fragments gives 

values which are too 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. Morrissey, etal. 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, etal. 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 primary remnants 

was complete, these remnants were de-excited using the same model used 

with the intra-nuclear cascade model calculation. 

D. 	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 these reactions. 	Gosset, et al. have 

previously employed the nuclear firestreak model for the calculation 



of the spectra of pions, protons, and light nuclei produced in RHI-

induce collisions (52). 

Under this newer model's formalism, the colliding nuclei are 

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

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

density distribution. It was assumed that during the collision the 

interaction was localized to the overlap region, where collinear tubes 

of nuclear matter from the target and projectile underwent completely 

inelastic collisions. A transparency function, based upon a fixed 

nucleon-nucleon scattering cross-section of 30 millibarns, was 

included to prevent collisions from occurring between tubes containing 

an insufficient density of nucleons. 

Once two tubes had collided, they fused and equilibrated their 

kinetic and thermal energies. If the resulting kinetic energy of a 

fused tube was less than its binding energy in the target remnant, 

then it was retained and contributed directly to the remnant's energy, 

mass, and momenta, which were explicitly conserved during the 

interaction. 	Mditional excitation energy, due to the surface 

deformation of the remnant, was included. 	tharge distributions for 

the primary remnants were computed using the GDR model mentioned 

previously. Projectile fragmentation can be calculated in analogous 

fashion with this code, by reversing the assignments of the projectile 

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

in identical fashion to those of the previously described reaction 

models and is described in the following section. 
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E. 	Statistical De-excitation Model 

Each of the previously described reaction models required the use 

of a statistical de-excitation calculation for the second step of the 

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

decay by particle emission and by fission 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, et al. (53) 

for this calculation. The DFF code is the original stepwise Monte-

Carlo treatment of the de-excitation of nuclei by particle emission 

and fission. The computation was performed according to the following 

points: 

De-excitation was simulated by statistical evaporation of 

neutrons, 	protons., 	deuterons, 	tri.tons, 	3He, 	and 	alpha 

particles in competition with fission. 

Fermi-gas level densities with pairing correction and level 

density parameter of a - A/20 were used. 

Effects due to angular momentum were excluded. 

In order to obtain a more realistic treatment of fission 

competition, we have replaced the fission section of the code. In 

this new section, the excitation energy dependence of the ratio of 

fission to particle emission widths is given by (54): 
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* 	 1/2 *-B 	_2''2 * 
	1/2 

TfI rn - 4A2" a (E -B ) exp(2a 	(E 	) 	a 	(E -E ) 	] 	[10) f 	n 	n 	n 	f 	f 

K 
o  a  n  a  f C 2 1/2 * (E -E f )1/2_1] 

where r f  and r 	are the fission and neutron emission widths, i 

respectively, A is the mass number of the nucleus, E 
*

is the 

excitation energy, Bn is the neutron binding energy, E f  is 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. to that at the equilibrium deformation, a, was arbitrarily 

set using the relation: 

af/a 	- [ 1 + 0.1/1og10(E*_Ef) 1 	[11] 

The fission barrier heights were chosen using the approximate 

formulae from Cohen and Swiateckj (55): 

Ef  - 0.38 (0.75 - X) E° 	for 1/3 < X < 2/3 	(12] 

Ef  - 0.83 (1.0 - X) 3  E 	for 2/3 < X < 1 	[13] 

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

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

and with 

E°  - 17.80 A213 	[15] 

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

function of the mass, charge , and excitation energy of the fissioning 



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 8imilar types of reactions: light fragments with 

mass number A < 80, 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 rathe.r 

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 no 

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 Isobaric yields, 

the averaged nuclidic 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 

II. With the exception of the 1.0 GeV 12 
 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 mp ) 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 

regions. The Z 
mp  values obtained from the 1.0 GeV 

12 
 C induced 

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 14eV 12 C with 

Representative charge distributions from the reaction of 3.0 GeV 

with 238  U are shown in Figures 4 through 19. 	The distributions 

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

maI.n 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 Simonetal. (57). 	Warwick, etal. (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-spallation 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 d:istributions. Outside of the fission mass 

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

isoba;ric 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. Morrissey, etal. (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 



is believed that this scatter Is not significant, and the averaged 

values may be used as the Isobaric yields. 

All of the experimental mass yield curves have some features in 

common. Most of the isobaric yield lies in the neutron excessive 

fragments found in the fission mass region, which are formed as the 

result of fission of a uranium-like nucleus. These fragments are 

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

particle-induced fission of uranium. A large part of the remaining 

isobaric yield is also contained in this mass region, and consists of 

neutron deficient yields. These may have been produced both in high-

excitation-energy fission events and by deep-spallation processes. 

This possibility is indicated by the fact these yields are generally 

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

expected to be purely spallation yields. In all of the reactions 

studied a strong increase in the mass yields is observed for the near-

target products, as expected, since these are most likely formed in 

peripheral reactions, which should have large cross-sections. 

The energy dependence of the fragmentation of uranium by heavy-

ions is demonstrated in Figure 28, in which the isobaric yield curves 

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

29 for the four energies of 20Ne. 	In the case of the 1.0 GeV 

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. 

As the 12
C bxabarding 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, et al. (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 

f:ragments (1.45 < 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 

Loveland, eta].. for the reaction of 25.2 GeV 12 
 C with 

238 
 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 

observed with 20Ne , 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 

yields for the 4.8 GeV 12  C and 5.0 GeV 20Ne-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 total energy hypotheses. 

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

The two isobaric yield curves are for the reactions of 29 GeV protons 

and 20 CeV 20Ne with 238U. The proton data were taken from the work 

of thu, etal. (60). The variation of isobaric yield with product 

mass number is similar for both reactions, except for the flatness at 

the top of the fission bump from the proton-induced reaction. Yu has 

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

a peak in this region, which would be in better agreement with the 

heavy-ion data. Heavy fragment yields, which were not reported in the 

original proton work, have since been measured by Jacak, etal. (61). 

