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ABSTRACT

Target fragment formation cross sections for nuclides with 24-€ A<

f%? have been measured for the 1nter§§t1on of 1.0, 3.0, 4.8 and 12.0 GeV

C and 8.0 and 20.0 GeV 20Ne with 2 Fragment isobaric yields were
deduced from these data. The light fragment (A < 60) yields increase
rapidly with increasing projectile energy until 4 to 8 GeV with only
smaller increases in yield with increasing projectile energy beyond this
consistent with the origin of these fragments in a high deposition energy
process. The yields of n-rich fragments (80 & A ¢ 145) are energy
independent from 1-20 GeV consistent with their origin in Tow energy
fission of a uranium-1ike species. The n-deficient fragments (80 & A
145) have excitation functions consistent with their orlgin in either a
deep spallation-or high energy fission process. (At a *“C projectile
energy of 1.0 GeV, the n-deficient fragments appear to originate primarily
from a fission rather than a spallation process). The excitation functions
of the heavy fragments with 60 § A ¢ 200 are similar to those of the light
fragments. No large yields of these fragments were observed for any system
studied contrary to a previous report. Both the intranuclear cascade model
and the nuclear firestreak model satisfactorily predict the observed yields
of fragments with A » 60 indicating that the general pattern of yields of
these fragments is governed by the excitation energy deposited in the
nucleus during the first step of the reaction and the geometry of the
collision.

NULCLEAR REACTIONS ..238y(12¢ ) P = 1.0, 3.0, 4.8, 12.0 GeV;
238U(20Ne,X) EZON = 8.0, 20.0 GeV. Measured o(Z,A); deduced o (A).
e . .

Nuclear firestreak model, intranuclear cascade model, DFF calculations,
target fragmentation, fission, épa]]ation.

PACS Numbers 25.70 Np, 25.85 Ge



I. Introduction

Relativistic héavy'ion (RHI) physics may be cohsideked an extension of
high enefgy particle physics to include multibaryon systems. Therefore it
is'1ogica1 to apply high energy physics concepts to RHI-induced reactions.
Two high energy concepts, 1imjting fragmentationl and factorizationz; have
found widéspréad applicability in describing projectile and target |
fragmentatidn3. In studies of target fragmehtation3, one finds, in
general, the single-particle inclusive target fragment production cross
sections to betome asymptotically energy independent at beam energies
between 0.4 and 1 A GeV while the target fragment kinematic properties
appear to become energy independentlatnvzs GeV. Furthermore, target
fragmentation studies have established3 that‘it is the kinetic energy of
tﬁe'projectile, rather than its velocity or rapidity, that i§ the proper
scaling variable with respect to limiting fragmentation. At total
projectiTé kinetic energies at which limiting fragmentation is occurring,
the target fragment production cross sectibns appear to be factorizable,
‘i.e., apart from an obvious scaling with total reaction cross sectjon,
target fragment cross sections are independent of the'beam projectile;

Two exceptions to the idea of factorization have been noted.} The
yields of the 1fghtest fragments (A < 50) from the fragmentation of
targets of Ag and higher A matefials by heavy ions are enhanced relative to
their production in proton induced reactions to the extent that
factorization fails4. This obsefvation has been explained by arguing that
such fragmehts are produced in low impact parameter, central co]]isiqns in
which factorization is expected to fail. The seéond general exception to

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

238y by 25 GeV 12¢ ijons in which substantially enhanced yields of fragments



with 160v5_A < 190 were observed relative to proton induced reactions.

