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ABSTRACT

Target fragment production from the interactioms of 1.0, 3.0,
4.8, and 12 GeV 12C and 5.0, 8.0, 20, and 42 GeV zoﬂe with uranium has
been meaaured using off-line gamma-ray spectroscopic techniques. The
experimental charge and mass yield distributions are generally
consistent with the concepts of limiting fragmentation and
factorizatioun at energie. of 3.0 GeV and above. The total projectile
kinetic energy was found co be the relevant scaling parameter for the
comparison of reactions induced by projectlles of different sizes.
Light fragments with mass number less than 60 were found to violate
limiting fragmentation, and had excitation functions that were
strongly increasing with projectile energy until 8.0 to 12.0 GeV.
With the 1.0 GeV 120 beam the pattern of mass yields was quite
different from that of all the other reactiouns, with the normal peak
in the fission mass region (80 < A < 145), but with much lower yields
below mass number 60 and between mass numbers 145 and 210, indicating
that these fragments are formed primarily in very energetic reactions
in which large excitation energies are transferred to and significant
amounts of mass are removed from the target nucleis.

Theoretical predictions of the intra-nucleiar 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 =xcitation energies to the fragment
precursors without the correspondingly large amounts of recoil

nomenta.
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1. INTRODUCTION

A. Background

Simultaneous with a series of dramatic advances in accelerator
technology that occurred during the 1970’3, a new chapter in the study
of the properties of nuclear matter was opened. During a period of
only & 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 4ions as heavy as uranium (1). Protons are now routinely
accelerated to several hundred GeV. These advances have made poasible
the study of  nuclei wundergoing 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 scund 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, wmainly the subsonic area and the 1light-mass
projectile part of the others. Some experimenters have used cosmic
radiation to access the relativistic regime (Z), "but this method has’
severe projectile intensity limitations. With the upgrades of the
Berkeley Jevalac, the CERN SC synchro-cyclotron, and various
cyclotrons, it has become possible to access a much larger part of
these energy domains.

Researchers have placed particular emphasis upon the study of

relativistic heavy~ion (RHI) induced reactions (3), in which it was



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 ars 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 classcs: peripheral and
central collisions (8). This clagssification 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
auclei. 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 aeparate 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 differeat. Since the nucleon-nucleon mean

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



projectile will suffer multiple collisiona while traversing the target
nucleus. Thus, the two nucleli 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 obaerved fragments formed in these two types of reactions
have >een classified as belonging to one of three categories (8):
projectile fragments, traveling at near-beam velocities in a mnarrow
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 Iformed 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 wuse 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 heams, 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.



B. Bypotheses of Fragmentation

In the simplest view, relativistic heavy-ion physics may be
congidered to be a development of high energy particle physics to
include wmulti-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 firat invoked
in the description of single-particle inclusive spectra, may have some
value for these more complicated reactions. Due to the complex naature
of the projectile, a question of the relevancy of discussing
fragmentation in terms of the total incident projectile kinetic energy
or of the energy per nucleon (a velocity dependence) naturally arises.
A third hypothesis has been introduced (12), which states that the
nature of the reaction is determined by the total kinetic energy of

the projectile.
1. Limicing 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 7Be (13), with recoil kinetic energiles varying from near zero
to fission energies (approximately 1 MeV/u) (l4). The hypothesis of
"limiting fragmentation" states that the distributions of products and
their energies, 1in the respective target or projectile rest frame,
approach 1limiting 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 1light,



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 bembarding nuclcus. For the case of
target fragmentation, the yileld Y for fragment F from target T and

beam B, may be expreased as (15):
= G G [1]

where Gg 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):

2B L8y gy

- T
GB ro (AT
where AT and A? are the target and projectile mass number,

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

parameter.
3. Total Kiretic Energy Dependence

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



fragmentaticn is applicable, fragment yields and spectra will vary
with the projectile energy. For the comparison of different
reactions, it 1s valuable to know whether the physics of the
interaction 1s dependent upon the total kinetic energy of the
projectile or the energy per nucleon (velocity dependent). With the
exception of products with mass pumber near to that of the target and
of 3ome fission fragments, most prpducts 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 1s.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. Cumming, et al. have studied
the reaction of ““tcu with p, AHe, 12C, 1I‘N. and AOA: 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
fragmenta was observed at approximately 3 GeV total projectile kimnetic
energy. The isobaric charge distributions for these products were
invariant above 3 GeV, further indicating the validity of this
hypothesis. At lower energleg the mass yield results scaled with the
total projectile kinetic energy, not the velocity. The shapes of the

mass yileld curves were found to be correlated with the total kinetic

energy, providing a sort of temperature measurement.