These workers observed cross-sections of about 5 to 10 millibarns for 

fragments of mass numbers 150 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 is useful to examine the total reaction and total 

fission cross-sections. These were determined by integrating the mass 

yield curves according to the following points: 

The lover limit of the integration was set at mass number 40. 

The origin of fragments with lower mass is uncertain and thus 

their multiplicities are unknown. 	In some cases these fragments 

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

All of the fragments from within the fission mass region (80 

< A < 145) were assumed to have been produced by binary fission. 
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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. These 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 Ne-induced reactions have been previously discussed. 

Excluding these two measurements, the values of the total reaction 

cross-sections for 12C and 20Ne with 2,38 U agree rather well with the 

respective geometric values of 3.75 and 4.16 barns. The latter values 

were calculated using Equation 2, taking the parameters r 0  and d to be 

1.37 and 5.1 fm, respectively, as suggested in the work of Heckinan, et 

al. (62). The average experimental cross-section ratio for 20
Ne 

relative to 12 
 C is 1.22, which is well within the error of the ratio 

of 1.11 for the geometric cross-sections. No evidence is seen in the 

experimental total reaction cross-sections for any effects due to 

nuclear transparency. Since the free nucleon-nucleon scattering 

cross-sections 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, 'thich 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-

sections from the reaction of various energies of 14 
 N with uranium 

have been made by Katcoff and Hudis (64), and match nicely those 

obtained from the 12
C-induced reaction. 

B. 	Theoretical Model Predictions 

1. 	Theoretical Mass and tharge Distributions 

in Figures 32 through 39 the mass yield distribut:ions pre&ic ted 

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, etal. have come to this same conclusion (50). Of 

course, by altering the af/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 

residues 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 

yield curves with fair accuracy. For the 1.0 GeV 12C 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 af/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. Further 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 numbers 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-excitation step. The other difference between the model 

calculations is the apparent lack of large near-target yields that is 

predicted by the firestreak model at most projectile energies. This 

is simply an artifact of the interpolation process that was used in 

the calculation to predict the average excitation energy for 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 excitation energies for the near-target primary 

fragments. 

It is of some interest to examine the charge distributions that 

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

of these distributions turn out to be much more dependent upon the 

parameters used in the de-excitation model, than upon the c'hoice of 

fragmentation model, except possibly for products with mass near ,  to 

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

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

with those determined in the experiments can serve best as a test 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-nuc].ear cascade model, is compared 

with the experimental independent yields for the reaction of 3.0 GeV 

12C with 8U. 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-nuc].ear 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 ste-p are 

comparable, the resulting shapes of the yield distributions will be 

quite similar. 

While the intra-nuc].ear 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 

thase 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 

CeV 12C and 5.0 GeV 20Ne with uranium (66). A comparison of the 

recoil velocities for neutron deficient fragments produced in the 4.8 

GeV 12C-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 150, since these fragments are expected to be 

formed only by a deep-spalla:tion 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 fragments of mass 

numbers 100 through 200. This is 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 excitation energy to the fragments, without the 

transfer of correspondingly large amounts of linear momentum. Crespo, 

et al. have proposed that the primary remnants could have emitted 

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

large amounts of momenta before the statistical de-excitation took 

place. This mechanism could therefore account for the large recoil 

velocities of these light fragments, as well as their strongly energy 

dependent excitation functions. 

3. 	Theoretical Total Reaction Cross-sections 

The total 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 

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

experimental values reasonably well, except for the measurements with 

the 1.0 GeV 12C and 5.0 GeV 20Ne beams, which are somewhat suspect, as 

discussed earlier. This general agreement is 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 results presented in 

the previous section. Clear evidence for the validity of the concepts 

of limiting fragmentation and factorization is seen in the 

experimental mass yield and charge distributions. Limiting 

fragmentation is observed in the yields of all but the light fragments 

(A < 60) for energies beginning at approximately 3.0 GeV. At 1.0 GeV 

the fission mass yields are similar to those at .higher energies, but 

the yields of the heavy fragments (145 < A < 210) are strongly 

suppressed. This is consistent with the origin of the latter 

fragments arising from deep-spallation reactions, which can only take 

place if large energies were deposited during the primary interaction. 

The light fragment production cross-sections are strongly 

increasing with energy until 8 to 12 GeV. This is indicative of the 

possibility that these fragments are formed in "explosive events" or 

are emitted from thermal sources, both of which would req.uir.e larg.e 

projectile energies. Comparisons of the mass yieId:s from the 12 
 C and 

the 20Ne-induced reactions with those previously published for proton 

and 14N projectiles of similar energy confirm that the total 

projectile kinetic energy is a good parameter for describing the 

results of the reactions. 

The theoretical model calculations give insight into the probable 

mechanism of formation of the various target fragments. The heavy 

fragments are produced by deep-spallation, in which a highly excited 

primary remnant evaporates a multitude of light particles. Neutron 

excessive fragments of fission mass (80 < A < 145) are produced by 

fission of moderately-excited near-target species. Neutron deficient 



fragments of this mass region are produced by fission of highly-

excited heavy species and to a smaller degree by deep-spallation 

processes. 

Of the three theoretical models, only the nuclear fireball model 

is clearly Inferior In its predictions for 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 intra-nuclear cascade models 

both produce fair predictions f or 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-excitatlon 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 thickess Catcher 

energy particles mm. mg/cm material 

CERN Sc 124+ 
hO GeV 4.34 1015  120. 46.8 Aluminum 

Bevalac 12C6 3.0 GeV 8.38 1013  1605. 37.4,46.0 Mylar 

Bevalac 12C6  4.8 GeV 6.23 10 13  821.5 56.1 Mylar 

Bevalac 12c6  12 GeV 9.13 10 12  750. 37.1,44.8 Mylar 

Bevalac 20Ne 10  5.0 GeV 1.01 10 639.8 37.2,45.8, Mylar 
116.2 

Bevalac 20Ne 1  8.0 GeV 3.76 1.0 13  1074. 33.5 Mylar 

Bevalac 20Ne 10  20 GeV 1.09 10 13  859. 2.5.3,63.7, Mylar 
118.7 

Beva.lac 20Ne 10  4.2 GeV 1.. 93 10 12  545. 36.0, 44.6, Mylar 
107.4 
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TABLE II. 