To better understand this reported deviation from facforization inU
target fragmentation, to gain insight into the reaction mechanism(s)
operating %n U target fragmentation by RHI's and to provide a data base to
test current theoretical models of target fragmentation, we undertook the
measurement of target fragment production cross sections in the ihteraction
of 1.0, 3.0, 4.8, 12.0 GeV 12¢ and 8.0 and 20.0 GeV 20Ne with 238y, We
report herein the results of these measurements and analyze them to show
the energy deposition characteristics of RHI-induced fragmentation of 238y,
We deduce isobaric yields from the measured fragment nuclidic yields and
compare these data with the predictions of an intranuclear cascade model
and a new extension of the nuclear firestreak model (designed to treat
‘target fragmentationf. | |

'II. Experimental Procedures

Irradiatiohs were performed using the external beams of the'CERN SC
synﬁhrocyc]otrbn (1.0 GeV 12¢) and the LBL Bevalac (3, 4.8, 12 Gev 12¢ and
8, 20 GeV 20Ne). The irradiation conditions along with the target
thickness(es) and catcher materials are summarized in Table I. As
indicated in Table I, the targets were natural or depleted uranium foils
with thicknesses of 25-120 mg/cm | surrounded by mylar or Al catcher
foils. In most experihents, targets of differing fhickness were
irradiated. This was to provide the possibility of measuring the
contributions 6f secondary reactions to the measured cross sections.

At the Bevalac, the beam intensity was measured us{ng'an Ar-C0, ion
chamber calibrated by the Bevalac staffG; fluctuations in beam intensity
during each irradiation were recorded. For the irradiation at CERN, the

" beam intensity was measured using an Al monitor foil. The induced 28)q
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“activity in the Al foil along with the known’7 ¢ross section for the 27A1
(12C, X) 24Na reaction of 24.5 mb were used to calculate the beam flux.

After irradiation, each target catcher foil assembly was assayed by
off-1line ¥-ray spectrometry for a period of 4-6 weeks. Formation cross
sections for the production of individual radionuclides were caiculated
using techniques that have been described previousiys.

III. Experimental Results

A. Effects Due to Secondary-Induced Reactioné

Because uranium is so fissionable and because copious fiuxes of
secondary projectile fragments are'prpduced in RHI collisions, it is
necessary'to determine the contribution of secéndary fragmenf-induced
processes to the observed formation cross sections. The depeﬁdence 6f the
fragment production cross-sections on target thickness was examined in each
| experiment in which more than one thickness of target was irradiated. In
general no consiStent, statistically significant effect was observed for
the individual nuclides produced.in‘any pérticuiar réaction. In order to
"~ check the apparent lack of secondary—induced processes, the nuclides
observed in each experiment were collected into five groups by mass number:
all fragments with massvnumbef A < 80, neutron deficient fragments with 80
<A 3145; neutron excessive fragments with 80< A < 145 rieavy fragmenits
with 145 <A <210, and near-target fragments with A > 230. The results
from the fitting prbcedure were averaged within each group to give an
average correction factor for secondary induced reactions in each group of
yields. The statistical errors in the average secondary effects for each
group were usually larger than their values, or the corrections were
smaller than the_unéertéinties present in the original data. The group

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

| méasurements'of'the reaction of 25.2 GeV 12¢ with 238y using target |
thicknesses'ranging up to 400 mg/cm2 indicate a secondary reaction
contribution to the neutron excessive fission fragmenté of approximately
7% (for the aVerage 50 mg/cm2 fargets used in this work). Such an effect
vwou1a be difficult to observe in the present study, so the results for the
measured yields were simply averaged over the various diffefent target
thicknesses. |

B. Cross Sections

The "thickness-averaged" nuclidic formation cross sections are
reported in Table II. In Figuré 1, we‘show thé excitation functions for
~ the formation of mostly "independent yié]d“ nuclides that are
representative of various classes of U target fragments. The data points
. shown in Figure 1 are: (a) the measured formatidn cross sections for the
interactibn of 12¢ with 238U (solid points) and (b) the measured formation
cross sectiohs for the interaction of 2oNe with‘238U scaled by the ratio of
the "soft spheres” total reaction cross sectionslO for 12¢ and ZoNé induced
reactions (open points). Uncertainties are shown only for. those points
where the uncertainfy is greater than the size bf the plotting symbol used
for each point. |