Factorization of the fragmeot yields seemed to hold for
projectiles with similar total energy and for those with energies in
the range of limiting fraguentation. The factorization ratios were
found to be consistent with factora based upon simple geometry. The
failure of 1limiting fragmentution for the 1lightest 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 eucitation energies of the
fragment precursors were constant above approximately 3 GeV beam
energy, the recoll momenta were varying strongly with projectile
energy up to mearly 30 GeV. Also, the size of the projectile seemed
important, for at the same total projectile kinetiec energy the
fragments produced with heavy-ions had larger recoil energies than
thogse formed with protons.

Porile, et al. have studied the fragmentation of natAg by p and
12C (19), and confirmed the validity of the factorization hypothesis
for the mass yield and charge distributions, again with the exception
of the 1lightest fragments. The wass distributions for heavy-ion
induced reactions were moderately well reproduced using both an
abrasion—-ablation and an intra-nuclear cascade model calculation.
However, the models failed to reproduce the proton-induced reaction
results.

Heavy-~ion and proton-induced reactioms with 1BlTa have been

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

fragment production crosg-sections scaled with the total projectile



kinetic energy (12). A significant enhancement of 1light 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 colliaioms. A comparison of the wraas
yield curve with the results of the intra-nuclear cascade and
abrasion-ablation model calculations indicated that while both models
reproduced the general shapea of the distribution, neither could
predict the yields of the lightest fragments.

Recoil properties of these fragments were measured by Loveland,
et al. (20). These workers found that while the excitation energies
of the fragment precursors were similar for protons and £or 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 varlety of
projectiles at epergies 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, t 1. have examined the interaction of protons and

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

those obtained with the Ta targets, with limiting fragmentation being
observed for the fragment production cross-gsections, but not for the
recoll womenta. These authors also confirmed the ctotal emnergy
hypothesis. Aleklett, et al. have measured the cross-—sections for the
production of gold in the reaction of heavy-ions with 20931 (24).

They reported that the observed relative yields of the gold isotopes

showed a similar dependence upon their mass number, regardless of the



projectile-energy combination, with the conclusion that the inferred
excitation energies of the primary residues remain approximately
constant.

A s8ubstantial 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 distribution peaked
near mass 110 and was understood to be the result of low=-excitation=-
energy fission of a uranium-like mnucleus. 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, et al. (26) and Warwick, et al (27).

Recoill yproperties and formation cross-sections for these
fragments have beén reported by Porile, et al. (28), Biswas and Porile
(29), and Lagarde-~Simonoff 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 heam energy, while th: former have
increasing excitation functions and recoil energy distributions that
decrease gharply above 3 GeV proton kinetic energy. This reinforces
the evidence for the existence of different production machanisms for
these two classes of fragments.

Relative production cross-gsections for fragments formed inm the

12 238

interaction of 25 GeV ""C with U have been reported by Loveland, et



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(: induced reaction (32). Here it was noted that the 1light

fragments were enhanced relative to those produced with protons, with

the very lightest frasgments being most strongly affected.
D. Proposed Study

In this atudy 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-ioms 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 reasom for
their known failure to be subject to limiting fragmentation and
factorization. Theoretical calculaifons  of the  experimental
observables will be performed to help elucidate the mechanisms of

fragment formation.
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II. EXPERIMENTAL

A. Introduction

Target fragment yields have traditionally been measured using the
radio-analytical method, which currently remains in use at several
laborastories throughout the world. The method is comprised of the
irradiation of an elemental foil with the chosen beam, following which
the induced radio~activities are surveyed using a gamma-ra,
spectrometer. Individual nuclides produced in the interacctions 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, 3¢
that their decays may he observed. Unfortunstely, 1t is knowa frou
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 =xperimentally 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 be~n 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. PFrom the calculated
isotopic and iscbaric ylelds, the pre-beta-decay mass and charge

distributions were constructed.
3. Targetry and Irradiations

The self-supporting targets used in the bombardments consisted of
n;tural or depleted uranium of 25 to 120 mg/cmz 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 cf extrapolating
the fragment production cross-sections to =zero target thickness,
thereby eliminating any effects due to secondary-parti:le-induced
reactions, which are known to give a significant contribution to the
ylelde at large target thicknesces (13). Depleted uranium was the
preferred target, s8ince it has much less background activity.
However, the prohibitively high cost of this material prevented 1its
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 12C beam, were performed at the Bevalac accelerator

facility located at the Lawrence Berkeley Laboratory. This facility

12



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 beem 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 loat very little energy in any of
the objects in the beam pat- 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 diasmeter,
and rewmained unchanged in size and position during the irradiations.
An ion ;ollection chamber filled with argon and carbon dioxide (80X
Ar, 2072 002. 800 mm 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(120,X)24Na
was 24.5 millibarune (35). Because the flux and dE/dX of the beam were

80 much lsrger at this energy, 1t was necessary to use aluminup

catcher folls, 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

13



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 gamwa-ray detector. Ten or more sample positions were gvailable
to allow for the adjustment of the detector dead time. All
measurements were made using Ortec coaxial lithium~drifted and
intrinsic-germaniun diode detectors.