Charge Dispersion Parameters 

Fragment 
mass and type 

Z 
mp z C 

* 
Reaction 

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

42 - 59 all .405 A + 2.0 0.6 a 
.405 A + 2.0 0.8 b 
.405 A + 2.25 0.8 c,d,e,f 
.405 A + 2.25 0.9 g,h 

65 - 77 all .405 A + 2.25 0.9 a 
.405 A + 2.5 1.0 b 
.405 A + 2.5 1.1 c,d,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 + 3.5 0.8 a 
.405 A + 3.75 0.9 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 0.9 a 
.405 A + 3.5 0.19 b,c,d,e,f,g,h 

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

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

130 - 143 n-exc. .405 A - 0.5 0.9 a 
.405 A - 1.0 0.9 b,c,d,e,f,g,h 

145 - 161 all 	-.00026 A 	+ .45 A + 2.75 0.8 a 
all 	-.00026 A + .45 A + 3.0 0.8 b,c,d,e,f,g,h 

166 - 175 all 	-.00026 A2  + .45 A + 2.25 0.8 a,b,c,d,e,f,g,h 

184 - 192 all 	-.00026 A2  + .45 A + 2.75 0.7 b,c,d,e,f,g,h 

201 - 210 all 	-.00026 A2  + .45 A + 2.75 0.7 a,b,c,d,e,f,g,h 

230 - 237 all 	-.00026 A2  + .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 2 2C 
e, 	f, g, h - 5.0, 8.0, 	20, and 42 GeV Ne 
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TABLE III. 

isosoote 	iaos (41U.I100NS) FROM cavy-io,o 4  U-Zn EXPERIICNTS* 

IUJCUO( POOJECTILE 
I 01V C-12 3 01V C-12 4.0 0EV C-12 12 0Ev C-12 S 0EV 1,1-20 I CEO 111-20 20 CIV 01-20 42.0Ev 111-20 

im 24 I.533E.0l 3.8371401 6.0631.01 5.4491.01 5.4191.01 7.6911.01 6.11131.01 1.0631.00 3.4981.00 4.0691.00 2.7091.00 3.7391400 3.641E.00 3.0091.00 
MRS 29 1.1951.01 2.4531.01 4.0091.01 4.1061.01 3.7261.01 4.9161.01 3.9331.01 4.5011-01 1.3851400 2.1 1131.00 1.190E+00 1.5001.00 1.3661.00 1.3751.00 
K 	42 9.7601.00 2.3131.01 3.6131.01 3,0231.01 4.1831.01 3.0901.01 1.7671.00 4.0481.00 4.3001.00 3.8031.00 3.1911.00 6.3001.00 
K 	43 1.0991+01 2.4031.01 1.4141401 2.1311.01 

2.9341.00 2.9501+00 2.4031400 3.11 41E.00 
SC 44 1.4931+00 1.3901.01 1.4301.01 1.2601.01 7.331E-0L 1.7231.00 9.141E-01 1.5331.00 
SC 448 1.5131401 2.1301.01 3.46614,01 2.5571.01 

3.7631.00 5.3441.00 5.213E.00 11.061E+00 
SC 44 2.4661400 1.0871+01 1.1761401 2.4411.01 2.8741+01 3.1101441 3.6981.01 3.56101_Ol 1.1201.00 2.3731.00 3.1551.00 1.673100 1.9651.00 3.5091.00 

C* 47 4.5601400 1.7231.00 2.0431+01 1.7701.01 2.7051.01 2.0341.01 1.9731.01 
4.934E01 1.0211400 1.9901.00 3.40111400 2.6201.00 3.5901.00 4.4471.00 

Sc 41 1.5041401 2.4451401 2.2661.01 3.6451.01 
1.7371+00 3.4771.00 2.3061.00 9.9041+00 

SC 40 2.6101.00 1.2*11+00 1.7131401 1.9171.01 2:3001.01 2.1551401 2.5351.01 1.7131.01 
4.2291-01 3.2631-01 1:1151000 1.3591.00 1.0761400 1.3201.00 1.1931.00 9.831E-01 

V 	48 4.5551.00 9.5311400 1.2491.01 '2.1971.01 2.3131.01 2.0691.01 2.3611.01 2.3971.01 
5.4201-01 5.7641-01 1.4051.00 2.0341400 1.9761400 1.3511.00 1,6501400 3.0041.00 

52 1.4531.01 1.4371.01 2.0131.01 2.2141.01 2.3341.01 2.2031.01 2.3531.01 
1.1131000 2.9061.00 1.0041.01 3.5071.00 3.31151.00 2.7201.00 1.1901.01 

* 56 1.5151401 1.4231401 1.1401.01 2.4651401 1.3691.01 2.1111.01 1.5961+01 
4.3591.00 4.5651+00 3.1141+00 4.7701.00 3.4071.00 3.91171+00 2.4301.00 

FE 59 5.2951.00 9:2031.00 1.6051+01 1.7341401 2.1331+01 1.6001401 1.0501401 • 3.4301-01 4.3031-01 1.1501.00 1.1991.00 1.0401+00 1.2291+00 3.4531.00 

350 65 7.6451.00 
2:0231.00 

AS 71 1.2231401 2.1441+01 3.4111.0.1 4.1371.01 2.8631.01 
1.2141.00 4.0701+00 5.0351.00 2.8141.00 s,16#.00 

Th 72 1.0401.01. 2. 731.0i. 3.4041.01 3.0041.01 5.2791.01 9.0161401 2.9351.01 
2.0651.00 2.5971.00 5.7941.00 7.5691.00 4.0041.00 6.91141.00 7.4801+00 

04 72 2.. 1701.01 2.6531+01 2 3871.01 43116€+01 3.2701+01 3.6131+01, 2:6431.0.1 
F.$'131+00 3.1231+00 3.4091.00 3.11151.00. 7.1191.00 3.9951.00 9.0691+00 