485c is a typical light fragment, i.e., a fragment.with A < 60, and
its yield appears to increasé strongly with increasing brojecti1e energy up
to~8 GeV, with a modest increase from 8 to 21 GeV. As discussed earlier,
these pfoducts appear to be the result of high deposition energy, near
central co]liéion§ between projectile and heavy nucleus and Timiting
fragmentation is ndt strictly valid over the energy region-studied. Quite

~ different behavior is shown by the n-rich fission fragments 96Nb and 136Cs
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whose yields are effectively constant over the projectile energly region:
vstudied. These n-rich products are thought to be the result of a low
deposition energy;induced binary fission of a uranium nucleus.

The somewhat more complicated excitation functions for the n-deficient
species 1?25b and 88zr can be_rdtiona1ized; The excitation function for
887y shows a continuous increase throughout this projectile energy region
while that for 122sh shows an approximately constant vaiue. This trend
would support the notion that the production of 88zr requires a greater
depositioh energy than that of 1225h,  This idea is given further support
by the kinematic datall for the production of these fragments in the -
interaction of 4.8 GeV 12¢ with 238y where one observed a 1ongitudina1_
momentum -transfer in thevinitial target-projéctilg collision Teading to
887, that was ~2.5 times larger than that observed in collisions leading to
1224y

The excitation fthtions for the heavy fragments 171y and 232pa seem
tb show a somewhat higher projecti1é energy is fequired to cau§e>
"saturation” behavior for 171Ly compared to 232Pa, consistent with the
interpretation12 that these nuclides are the resuTt of high and Tow
debosition energy spallation, respectively. \Other nuclides show eXcitation
functions that are composites of the reaction mechanism associated behavior
discussed herein. | |

- These simple quafitative pictures of the fragment excitation functions
in RHI-induced fragmentation of 238y are consistent with previous views of
the proton induced fragmentation of 238y, Indeed, the ratio of the common
auclidic formation cross sections for the 12 GeV 12¢ 4+ 238y reaction tdvthe r
same nuclidic formation cross sections(13'19) (spanning 44 < A < 140) for

the 11.5 GeV p + 238y peaction is 1.5 + 0.1. This ratio is in good

-



agreement with the simple geometric cross section ratio for the two
reactions of ~1.4. Thus, based upoh nuclidic cross section fatios,
factorization appears to be approximately valid for most of the fragments
produced in the RHI-induced fragmentation of 238y, Not enoﬁgh formation
cross section data for common products from both reactions is available to
evaluate the possibility of enhanced yields for fragments with 160<A<190
(see Section C, however). ' '

C. Mass-Yield Distributions

Comparisons of the formatjon‘cross.sections for cdmﬁon, "independent
yield" fragments from various reactioné utilize only a fraction of the
available experimental data for each target-projectile system. To more
fully utilize the available data, we have deduced mass-yield (isobaric
yield) distributions from the measured formation crOSS'sections.' The
method employed in this estimation pfocedure has béen discussed
previous1y20.- |

The measuréd nuclidic formation cross sections were p1acéd in ten
groups éccdrding to mass number. These cross sections were corrected for
precursor g-decay , where necessary, by assuming that the independent yield
cros§ section for a given species o(Z,A) can be expréssed as a functidn of
the isobaric yield s(A) as: P

o(Z.8) = o(A) (2nC2 (A)7H/Z exp <-<%E’) BNSY
z(A)
where CZ(A) is the Gaussian width-parameter for mass number A and Zmp(A) is
the most probéb]e atomic number for that A. Using this assumption and the
further assumption that or(A) varies s]ow]y and smoothly as a function of ‘A

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

and C,(A)), one can use the laws of radicactive decay to iteratively
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correct the measured cumulative formation cross sections for precursor
decay20,