Each detector was DC coupled to a charge sensitive pre-~amplifier,
which was connected to a high-rate linear amplifier with matching
signal risetime. The amplifier outputs were AL coupled with analog to
digital converters (ADCs) using active baseline restoration for good
peak resolution at high counting rates. The AD( outputs were in turn
connected to pulse height amalysis systems, which recorded the gamma=-
ray spectra on magnetic tape or floppy-disc media. A schematic
diagram of a gpectrometer system is given in Figure 2. Each system
wvas programmed to collect a 4096 channel spectrum covering the energy
rang. of about 80 to 2000 keV. Corrections for detector dead times

were made by automatically increasing the data 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 atandard 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:
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2 3
E = ‘1 + azc + aac + akc [3]

where E is the actual energy of a peak, and C 18 the centroid chamnel
number. The coefficients (ai'a) were determined using a least squares
fit of the known peak epergies to the channél numbers. The
calibration for each detection system was found t» be quite linear,
with negligible higher order coefficients.

The detector efficiencies were computed by comparison of the
known emission rates of the standard sourcas with their measured
ganma~ray photopeak areas. From the calculated efficiencies, the
energy dependence of the detector efficiecncy was determined using a

least squares fit to an equation of the form:
-p,
F = p IE - Py exp(-p,E) ] [4]

where F 18 the detection efficiency for a particular peak, E is the
peak energy, and the pi'E are the coefficients. This fictting
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 quslity of a detectiou system 1is its
experimental resolution. Thies 1s especially significant for the
spectroscopy of RHI-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-amplifier
compensation, together with the use of active signal baseline

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

15



maximum resclution of each spectrometer was found to be less tham or
equal to 2.2 keV for the °Co 1332.5 keV gamma-ray. Using the
standard sources, the line~-shape for each peak was measured and
subsequently fit by least aquares methods to a shape consisting of a
gaussian function with an expomential tail smoothly joined on each

side. This £ ~m of line-shape was found fit the peak-~shapes of each

detector to high accuracy.
D. Data Analysis
le Peak Analysis

Each gamma-ray spectrum collected during the four to six week
period following the end of an irradiation was analyzed wusing 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 pzeviously
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 amalysis, the resulting
tables of gamma-ray activities were gorted by sample name and
photopeak energy in preparation for decay curve construction. This
was done by searching each sample measurement for the presenmce of

ganma~-rays of energy within an interval centered about an earlier
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observed peak’s wmean energy. The size of the interval was energy

dependent with the form:

D = 2 log)E - 3.0 i5]

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 geperated for

each sample.
2. Balf-life Analysis

In tle wnext step of the data reduction, an interactive decay
curve analysis program (TAU2) was used to construct decay curves for
the gamma-rays otseived 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 Bimder, et al. (38). From the interactive terminal the
ingvestigator was able to choose from a variety of different Jleast
square fits to the decay curves, including single or multiple
components, growth and decay, and background activities. This
flexibility made 1t possible to fit most decay curves correctly and
rapidly. After the fit to each decay curve was completed, the

pregram recorded the nuclidic identifications, half-lives, calculated

end-of-bombardment activities, and the associated statistical errors.
3. Cross~-gection Calculation

Using the activity and nuclidic half-life values determined by

this method, the cross-sections for each component of the decay curves

17



were calculated using another computer code. Since large beanm
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:

Y o= A/ Ni;‘:lcbi( 1 = exp(=at, ) ) exv(-xj_)t:i‘ﬂtbj) ) (6]
where Y 18 the cross-section, N is the number of target atoms, ¢i is
the beam flux during the i’th interval, ; is the decay comstant, Ag 18
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 1sotope-ordered list of nuclidic cross-sections, which were
computed from the weighted averages of all gamma-rays observed {or
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:

(a) The energies of the observed gamma-ray transitions wers

within 0.5 keV of the literature values.

(b) Each decay curve was rtesolved into a single wunigue

combination of nuclidic identifications.

(c¢) The cross~sectiona calculated for each different transition

of a particular nuclide were self-consistent.

(d) All of the gamms-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

18



intanse gamma-ray.

This screzning procedure eliminated most incorrect i1dentifications;
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 poesible effects due to secondary-induced reactions. At
relativistic energies, large fluxes of light particles with
intermediate energies are created in the more central collisfions (39).
To permit an investigation of this effect, targits of more than one
thicknee. were irradiated in most uf the experiments. By fitting the
nuclidic cross-sections to a linear function of tsarget 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 cumulative 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 auclidic and isobaric yields. For this reason it was
necessury to correct the measurements for the effects resulting from
precursor beta-decay. The procedure used was to iteratively fit the
experimental nuclidic yilelds to Gaussian charge distributions (40},
functions which represent the distribution of i1sobaric cross-section
among the members of the isobar. For a Gaussian distribution, the
independent yfeld Y(Z,A) can be expressed as a function of the mass

yield Y(A) by:
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where Cz(A) 18 the Gaussisn width parameter and Zmp(A) i8 the centroid
atomic number value.