* 
See text,page 35. 
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ISOSINIC YIELDS (NItiiI*INS) FNON ICAVY-lOto • U-235 EXPENINTS 

IL10E PNOJECTILE 
I GEV C-12 S 0EV C-12 4.1 0Ev C-U 12 0Ev C-U 5 0EV IC-20 S 0Ev tE-20 20 0EV IE-20 42 0EV PC-20 

SI 73 1.4445.01 2.3735.01 3.5045.01 3.3745.01 3.1535.01 2.7l1,5.00 7.4535.00 1.04.01 6.4E.00 4.9735.00 
SE 73 1.4335.01 2.0935+01 2.5535.01 3.92115.01 2.7365.01 2.5715.01 2.11175.00 3.3405.00 3.95195+00 4.0315+00 3.3505.00 2.4005+00 
IS 74 1.4065.01 2.3115.01 2.2475+01 2.9065.01 4.19545.01 3.2575401 3.7055.01 3.0675.01 1.3205.00 1,7075.00 3.4235.00 3.1215.00 2.5535.00 3.3565.00 2.5605.00 4.1925E.00 
SE 73 1.7705.01 2.1505.01 4.686€.01 5.4145401 4.3145.01 3.7165.01 1.3945000 1.4145000 1.0475.01 4.4235000 3.0745.00 9.1855i.00 
IS 74 2.7265401 2.1035401 3.2665.01 4.1535.09 4.0365.01 4.0295.01 3.3195.01 2.47195.00 2.1095.00 7.97195.00 3.0435.00 3.9335.00 6.7175.00 6.3335.00 
II 77 2.3235401 2;87a(.01 2.0135.01 2.9505+01 4.3265.01 3.6405.01 3.6245+01 5.3145.00 6.7315+00 3.7455.00 5.4205400 4.30195.00 6.7035.00 7.0835.00 
NI SI 2.4075.01 2.0555.01 2.2755.01 

3.3105.00 2.1555.00 6.3795.00 

IN 52 2.2245.01 2.2545.01 2.1335.01 1.31E.01 3.3345i41 2.5545.01 2.3595401 1.5935.01 
3.2295.00 8.4611E_01 1.5065.00 2.0965.00 1.627E400 1.19735.00 1.2505.00 1.5135.00 

NI 82PI 1.3755.01 1.9345.01 1.5435.01 3.2635+01 1.7375.01 2.4135.01 2.1265.01 
1.7035.00 2.2335.00 5.2719500 4.01995.00 2.468E.00 2.6695.00 2.3745.00 

NI 03 1.2345.01 1.9345401 2.3795.01 2.6265.01 4.4905.01 3.0005.01 
.680E-01 9.9005-01 2.5495400 2.4135.00 1.0495.00 2.3305.00 

V 	64 2.1245.01 2.5555.01 2.7935.01 4.5905.01 3.1435.01 3.9205.01 2.5785.01 
1.2745.00 2.2545.00 3.0465400 4.3435.00 2.6655.00 2.2905.00 2.4385.00 

ZN $6 1.5475+01 2.2045.01 
6.2005400 1.3395.00 

U 87 3.7975.01 7.3305+01 3.5055.01 
4.2415+00 1.721E.01 1.4065400 

V 	07 1.5665.01 3.5115.01 
2.5245.00 9.2145.00 

V 	SiN 2.495.01 3.2435.09 3.79195.01 5.3655.01 3.7655.01 
1.29195.00 3.0245.00 4.1535.00 3.4165.00 4.4735.00 

SN U 4.3645.01 7.40195.01 5.4045.01 5.9145.01 6.S445.01 7.9235.01 4.19335.01 
3.8365.00 1.0755+01 1.1965.01 1.067E.01 1.405E.01 7.698E's00 I 1935.01 

v U 2.7165.01 3.1115+01 3.5185.01 4.6145.0) 3.9095.01 3.430(4.01 
1.3505.00 2.7155.00 3.1545.00 7.3875.00 3.6565.00 2.4135.00 

ZN U 9.7975.09 3.019195+01 
1.9035.00 1.9305.00 

56 

4- 



57 

ISOSARIC YIELDS 	IU.IIARNS) FUR lERvY-ION • U-236 £XPERDNTS 

tLIDf PROJECTILE 
I 0Ev C-12 	3 0EV C-12 R.S 6Ev C-12 12 0EV C-12 5 6EV IE-20 I 0Ev 	-20 20 0Ev f-20 42 0Ev P€-20 

ZR 49 1.3i01 	2.3E.0I 
I.53.00 	1.23YE.0 

3.2SE.01 
2.?1 6E.00 

3.qf01 
3.2%€.00 

S.120Es.01 3.531E001 4.088E.01 3.25%+01 2.32.00 2.773E.00 2.63.00 1.766€.0O 
, 	'OR 4197t.0l 

9.056E'00 I.I76E'00 
.3M€.OI 
.7l3E.00 

1.20.O2 T.391E+01 7.511E40I 5.217E.01 
$.31E.O0 t.373E.00 6 , 92.00 1.OSSE.ø1 

SR 91 5.29.0I 
2.fl.00 

5.42Z.OI 
9.flTE.00 

9.07IE00I 
4.0eE.00 

.4I6€.01 6.I5.OI 6.9O.O1 5.451E.01 
4.77.00 .e95E600 9.22%.Oo 9.555E+00 

SR 92 .t$.OI T.435E.0l 7.13401 1.261E.02 9.228E401 9.220E01 7.165E.O1 5.3400 7.7I$00 1.0E.01 1.11.01 S.305E.O0 9.583E.00 9.169E.00 
Y 	92 .125€.01 . 1I3E.OI 5.4952.01 .576€.0I 1.297E.01 5.1% 400 1.2372.01 9.743E.00 5.4112400 1.5682.01 