Within each of the ten groups, the data was fit to a Gaussian-shaped
independent yield distributioﬁ; (Onlyvnuc1ides with we]l-characterized .
p-décay precursors and no isomeric states were included in the analysis).
The nuclidic groupings,a]ong with the centers and widths of the Gaussian
distributions are given in Table III. With the exceptfon of the 1.0 GeV
12¢ induéed reaction, thé parameters describing the independent yie]d‘
distribution for a given group were nearly the same for every experiment.
The independent yield distributions deduced from the measured formation
cross sections'are shown in Figures 2-7. These distributions are generally
quife similar, with the main differences being in the magnitude of the
yields. For the heavy mas§ fission products (121 < A < 143), two component
charge distributions are needed to fit the data. This observation is in

qualitative agreement with observationsl2,2l o proton induced

fragmentation of 238y and the observed Cs isotopic distribution22 from the
reaction of 77 MeV/A 12¢ with 238y. For the 1ight mass (83 < A< 92).
fission productﬁ, it was not possible to resolve the two components of the
distribution observed in proton-inducedl2,21 and 12¢ induced??
fragmentation of 238y. 1t have been shown previously21,23 that two
separate reaction mechanisms, deep spallation and low energy binary
fission, contribute to the production of the n-deficient and n-rich
components of these Chargé distributions.

| The isobafic yield distributions obtéined from integration of the
independent yield distributions are shown in Figures 8 and 9. The solid
curvés shown in the figures are drawh to guide the eye through the total

isobaric yields. The error bars on the integrated data points reflect only



‘the measurement statistics and do not take into account any errors due to
uncertainties in the absolute beam flux (estimated to be approximately
15%), contributions due'to secondary reactions (possibly as large as 10%)
or those introduced iﬁ the charge distribution curve fittiﬁg process.
Morrissey, et al. 20 haQe suggested that individual isobaric yields may
have systematic Uncertainties due to the fitting process of approximately
25%.- The uncertainties in the isobaric yié]ds are dominated by the latter
source of error with the typical uncertainty being approximafe]y 30%.

A1l of the experimental isobaric.mass.yield curves have some features
in common. Most of the cross section is associated with the neutron
excessive fragmehtﬁ'fdund in the fission mass region; formed as the result
of fission of a uranium-like nucleus. These fragments afe similar to those
that are formed in low-energy pfoton or alpha particle-induced fission of
uranium. Another large isobaric yield is associated with the neutron
deficient yields in this mass regiqn.. These products may have been
produced both in high-excitation-energy fission events and by
. deep-spallation processes; In all of the reactions studied, the mass yield
curve rises for near-targetvproducts, as expected. These'produtts are
formed in peripheral reactions and have large crbss—sections.

The energy dependence of the fragmentation of Uranium by heavy ions is
demonstrated in Figure 10. The isobaric yield curves for the four 126
projectile energies are superimposed, a]ong with the two energies 6f 20Ne.
In the case of the 1.0 GeV 12¢ projecti1e_there is a large peak in the
fission mass region, with rather low yields everywhere else except near to
the target mass number. In this system the neutron deficient yields in the
fission mass region are much larger than the spallation yields at larger

mass numbers. This indicates that theSe nuclei are more likely to have



_10_.

been produced by the fission of a high]y excited system, than by a
deep-spallation process. Two changes in the yield patterns occur as the
12C bombarding energy increasee. Large increases in the production of both
the light (A < 60) and heavy (145 < A< 210) fragments are observed. |

The increase in the production of light fragments continues up to an.
energy of 8 GeV as shown earlier. The yields of heavy fragments (160.< A
< 200) also increase rap1d1y as the . proaect11e energy increases from 1.0 to
3.0 GeV and then increase more slowly at higher energies. No evidence is
seen for a very'large peak in the yields of mass number 160 to 180
fragments, as originally reported® for the reacyion of 25.2 Gev 12¢ with
238y, A re4measurement and re-analysis of the data for that systemg
confirms the conclusions of this work.