Thus, 1f three independent ylelds 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 iscbaric multiplet were
observed dIn the experiments. The solution to this problem was to
assume that the values of the isobaric yield, gaussian width, and
centroid position vary slowly and regularly as a function of product
mass number. This was expected to be a poor assumption for products
with mass number near to that of the target, where the mass yield
changes rapidly with mass number. Using this approach, the data from
each experiment were grouped by similar mass numBer, and then a single
charge distribution was constructed for each group.

A computer code named MASSY has been written by Otto to perform
these calculations (41). From a set of input parameters for Zmp(A)
and Cz(A). the code constructed sets of charge distributions for each
grouping of the data. Using these distributions, together with the
half-lives of the members of each isobaric multiplet, the amount of
beta-decay feeding to each observed nuclide was computed. Then, the
independent ylelds 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 f£its to the calculated independent yields were found by

20



iteration. From the independent yields,

were cslculated using equation 7.

the mass (1isobaric) ylelds

21



II1. 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 tranafer of
momentum and energy occurs. The projectile fragments continue forward
within a narrow fragmentation cone (in the 1laboratory 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 corregspond to those
reactions 1in 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 "explosion” 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 mapbner of
collisions with intermediate character will take place.

To aid in the understanding of the mechanism(s) involved in these
two types of .nteractioms, it is important to compare the predictions
of current theoretical models with the results of the experimental
measurements. Three theoretical wmodels of high~energy heavy-ion-
induced reactions will be considered: the intra-nuclear cascade model
{42), the nuclear fireball (abrasicn-ablation model) (43), and the
nuclear firestreak madel (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 between 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 f these models is based upon the common underlying
assumption aat 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 ceaction as being completely
collective in nature. However, this work has not yet been applied to

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

The first realistic calculations of the interaction of high
energy particles with complex nuclel 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 PFermi energy in the target. This type of calculation is
particularly well suited to computation using Monte-Carlo simulation
techniques on a mainframe computer.

A8 a representative example of this type of calculation, the
Yariv and Fraenkel version of the INC wmodel, mnamed ISABEL (47), was
chosen for this work. This computer code has been well described
previously; here only the main assumptions used in the calculation
will be noted:

(a) The target and projectile nuclei were assumed to behave as
cold Fermi gases contained in potentisl wells. Their unuclear
density distributions were approximated by a step function
consisting of eight constant density regions. These regions
were obtained by £fits to folded Yukawa sharp-cutoff density
distributions.

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

relativistic classical mechaaics, with all calculations

being performed in the target rest frame, where the projectile
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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.

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

the delta (3,3) resonance :
- +
N+ N 83,3 N {8])

A - T
3,3 +N {9}

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

Nucleon~nucleon and pion=-nucleon scattering cross-sections
were interpreted from on-mass-ghell, free-particle data.

(e) Effects of the Paulil principle were included.

(£f) 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 ite

energy fell below the cutoff for escaping.

Typically, 500 or more complete cascades were performed, with
randomly chogsen impact parametera. 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.
Af ter the computation of the fast cascade process was complested, the
target remnents 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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Ce Nuclear Fireball Model

The nuclear fireball model, as originally proposed by Westfall,
et al. (43), was developed to account £or intermediate velocity
nucleon emission resulting from central and near central collisiouns.
It was based upon the geometrical concepts of the abrasion-ablation
model of Bowman, et al. (48) and included the use of a relativistic
statistical thermodynamic treatment of the participant nucleons. The
model may be stated as follows: When the ctarget and projectile
collide, the two nuclel 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 exceas of normal nuclear binding energies, and is assumed to
decay as a non-rotating thermally equilibrated relativistic ideal gas.
After undergoing an isotropic expamsion in its rest frame, the
resulting fast particles have a Maxwellian kinetic energy
distribution. In contrast to this, the target and projectile remnants
are asesumed to have rather low excitation energies and will decay by
statistical particle emission and by fission.

A computer code written by Morrissey, et al. named 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 priwmary
iateraction. 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 impaut parameter by
its geometrical probability, the cross-sections for each fragment mass
were avaluated. The average ratio of che 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 uuclear 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/fmz) 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

1. have previously shown that this

projectile energy. Oliveira, et
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, et al. have proposed that these fluctuations
could be related to zero point vibrations of the giant dipole
resonance (GDR) of the target nucleus (49). This resonance has been

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

Once the calculation for the formation of the pi..mary remnants
was complete, these ruotnants were de~excited using the same model used

with the intrs-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 13 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 f£irestreak model
of Myers (44) to include a calculation of the primary projectile and

t al. have

target remnant production in these reactions. Gosset,

previously employed the nuclear firestreak model for the calculation
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of the spectra of pions, protons, and light nuclei produced in RHI-
induce collisions (52).