1.5172.01 1.5952.01 1.5382.01 3.5662.01 2.2142.0! 2.8572.0! 1.9192.01 1.1192.00 1.69.00 2.5712.00 2.77.00 1.9282.00 2.3192.00 1.8292.00 
YE 93 1.7142.01 3.3852.01 3.0682.01 3.7072.01 2.9912.01 3.5182.00 1.2432.0! 9.6832.00 1.3032.01 1.517E.01 
TO 94 1.2912.01 2.2102.01 1.5482.01 2.1392.00 2.36.00 2.3082.00 
ZR 95 11.2142.01 	5.0932.01 5.5212.01 4.8902.01 1.7712.01 7.1 1452.01 5.9402.01 4.9752.01 2.7402.00 	2.0792.00 5.2082.00 3.1112.00 3.2902.00 4.2912.00 3.011.2.00 5.7012+00 
TO 95 1,4132.01 1.1562.01 1.8982.01 3.0052.01 2.0182.01 2.5652.01 1.8532.01 1.2172.00 1.4962.00 2.3832.00 5.5492.00 1.7342.00 1.5862.00 1.7792.00 

96 4.31132.01 	9.13IE.01 4.3562.01 4.0462.01 7.9302.0! 6.0372.01 5.3692.01 6I1.E.00 	1.5712400 2.5892.00 2.3232.00 2.6292.00 3.5232.00 2.4032.00 
YE 96 1.0812.01 	1.411.2.01 1.6532.01 1.6632.01 2.7382401 2.0302.01 1.9192.01 1.27824.01 1.0032400 	1.011.2.00 1.5652.00 2.11432.00 1.3352.00 1.961E.00 1.5202.00 1.5852.00 
ZR 97 4.6632.0! 5.3112401 6.5282.01 1.2272.02 9.61.82.01 9.0962.01 7.3462.01 

4.3652.00 6.3512400 7.81.72.00 6?5qE.00 8.5102.00 8.56112.00 1.0292.01 
*u 91 9:0012.00 	1.3562.01 2.0372401 2.9292.01 2.318241 2.8902.01 2.071.2.01 2.9632.00 	1.1072.00 3.21.52.00 2.6152.00 2.6532.00 3.391.2400 2.0568.00 
OW 99 3.1532.01 	4.9962.01 3.6168.0! 5.11I6E.01 .3332.01 6.4702.01 6.1092.01 4.8382+01 

2.4612000 	2.1182.00 4.6542400 4.1532.00 45482600 3.9332400 2.9912.00 5.8582400 

RH 1.5152.01 2:7152.01 
27802.00 2.5682.00 

RN991 1.5492+01 
3.1932.00 

RN100 I. 1392.0! 	4.22E01 1.5012401 14102401 315OF.0I 1.9232.01 2221E01 1.8152.01 
1.6 32.00 	:282-0l 1.3032.00 5.2362.00 2.0302.00 1.8082.00 1.5.1E.00 

4. 
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ISOSARIC YIELDS (ILLI$APtS) FROM I€AVY-I0N + U-238 EXPER1PN1S 

*LIDE PROJECTILE 
1 6EV C-12 3 9EV C-12 4.8 6EV C-12 12 9Ev C-12 5 6EV IC-20 8 6EV €-20 20 6EV IC-20 42 6EV PE-20 

ANIOln 1.l85E+01 
1.515E+00 

1.50401 
1.1716.00 

2.23.01 
1.4476+00 

2.3ThE.01 1.9I.0I 2.81.01 2.240€.0L 2.2336+00 2.5706.00 I.965E.00 2.133E.00 
U103 8.246€.0l 

5.0956.00 
4.592E.01 
3.6715.00 

8.6876.01 4.7306.01 1.5636.02 1.1716.02 1.1836.02 9.1516.01 7.8096.00 8.5096.00 6.6*76.00 5.8796+00 9.4036.00 8.o136*00 
AUtOS 5.7716.01 5.0806.01 5.0645.01 1.0206.02 6.8606.01 6.8306.01 5.1016.01 2.5505400 3.455E.00 2.8976.00 4.64115.00 4.4406.00 3.6766.00 3.797E.00 
8*1105 7.5485401 

1.1736.01 
8.5396.01 
8.5656400 

.8136.01 
8.1836.00 

1.7516.02 
8.3896.00 

1.1186+02 
1.5365.01 

1.1615.02 
7.2896.00 

8.1436.01 
8.4215.00 

86105 1.4836.01 1.7936.01 
2.0765.00 1.1356.00 

AG106M 1.1346.01 1.2165.01 1.3636.0* 5.0236-01 4.6556-01 4.5516-01 
*6110* 6.1606.01 4.2606.01 4.8376.01 6.2416.01 4.2616401 7.4646+01 3.0146.00 5.9706400 1.4766.01 2.5856.0* 1.391E.01 7.9516.00 
1111100 1.9746.01 3.5436.01 2.1206.01 2.5036.01 

3.4216.00 4.3876.00 2. 9516.00 4.2915.00 
COUIA 2.3856.01 1.847640* 2.7386.01 

4.6346.00 5.5375400 1.1636.01 
18111 116636.01 1.7636.01 2.0696.01 2.1945.01 3.3996.01 2.5736.01 2.7766.01 1.9666.01 2.5886.00 .6136-01 1.9785400 1.4405.00 1.9036.00 4.523E.00 1.4145.00 1.2836.00 
10112 7.697!.01 8.7685.01 1.0665.02 1.5105.02 1.3505.02 1.3806.02 1.0696.02 4.4736.00 6.5636.00 9.8515.00 8.1076.00 1.92C€.01 1.1886.01 9.3346.00 
181*44 2.1836.01 

I .9696.00 

CDl17M 8.3515.0* 8.5466+0* 2.60115.01 2.7796.01 
SNIIIN 1.2936.01 1.1596.01 . 2.6575.01 

1.3385000 8.7696-01 3.2365.00 

581*00 1.5406.01 1.4186401 2.6146.01 1.5536.01 1.5536.0* 
7.3456-01 1.0906.00 1.7336.00 9.9075-01 1.4475*00 