The 1sobar1c yields for the two 20Ne proaect11e energies are s1m11ar.
This is consistent with the prev1ously observed3 feature of target
fragmentation in which the inclusive production cross sections become
asymptotically energy iﬁdependent at beam energies between 0.4 and 1.0 A
GeV. The production of light fragments and heavy fragments seems to
increase between the two projecti1e energies a1though the increase is
within the experimental uncertaintfes for the heavy fragments.

IV. Theoretical Model Predictions

To interpret the different behav1or of the components of the mass
y1e1d distributions, we compare the predictions of theoret1ca1 models with
the experimental results. Two divergent models of high-energy heavy-ion
induced feactions will be considered: an intra-nuclear cascade
mode124,25,26  and the nuclear firestreak mode127. These two models
represent somewhat different views of relativistic nuclear co]]isidns with

the intra-nuclear cascade model picturing the interaction as uncorrelated
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collisions between individual nucleons from the two nuclei (including
scatterfng fhrough the rehainder*of the nuclei), while the nuclear
firestreak model assumes that the interaction consists of inelastic
collisions of "tubes of nuclear matter” within the overlap region. Each of
these models is based upon the assumption that the nuclear reaction occurs
as a two step process, as originally pfoposed by Serber28, Dufing the
first step, the fast projectile-target interaction occurs which creates
excited primarj projectile and target remnants. The second step consists
of a slow statistical de-excitation of these remhants’by particle emfssio;
and by'fission.

Alternate theoretical approaches have béen suggested for these high
energy reactions. Campi and Hiifner29 have had some success in fitting
experihenta] data by treating the first step of the reaction with Glauber
theory and the second by solution of the Master equation. Their results,
in fact, are quite similar to those from the intra-nuclear cascade model.
| Light fragmentvproduction and correlations have beén approximqted using a
relativistic hydrodynamic model30 in which the Eeaction is assumed to be
completé]y collective in naturé. ' However, this work has not yet‘been
extendeq_to preditt the formation of large target ffagments.

A. Intra-nuclear Céscade Model

The version of the INC model that we have used is that of Yariv and
Fraenke126, This model has been described previously ahd only the main
assumptions need to be noted hefe: | |

(a) The target and projectile nuclei are assuhed td behave as cold -
Fermi gases éontained in potential wells. Their nuclear density
distributions are approximated by a step function consisting of eight

constant density regions.
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(b) The reaction kinematics are treated within the framework of
relativistic classical mechanics, with all calculations:being performed in
the target rest frame, where the projectile is Lorentz contracted.

(c) Within the computation, the multiple collision process is handled
in stepwise time fashion. Interactions between cascade particles were not
allowed; hence nucleon-nucleon correlations were disregarded.

(d) Pion production and absorption was inc1udedvand occurred via the
delta (3,3) resonance:

_N.

/N+N+A33+
+

(2)

B33

wheré N is a nucleon, and ™ is a pioh. Nucleon-nucleon and
pion;nucleon scéttering cross sections were interpolated from
on-mass-shell, free-particle data.

(e) Effects of fhe Pauli principle were included.

(f) During the development of the cascade process, the densities of
the nuclear Fermi seas were depleted. .Each cascade particle was followed
until it left the nucleus or until its energy fell below fhe separation
energy.

Typica]1y, 500 or mére complete cascades were performed at
geometrically weighted impact parameters. A record of the residual mass,
chafge,-excitation energy, recoil momentum, and angular momentum‘of the
projectile and target fehnants was kept‘for each collision. The
de-excitation of the target remnants formed in the prfmary interaction was
calculated using the Monte-Carlo statistical evaporation code-described in

Sectidn IV-C.