Under this newer model’s formalism, the colliding nuclel are
assumed to have diffuse surfaces, which were generated by folding a
short-range (Yukawa) function into the conventional sharp—ephere
density distribution. It was agssumed 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
ionelastic collisions. A transparency function, based upon a fixed
nuc leon-nucleon ascattering cross-gection of 30 millibarns, was
included to prevent collisions from occurring between tubes containing
an insufficient demnsity of nucleons.

Once two tubes had collided, they fused and equilibrated their
kinetic and thermal emergies. 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. Additional excitation energy, due to the surface
deformation of the remmant, was included. Charge 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 assigmments 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 fiseion 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:

(a) De-excitation was simulated by statistical evaporation of

neutrons, protons, deuterons, tritons, 3He, and alpha

particles in competition with fission.

{b) PFermi-gas level densities with pairing correction and level

density parameter of a = A/2Q were used.

(c) 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 emergy dependence of the ratio of

fission to particle emission widths is given by (54):
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2/3 * /2, * 1/2 % 1/2
Ff/ L, = 4A af(E —Bn) exp[Zan (E —Bn) - Zaf (E -Ef) 1 {10]

1/

2, % 1/2
KoanIZaf (E -Ef) -1

]

where I's and a are the fission and neutron emission widths,
respectively, A 1s the mass number of the nucleus, E* is the
excitation energy, Bn i1s the neut-on binding energy, Ef is the fission
barrier helght, and Ko is the projection of the wneutron angular
momentum upon the nuclesr symmetry axis.

The ratio of the level density parameter at the fission saddle
point, af, to that at the equilibrium deformationm, an, was arbitrarily

set using the relation:
*
af/an = [ 1+ 0.1/10g10(E -Ef) ] [11]

The fission barrier heights were chosen using the approximate

formulae from Cohen and Swiatecki (55):
E; = 0.38 (0.75 - X) E_ for 1/3 < X < 2/ {12}
E; = 0.83 (1.0 - 03 Eg for 2/3 < X< 1 {13}
for which the fissionability parameter, X, is given by:
X= Z2 / [ 50.88 A ( 1~ 1.7826[(A-ZZ)/A]2 )} [14]

and with

o /3

E2 = 17.80 a2 [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 wmethod 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. Ef fects 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-zections
upon target thickness was examined. In general it was found that no
consistent, statistically significant effect was observed for
tndividual 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 experimeant were
separated 1into five groups consisting of fragments that were expected
to be produced by similar types of reactions: 1light fragments with
mass number A < 80, neutron deficient fragrents 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 1in each group of yields. Even with this rather
extreme measure, the statistical errors in the calculated seconcary
effects were still usually larger than their values, or the calculated
effects were smaller than the uncertainties present ia the original
data. The only group im which there was any hint of a secondary
effect being present was the one consisting of neutron excessive
fission fragments. Therefore, it was assumed that there was uo
significant dependence of the target fragment production cross-

sections upou 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 igobaric yields,
the averaged nuclidic ylelds were placed into one of gixteen groups
according to the mass number of the nuclide and 1its 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 previocusly. 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 lzC 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
energiles.

The most probable atomic number values (Zmp) 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 2 units of each other for all of the mass
regions. The zmp values obtained from the 1.0 GeV 12C induced
reaction &are within 1.5 Z units of those reported by de Saint Simon,
et al. (57), who have measured the wass distributions of Rb and Cs
from the reaction of 77 A MeV 12C with 238U.

Representative charge distributions from the reaction of 3.0 GeV

1 238

2c with U are shown in Figures 4 through 19. The distributiomns
measured in each of the other reactions are quite similar, with the

main differences being only those due to overall changes in the
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isobaric yields. In the fission mass region (80 < A < 145), the
charge distributions were found to be composed of two separate
distributions, one neutron excessive and the other neutron deficient.
Thesa distriputions have a separation of from less than two units of
atomic number at mass number 90 to approximately four units at mass
number 135. This behavior has also been noted in the work of Yu (25)
and de Saint Simon et al. (57). Warwick, et al. (27) have suggested
that these two distinct distributions are formed as a consequence of

this mass region being populated by two separate reaction mechanisms,

one being deep~spallation and the other medium-energy fission.