$8*285 2.1136401 2.9915401 4.4136.01 3.3016.01 3.7016.01 
2.36*6.00 2.1466400 4.7346+00 7.9556.00 3.5336.00 

16121 1.3216.01 1.1406*01 1.6266401 2.2746*01 1.6656+01 1.7436.01 1.8246.01 
8.4706-01 1.3106.00 1.7106*00 1.5576.00 2.5696.00 1.1746.00 3.7396.00 

55*218 6296.01 
11796.00 

46 



IS0S6IC YIELDS (ILLZIsNS) ceo. *C6w-I0td • U-23e E1PEIPV4TS 

tLIDE PIOJECTILE 
1 0EV C-It 3 0EV C-12 4.6 0EV C-It 12 0EV C-It 5 0Ev IE-20 $ 0EV 'C-20 20 0Ev #E-20 42 0Ev IC-20 

I 	121 2.031E.0I 
4.?2Z.00 

1.60t01 
2.3s00 

2.$0E.0i 
3.16.00 

3.660E.01 2.4$1E401 i.eox.ol -- 4.090E+0D 3.S%+00 1.19.00 
51*22 3.$Es41 

.oTh.00 
.007E.0I 

2.se.00 
2.403.01 
Z.eE.00 

3.31E.0l 6.00TE.01 3.92%.O1 3.611E.01 3.I37E+0I 3.IS7E.00 7.4TSE.0o 7.130E.00 3.$D'IE.00 3.667E400 
TE123M I.ve(eoi 

4.530E.O0 

I 123 I.51E.01 1.$I401 2.30E.01 3.7$7!.01 2.79IEOI 2.,M€0I 2.39+01 2.5I.00 3.20.00 .634I.00 .?51E00 7.11'00 3.01 1IE...0O .0?1E400 
so I Ztf 2.0E401 ?WOE 2.477!0I 2.6€0I 445.01 3.1E01 2.88TE.01 1.5$%0o 1.11E'00 2.i,a.00 2.580E.00 i.soo 2.326E'Oo z.ieoo 
I 	IZv I.830E.01 

2.0$6E.00 
2.15E'01 
1.1S.00 

1.5401 
2.00IE.00 

l.5$5t.01 
t.221E.00 

3.26Ei.0l 
- 2.211E.O0 

2.215E+0I 
2.0.00 

2.015E.01 
1.905E00 

1. 1t910+0I 
2.0.6€.00 

s"125 2.il.01 3.317E01 3.I.01 5.T3E.0I .7E.01 3.230E.00 2.,5.00 7.6$0E.00 I.)$.01 1.09401 
$1126 2.20?E.01 2.23001 3.314E401 2.eoE4ol 2.496€01 1.201E.00 7.311E-0* 1.93Z00 1.431E.00 1.720E00 1.201E.00 
$1127 3.7E.0I 4.617!s0I .?I0E.01 4.e0E401 S.417E.01 6.17IE.0l 6.56E01 4.791E01 3.01X00 2.I0E00 3.42400 4.137E.00 3.e0'IE00 9.I6E400 3.227E400 41. 8125E400 
25127 2.1171.01 1.1615.01 1.1135+01 3.3135.01 2.3515+0* 

1.135.0O 5E-0l 3.10%.00 3.1335.00 1.9035.00 
CS127 2.$16E.01 3.2215.01 5.0161.0* 91635+0' 

2.1E.0O 4.2971.00 4.3171400 3.fl31.Ou 
Slits 2.1015.01 3.233140* 2.3541.0* 6.1335.01 2.9215.0* 4.3015.01 3.0*15.01 

3.591E400 2.68.00 3.9015.00 3.9651400 1.0091.01 3.4931 ,00 6.2161.00 
96121 1.'515.O1 1.1535.01 1.9331.01 2.0431.0* 3.1261.01 2.5031+01 3.1161.01 

3.6135.00 2.3015.00 53961.00 223Z00 4.65-31000 6.9791.00 1.0315400 

CS129 2.6035.0* 2.1635+01 2.9061.01 4.4635.01 3.049E01 3.3235.01 1.30-31.00 2.35-35.00 34315000 4.2591.00 3.7615.00 3.06-35.00 

I 	*30 -4.39-35+0* 4.51,31.0* 2.3115.01 5.7515+01 4.1361+01 6.3041.01 3.1651.01 
2..eo.00 3.5715.00 2.16-15400 1.35-31-400 3.3251.00 4.4001.00 4.1011.00 

I 	131 2 4*5(40* 3.0*35.0* 34091.01 3.14.15.01 54211.01 359350* 42691'01 3.3331.0* 
11115.00 1.e175400 1.1035.00 3.0031.00 2. 14135400 3.6001.00 -  3.0201400 2.7515400 

$1131 2 7935.0* 2.1915.01 1.6935.01 3.1301401 . 5.6141.0* 2.9171-40 1 273.0-1 35 
1.5615.00 1.9615-400. 2.5915.00 4.1101.00 1.2901-400 1.6961400 2.05-35400 

Mr 132 -  2 7115.01 - Oet.01 2.40.0i 2.0131.0* 3.5301.01 3. *4-71.01 3.9235.01 2.9011+0* 
*51-35.00 L9911-01 1.9755.00. 1.6561000 2.2005.00 1.5035.00 1.6015.400 2.3271-400 

59 
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M. 

!SCSIt YIELDS (M1LI.I$*Id$) FOVI ICAW-I0s* • u-230 EXPEINTS 

*LIOE PIOJECTILE 
I 6EV C-12 3 6EV C-12 4.8 6Ev C-12 12 6EV C-12 5 6EV IC-20 S GEV IC-20 20 6EV I-20 '2 6EV 	-20 

I 132 2.21t01 
2.28SE.00 

3.11E.01 
5I5.00 

1.3311(4.01 
2.0IIE0I 

3.571E.01 
.1e.00 

2.531 
3.56E.00 

1.959E01 
2.e0TE+00 

CE132 3.1flt01 3.20SE401 7.5E.S00 1.227E+01 
I 	133 2.420I 2.OIIE.o1 2.016Eol .56eE0I 2.2e0I 3.53E.01 3.300E+01 1.200 S.61E.O0 3.131t00 2.5E.00 4.4IC€400 1.O5E+O0 2.520E00 
CE133 l.T5E.01 I.flEi.0I 1.7E01 3.380I 2.I1%0I 3.1901 1.525E01 2.77%.00 1.S?11E00 3.37EsO0 5.251E00 .501E00 a.291E00 3.355E.00 
I 	13 3.505E401 5.529E0I .05E.Oi 3.724$E0I 4.32.OI 4.SOIIE400 1.2.01 1.0e3E.00 7.555E.00 6.531E.00 
CSL34 1.Es41 

2. 303E00 

I 135 3.23.01 3.7201 3.01E1 .26qE..01 3.S6Ei41 5.22.01 .730E401 1.5Ei00 2.3q6E.00 4.51%00 5.195E00 3.260E.00 3.124 00 4.123(oo 
1E135 3.0'01 6.527E.01 3.3SIE01 

6.130E00 $.22€00 6.5500 
CE13S 1.20401 I.543E.01 1.e3Es01 2.3Z01 I.45E01 l.?09E.0I 1.387E.01 

1.40s00 4.200 1.57Ei00 2.575E.00 1.9100 2.511E00 4.180(400 
CSI34 I.230(0I 2.I05E.0I 1.90(.0I I.5I.0I 3.091(401 2.531(401 2.135(401 

6.89-01 8.146(401 1.600E 400 2.121(.00 1.S4.00 1.807E400 2.137E400 

2.4TSE.01 2.41401 2.010(401 
6.031E400 5.250(400 5.31.00 

CE139 1.401(401 
l.320(.00 

Si40 1.566€.01 I.$34(4I 2.100(.01 3.351(401 2.814(.0I 2.920(+01 2.644E.01 
1.330(.00 1.04IE.00 1.214€.00 9.820(-01 2.21400 4.164E400 3.107E.00 

L*142 1.510(.01 2.524(401 1.9).01 
6.855(400 S.075E.00 7.547(400 

CE143 1.044(.01 1.2461.01 1.277(.01 1.23Z401 2.6e4(.01 1.535(.01 1.994.€.01 1.540(401 
1.3%(000 $.I24(-0I 1.61+00 2.264(.00 1.596(400 2.486E.00 1.185(400 1.9#00 

£U145 4.388(400 1.290t.01 1.491(401 1.46.0I 2.034(401 1.590(401 1.718(401 
4.046(401 5.93I(-01 1.15.00 1.321(400 1.05.00 1.034(.00 1.680(.00 

£11147 4.116(400 2.124(401 1.926(401 3.117(401 3.88.01 
&.oso(-01 1.61'*i00 1.524(400 4.617(400 1.660(401 

00141 l: 	.8  ! 
.00 

1.504E.O1 2.184(40 1 2.161(1 40 40 1.644(1 3.370E.01 2.0660.01 
1.447(400 3.120(400 4.621E.00 1.119E.00 3.391E.00 1.650(400 
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ISO04IIC YIElDS (N1L1j5480$) FROM If4W-IOc • U-238 18P14181NTS 

*JC1101 P#OJECTILE 
I 6Ev C-It 3 6Ev C-It 4.1 6Ev C-It 12 6Ev C-It 5 6Ev 81-20 0 CIV 81-20 20 6EV 81-20 42 CIV 81-20 

EU14I $.elst.00 
4.61%-Cl 

60149 3.0081.00 1.0611.01 9.6011.00 1.2111.01 1.1041.01 1.1951.01 5.1401-01 7.1001-01 1. 11141.00 1.1541.00 1.1111.00 1.OSSE.00 
vlSi 2.0401.01 

2.1031.00 
1.4941.01 3.2081.01 1.1401.01 3.1991.01 2.1411.01 2.2141.00 2.11131 ,00 4.6331.00 3.2441.00 4.50111.00 

DYISS 9. 1501.00 1.3071.01 1.0091.01 
3.3601400 5.4071.00 2.4131.00 

$0156 1.4101.00 I.101i01• 2.2041.00 3.6231.00 
0Y157 1.2041.01 1.316E.01 1.4531.01 2.1571401 1.6091.01 1.0411.01 1.4751.01 1.3141.00 1.4351400 1.5141.00 2.5971400 1,7771+00 2.4981.00 1.2861.00 
14141 .9e11.00 1.4061.01 1.6911.01 1.1091.01 1.2331.00 5.0041.00 2.1731.00 1.5861.00 
95166 3.5111.00 1.4701.01 1.4511.01 1.4931.01 2.4931401 2.2071.01 1.3461.01 4.6131-01 1.0011.00 1.5071.00 3.2631.00 1.1011.00 4.5331.00 2.5961.00 
V91e, 2.1691.00 1.4101.01 1.4091.01 1.3411451 

1.3511.00 0.4411.01 1.3411.00 1.OIIE+00 
1U169 1.1581401 2.2931.01 

1.0341.00 4.0471.00 

LUITO 9.499140 1.2341.01 
e010E-01 

- 
2.3161.00 

WITO 1.3511.01 1.9011.01 2.5991.01 2.5271.01 1.5951.01 
I.7SE.00 6.7531.00 4.5741.00 25341.00 3.3001.00 

LuIlI 1.260E.01 2.0211001 2.5631.01 8.6181.00 1.9541.01 
1.5231.00 4.4311.00 5.1951.00 2.1731.00 3.2711.00 

#173 0.2411.00 1.5911+01 I 4211+01 1.0301.01 1.1041.01 
1.4641-01 1.3261.00 3.'91.00 5:2431-01 1.:451.00 

IWI7L 3.2071.00 
1.0651.00 

11104- 

oul'z 1. 1131.0l 2,0001,01 
.0 .36010 t 6671+00 

70011.00 0'311'00 1 7-31(450 1.333E.0,l 7.461E00 1.1261.01 
I.03E-O l.454E0b 1.2200 249sE400 9.S?6E-.0i 3.5151.00 