3. Mass Distributions

Presented in Figures 20 through 27 and in Table TII are the
yields for each isobar produced in the various reactions, obtained by
integration of the charge distributions. Outside of the fission mass
range, these are the isobaric yields. Inside this range, they are the
igobaric yields of the neutron deficient and neutron excessive
distributions. The sclid 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, et al. (12) have suggested that individual yields
may have systematic uncertainties of approximately 25 percent. The
observed scatter in the ylelds d4ndicates that this wmay be an
underestimate. Since it 1is expected that the mass yield changes

slowly over a narrow range of mass (except near the target mass), it
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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 figsion mass region, which are formed as the
result of fiassion of a uranium-like nucleus. These fragments are
identical to those that are formed in low-energy proton or alpha-
particle=induced £ission of uranium. A large part of the remaining
isobaric yield is also contained in this mass regicn, 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 1larger 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 eunergy dependence of the fragmemntation of uranium by heavy-
ions is demonstrated in Figure 28, in which the iscbaric yield curves
for the four energles of 12C are superimposed, and likewise in Figure
29 for the four energies of ZONe- In the case of the 1.0 GeV 12C
projectile there 1is a large peak in the fission mass region, with
rather low yields everywhere else except near to the target mass. The
neutron deficient yields in the fission mass region are much larger
than the spallation yields at larger mass, indicating that most of the
former are produced by the fission of a highly excited system.

12

As the C bombarding energy increases, two dramatic changes in

the yield patterns are apparent. Of greater significance, a large
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increase in the production of the light fragments (A < 60) is
observed, with the very lightest fragments showing the largest effect.
This increase continues up to the highest energy of 12 GeV, suggesting
that the wnechanism for the formation of these fragments is quite
energy intensive. Gutbrod, et al. (58) have suggested that the
formation of the lightest fragmeats 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 1light fragment
yield distributions measured in this work seem to be exponential up to
about mass number 50, as would be expected 1f they were produced
thermally.

A large change 1s also observed in the yields of the heavy
fragments (145 < A < 210). These increase sharply as the projectile
energy 1increases 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 unot be aignificant, since there are few experimental points in
this region. No evidence is seen for a very large peak in the yields
of mass ngumber 160 to 180 fragments, as originally reported by
Loveland, et al. for the reaction of 25.2 GeV 12C with 238U (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
fragwents ir the fission mass region seem to be nearly independeat of

the projectile energy. While there appears to be some 1increase 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 ylelds with projectile energy 1is
observed with ZONe , as expected, since its lowest total kinetic
epnergy was 5.0 GeV. With this projectile the wmass 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 1little further
change is apparent. The heavy element yields are all similar, with
the 1increase at 20 GeV again probably being due to the scarcity of
data in this region. Yields of the fission wmass products are
relatively constant at all these energies.

With the confirmation of limiting fragmentation for all but the
lightest fragment’s yields at spproximately 3.0 GeV, it is of interest
to make some tests for factorization. In Figure 30 the 4sobaric

120 and 5.0 GeV 20Ne-induced reactions are

yields for the 4.8 GeV
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

38



and the total energy hypotheses.

Heavy-ion and proton-induced reactions are compared in Figure 3l.
The two isobaric yield curves are for the reactions of 29 GeV protons
and 20 GeV ZONe with 23BU. The proton data were taken from the work

of Chu, t al. (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 1in 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, et al. (6l).
These workers observed cross—-sections of about 5 to 10 millibarus for
fragments of wmass numbers 150 to 200, which are in agreement with

those seen in this work, keeping in mind the difference 1in total

reaction cross-sections.

4. Total Reaction Cross—-sections

In order to  further check the various hypotheses of
fragmentation, 1t 18 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:

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

The origin of fragments with lower mass 1is uncertain and thus

their multiplicities are unknown. In some cases these fragments

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

(b) All of the fragments from within the 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 frajments that were formed in the most
peripheral reactions, such as coulomb excitation, from making
large and wuncertain 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-secticon for a RHI-induced reaction of
uranium is generally invariant as the total projectile kinetic emnergy
is varied from 3.0 to 42 GeV. The deviations observed for the 1.0 GeV
12C and 5.0 GeV zoue-iuduced reactions have been previously discussed.
Excluding these two measurements, the values of the total reaction
cross-gections for 12C and zoﬂe with 238U 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 Ty and d to be
1.37 and 5.1 fm, respectively, as suggested in the work of Heckman, et

20

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

relative to 12c is 1.22, which is well within the error of the ratio
of 1l.11 for the geometric cross-sections. No evidence is seen in the
experimental total reaction cross-sections for any effects due to

nuclear transparencys 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 18 nearly identical to the value of .58, which was calculated in
a similar manner from the results presented by Yu for 11-29 GeV
protons (25). Track detector measurements of total fission cross=-

14

sections from the reaction of various encrgies of "N with uranium

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

obtained from the 12C-induced reaction.

B. Theoretical Model Predictions
1. Theoretical Mass and Charge Distributions

In Flgures 32 through 39 the mass yield distributions predicted
by the intra-nuclear cascade (INC), nuclear firestreak, and nuclear
fireball models are presented, together with the experimental results
previously described. Since the nuclear fireball model includes no
projectile energy dependence, its results are shown only once for each
choice of projectile. From an examination of Figures 35 and 38, it is
evident that this model drastically overestimates the ylelds 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 reactiom, which
are in turn the consequence of the "clean cut” assumption. As earlier
noted, Oliveira, et al. have come to this same conclusion (50). Of

course, by altering the af/an ratio used 4in 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
reaidues 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

120 experiment these

yield curves with fair accuracy. For the 1.0 GeV
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/an ratio. As the projectile energy increases to 3.0 GeV, the
calculations begin to £i{11 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 ylelds of
these fragments, but do result in yilelds that become too large for
fragments of wass uumbers 50 to 80. Neither model is capable of
predicting the turn-up in the yields for fragments with mass numbers
legs than 50, which 1is 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 différencea between the nuclear firestreak and INC
model results can be noted. The nuclear firestreak calculation
generally predicts somewhat larger ylelds for the mass nuwbers 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 appareut 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 resction. A
correction could be made for this by the use of a discrete
distribution of excitation energies for the near~target primary
fragments.

It 1is 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 choice 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~nuclear cascade model, i1s compared
with the experimental independent yields for the reaction of 3.0 GeV
12c with 2380. The center and width of the thedretical distribution
are similar to those of the experimental data, with the former being
centered somewhat more mentron excessive. Throughout the non-fission
nass 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 wmodels as conceptually
dissimilar as the intra-nuclear cascade and nuclear firestreak models
should give such similar results. This can be interpreted as heing
due to the following factors: First, many of the features of RHI-
induced reactions are simply dependent upon the geometry of the
collision, which 1ia treated nearly didentically in both models.
Second, the mean free path of a cascade nucleon in a aucleus is short
enough at these energies so that its interaction 1s 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, 1t is the de-excitation
process which takes place in the common second step of the reaction
that generates the general shape of the mass yield distribution. As
long as the excitation energies deposited in the first step are
comparable, the resulting shapes of the yield distributions will be
quite similar.

While the intra-nuclear cascade and nuclear firestreak model
results reproduce much of the character of the experimental data for
these reactions, neither model accurately satisfies the hypothesis of
limiting fragmentation. This is a consequence of the fact that both
models predict that the excitation energiles of the fragment precursors
continue to increase throughout this projectile emergy range. Yet
these models do demonstrate the validity of the concepts of

factorization and a dependence upon the total kinetic energy for the

regsults of the reactions.
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2. Theoretical Recoil Velocity Distributioms

As a parallel to this study, we have previously reported the
target fragment energies and momenta measured in the reactions of 4.8
GeV 120 and 5.0 GeV zoNe with uranium (66). A comparison of the
recoil velocities for neutron deficient fragments produced in the 4.8
GeV lzc—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 fiassion 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 veveals 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, s8ince these fragments are expected to be
formed only by a deep-spallation type of mechanism.

It 1s difficult to understand the behavior of the experimental
recoil velocity distributions in terms of conventional theory. The
recoll velocities are nearly identical for all fraguments of mass
numbers 106G through 200. This 18 hard to rzconcile 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
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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 1intra-nuclear
cascade and ouclear firestreak models are given togetner with the
experimental values in Table IV. Both calculations predict a general
iov ariance of reaction cross~section with beam energy. They match the
exparimental values reasonebly well, except for the measurements with
the 1.0 GeV 12C aud 5.0 GeV 2ONe beams, which are somewhat suspect, as

discussed earlier. This general agreement is simply the result of the

geonetrical 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 1in the
experimental wmass 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 CeV
the fission mass vields are similar to those at higher energies, but
the yields of the heavy fragments (145 < A < 210) are s"rongly
suppressed. This 1s 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 producticn croas-gections are s+rongly
increasing with energy until 8 to 12 GeV. This 1is indicative of cthe
possibility that these fragments are formed in "explosive events" or

are emitted from thermal sources, both of which would require large
12

projectile energies. Comparisons of the mass yields from the C and
the 2UNe-induced reactions with those previously published for proton
and IAN projectiles of similar energy confirm that the total

projectile kinetic energy 1is 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
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fragments of this mass region are produced by fission of highly~
excited heavy s&pecies and to a smaller degree by deep-spallation
processes.

Of the three theoretical models, only the nuclear fireball model
is clearly inferior 1in its predictions fc. the mass yield
distributiong, which i1is 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 .:air predictions for the shapes of the experimental mass
and charge distributions, with the exception of the yields for the
lightest fragments. This failure can be attributed to the lack of any
mechanism within the de-excitation model, other than that of fission,
which can populate this mass reglon. The two reaction models are both
found to be iacapable of predicting target fragment recoil velocities
which are close tc the previously measured values. This suggests that
some other mechanism must exist for the transfer of large excitation
eunergies to the target fragments, without the correspondingly large

amnounuts of recoil momenta.
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TABLE I.