ISOBAIIC YIELDS (MILLIBAMS) FIOM 1*18W-ION • 0-238 EXPE8I01NTS 

NUCLIDE PIOJECTILE 
1 6EV C-12 3 6EV C-12 4.8 6Ev C-12 12 6EV C-12 5 CIV 1*1-20 8 6EV 61-20 20 6Ev 1*1-20 42 6Ev 1*1-20 

P5201 3.2381.00 
3.9531-01 

5.2631.00 6.3981.00 7.2191.00 4.9931.00 7.3751-01 1.0231.00 6.8991-01 6.1631-01 
11202 4.731E.00 

7.3361-01 
1.7891.00 
1.6261.00 

6.3061.00 
l.4131.0O 

.036E.00 
1.6671.00 

7.5671.00 
1.2291.00 

1.0271.01 
2.6891.00 

6.9371.00 
1.3631.00 

P1203 5.3161.40 ,.e00E.00 7.9331.00 
1.101E.00 1.4781.00 7.8461-01 

1120* 5.6291.00 7.3381400 6.7941400 1.0701.01 6.9381.00 1.3081+01 6.7961400 3.6271-01 8.631IE.01 7.4311€_01 1.1091.00 7.2661-01 1.3061400 6.6231-01 
11205 3.3771.00 5.4191.00 1.1731.01 .1491.00 1.1261.01 1.9341.01 2.151E-0l 5.5151-01 1.061E.00 1.6151.00 1.3061.00 2.438E.00 
01206 1.1691.01 1.091*1+01 

2.31131.00 5.1 1*01.00 
P0206 2.2641.00 5.5651.00 6.5351.00 6,1501.00 8.5671.00 8.8491.00 1.0151.01 8.5071.00 2.7951-01 3.2151-01 .04E-01 6.7081-01 3.59181-01 7.6141E_01 9.5531-01 1. 1*211.00 
P0207 4.0591000 5.4891.00 7.6211400 8. 11911.00 6.2871.00 6.9471-01 9.1131-01 1.0861.00 1.4031.00 1.6861.00 
*7209 7.3561.00 1.1491.00 7.3211.00 1.6941.01 1.2141.01 1.1431+01 8.7261.00 6.0901-01 6.3*81-01 1.5281.00 1.9381.00 7.9731-01 1.1681.00 1.2961.00 
*7210 7.2161.00 1.051.1.01 1.0451.00 1.3051.01 1.0581.01 1.4791.01 1.0261.01 3.1711-01 8.9531-01 1.0471000 2.3511.00 1.0181.00 1.7951.00 1.3061.00 
P4230 6.3151.00 1.3461.01 1.8571.01 1.594.01 

6.5681-01 1.0331.00 4.3441.00 4.2711.00 

P1232 4.9551.00 1.5891.01 1.1191401 1.8041.01 2.7731.01 2.3431.01 1.8391.01 2.0431.01 
1.6451.00 1.0611.00 2.0701.00 3.4641.00 1.5361.00 2.2261.00 1.9171.00 1.1841.00 

P8233 8.3571.00 1.1041.01 2.2231+01 2.1311.01 3.1301.01 2.5041+01 2.8291.01 2.1*351.01 
6.9451-01 1.0381.00 2.0111.00 2.1931.00 1.6161.00 2.0671.00 2.2611.00 3.11*01+00 

P1234 3.2631.01 3.1051.01 5.b'.01.01 3.9631.01 4.1811.01 3.5531.01 
2.5101.00 3.7851+00 4.7331.00 3.7031.00 6.3191.00 2.9231.00 

U 237 1.5171+02 2.0201.02 2.2581402 2.6751.02 4.201*1.02 3.6801.02 3.9061.02 
1.1811.01 1.0711.01 1.4391.01 3.0101.01 2.2111.01 5.8661.01 2.7771+01 
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TABLE IV. 

Total Reaction and fission Cross-sections 

for Heavy-ions and Protons with 

(barns) 

INC 	firestreak 
Projectile 	

reaction 	fission 	Fraction 	reaction reaction 

1.0 GeV 12C 2.31 1.65 .71 3.34 3.15 

3.0 3.33 2.03 .61 3.36 3.41 

4.8 3.71 2.00 .54 3.44 3.51 

12. 4.08 2.18 .53 3.54 3.71 

5.0 GeV 20Ne 6.36 3.59 .56 3.52 3.84 

8.0 4.33 2.65 .61 3.86 3.96 

20. 5.02 2.76 .55 3.96 4.15 

42. 4.24 2.26 .53  435 

11-2:9 GeV p 	1.84 	1.06 	.58 

2.0 GeV 14N ---- 	2.. 84 

3.9 	 ---- 	2.39 

29. 	 ---- 	2.13 

The values shown for 11-29 GeV protons were computed using the data 

from Reference 25. The fission cross-sections for the 14N-induced 

reactions were taken from Reference 64. 

63 



FIGURE CAPTIONS 

A typical Bevalac targetry arrangement. 

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 
GeV 	with 238U. 	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. 

A comparison of the mass yield curves for 12
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. 

A comparison of the mass yield curves for 20Ne induced 

reactions. The curves A, B, C, and D represent total 

projectile kinetic energies of 5.0, 8.0, 20, and 42 GeV, 

respectively. 

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

respectively. 

(31) 	A comparison of the mass yield curves for the 28 GeV proton 

and 20 GeV 20Ne 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. 

A comparison of the experimental and theoretical mass yield 

curves for the reaction of 42 GeV 20Ne with 238U. The solid 

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

nuc lear fire streak model pred Ic t:ion. 

A comparison of the independent yield;s for fragments with 

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

12C with 238U, 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. 

A comparison of the theoretical and experimental target 

fragment longitudinal velocities imparted during the reaction 

of 4.8 GeV 12C with 238U. 	The plotted points are the 



experimental data for the neutron deficient fragments, which 

were taken from Reference 66. The solid curves are the 

velocities for the fragments not arising from fission, as 

predicted by the intra-nuclear cascade and nuclear firestreak 

model calculations. 
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