Irradiation Conditions

Total Total Irrad. Target
Accel. Beam Ion kinetic flux period tnickgess Catcher
energy particles min. mg/cm material
cery s¢ 12¢* 1.0cGev 434 10Y° 120, 46.8 Alwatnun
mevalae 2" 3.0cev .38 10'1 1605,  37.4,46.0 Mylar
Bevalac '2¢5%  i.scev 6.23 1083 821.5 s6.1 Mylar
Bevalae 12¢5% 12 cev 9.13101% 750,  37.1,44.8 Mylar
Bevalae %e!®* s.0gev 1.01 10'3 639.8 37.2,45.8, Mylar
116.2
Bevalae 2One!®™* g0 cev 3.76 1013 1074, 33.5 Mylar
Bevalac 2One!®* 20 Gev 1.09 10'% 859,  25.3,63.7, Mylar
118.7
Bevalac 20Ne!® 42 Gev 1.93 1012 545, 36.0,44.6, Mylar

107.4
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TABLE II.

Charge Dispersion Parameters

Fragment .zm (:z ReaCtion*

mass and type P
24 - 28  all 2405 A+ 1.25 0.4 b,c,d,e,f,8,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 gsh
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. J405 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 0.9 b,c,d,e,f,g,h
112 ~ 128 n-exc. +405 A + .75 1.0 a,b,c,d,e,f,g,h
127 ~ 139 n=def, «405 A + 2.75 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 A2 + .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 Az + 45 A+ 2.25 0.8 a,b,c,d,e,f,g,h
184 - 192 all -.00026 Az + 45 A+ 2.75 0.7 b,c,d,e,f,g,h
201 - 210 all -.00026 Az + .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 8,b,¢,d,8,f,8,0
* g, b, c,d= 12

e, £, 8, h =

1.0, 3.0, 4.8, and 12 GeV‘.,.0 c
5.0, 8.0, 20, and 42 GeV " Ne
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TABLE III.

130BARIC VIELDS (AILLISARNS) FROR MEAVY-10M + U~200 EXPER{AENTS ®
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1S0BARIC VIELDS ( MILLIDARNS) FROR MEAVY=TON + U-238 EXPEMIMENTS
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TSOBARIC YIELDS (MILLIBAANS) FROM NEAVY-ION + U-239 EXPERIMENTS
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TABLE 1V.

Total Reaction and Tission Cross~sections

for Heavy~ions ani Protons with 2380
(barns)

INC Firestreak
Projectile reaction fission Fraction reaction reaction
1.0 Gev Y2¢ 231 1.65 a1 3.3 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 %N 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 — 4.35
11-29 GeV p 1.84 1.06 .58
2.0 cev 1% —— 2.84 —
3.9 —— 2. 39 -
29. ——— 2.13 -—

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

14

from Reference 25. The fission crogs-gections for the N-induced

reactions were taken from Reference 64.



1)

(2)

(3A-3B)

(4~-19)

(20~27)

(28)

(29)

(30)

FIGURE CAPTIONS
A typical Bevalac targetry arrangement.

The schematic diagram of a conventional gamma-ray

spectroscopy system.

The flowchart diagram for the sequence of computer operations

used in the analysis of the gamma-ray spectra.

The independent yleld distributions from the reaction of 3.0
GeV 120 with 238U- The plotted points are the experimental
values and the solid lines are the fitted Gaussian charge

distributions.

The mass yleld distributions for the eight reactions studied.
The open circles are the total (isobaric) yields, while the
triangles arve the total neutron excessive yields and the
squares are the total neutron deficient yields. The solid

lines are the fitted isobaric yield curves.

12C induced

A cowmparison of the mass yield curves for
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 yleld curves for 20Ne induced

reactions. The curves A, B, C, and D represent total
projectile kinetic enpergies of 5.0, 8.0, 20, and 42 GeV,

respectively.

A comparison of the mass yleld curves for the 4.8 GeV 12C and
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(31)

(32-38)

(39)

(40)

(41)

5.0 GeV 2ONe induced reactions, labeled as A and B,

respectively.

A comparison of the mass yleld curves for the 28 GeV proton
and 20 GeV 2ONe induced reactions, labeled as A and B,
respectively. The data for the proton induced reaction were

taken from Reference 60.

The mass yield distributions predicted by the various
theoretical models are compared with the experimental
results. The so0lid 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 calculatious.

A comparison of the experimental and theoretical mass yield
20 238

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

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

nuclear firestreak model prediction.

A comparison of the independent yields 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 1s 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
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experimental data for the neutron deficient fragments, which
were taken from Reference 66. The solid curves are the
velocities for the trtagments not arising from fission, as

predicted by the intra-nuclear cascade and nuclear firestreak

model calculations.
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