B. Nuclear Firestreak Model

The'simplest macroscopic model of RHI-collisions is the



.

abrasion-ablation model3l, However, the application of this model to
target fragmentatfon calculations is hampered by the unrea1istic
expectation that the excitation energy of the fragments is that due to the
deformation20,32 only. 1In addition, the simple "clean cut" geometfy must
be another over-simplification since thére is significant momentum transfer
to most target fragments and there éxists some projectile energy depehdehce
of the fragment yields.

Myers introduced a "firestreak" model27 fha; retains the collective
nature of the nuclear interaction and attempted to eliminate the
unrealistic assumptions of the abrasion-ab1ation model. We have extended
fhe nuclear firestreak model of Myérs‘to include production of. primary
projectiie and target remnants. In our formalism, the colliding nuclei are

assumed to have diffuse surfaces, generated by fo1dihg a short-range
(Yukawa) function into the conventibna1 sharp-sphere density distribution.
’The nuclear density is divided among a mesh of tubes and the collision is
COnsidéhed to dccur in a "tube-on-tube" sense,‘that is tubes of nuc]ear
matter from the target and projectile undergo collinear inelastic
collisions.

Previously Gosset et al.33 have included chemical equilibrium
considerations in the Myers model for the calculation of the spectra of
pions, protons and 1ight nuclei produced in RHI-induced reactions. The
resulting cross sections were generally too 1arge compared to experimental
data. We found a similar effect in our calculation of target fragment
crossAsections due fo collisions between tubes having a véry Tow density
(from the diffuse tails of the density distribution). We have attempted to
address this prsblem within the model by jntroducing a natural cutoff to

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

1=1, e ? - @
where I/Io is the ratio of emergent to incident intensity,  is the density
of matter in the tube of length ¢, and o is an average nucleon-nucleon
cross section (taken to be 30 mb). Thfs quéntity can be calculated on a
 tube-by-tube basis énd is used to sﬁrpress collisions involving low density
or short (peripheral) tubes (for which I/Io > 1/e).

If two tubes of sufficient density collide they are assumed to fuse
and equilibrate their kinetic and thermal energies. If the resulting
kinetic energy of a fused tube is less than its binding energy in the
target remnant, the tube is captured (coﬁtributing to the remnant's
energy, mass, and momenta) or, if the kinetic energy is greater than the
binding energy, the tube will escape. Additional excitation energy, due to
the surface deformation of the target remnant, was included. The
de-excitation step of the reaction was handled in identical fashion to that

of the INC model.

C. Statistical De-excitation

Each of these models require the calcu]ation}of the statistical
de-exéitation of the primary fragments before comparing the model |
predictions to data. In the de—excitatjon calculation, fragments were
assumed to decay by particie emission and by fission. So as not to obscure
any differences in predictibns of the models for the primary reaction, an
identical de-excitation calculation was performed for each. We used a form
of the DFF computer code of Dostrovsky, et al.34 for this calculation. The
computation was performed in the following mannef:

| (a) De-excitation is assumed to occur by the statistiqa] evaporation

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

(b) Fermi-gas level densities with pairing corrections and level
density parameter of a = A/20 were used. .

(c) The spins of the fragments were low and angular momentum effects
'Were-ignored;

A more realistic treatment of fission competifion was included in the
code. In this treatment, the e*citation energy dependence of the ratio of
fission to particle emission widths is taken to be35:

| 2y oy |
r'n ‘ E-8n p V2 (4)
= - A0 (E78n) exp [285(E™8.)"- 2op (e £,

r K 3, (20" (E"-E;)-1]

where T¢ and Fn are the'fiséion_and néutron emission widths,vrespective1y,
A is the mass number of the nucleus, E* is the excitation energy, B ig the
-neutfon binding energy, E¢ is the fission barrier height, and Ko s the :
familiar projection of the nuclear angular momentum upon the nuclear
symmetry axis. ‘

The ratio of the level of density parameter at the fission saddle
point, a¢, to that at the equilibrium deformation, a,, was assumed to
slowly vary as a function of excitation energy above the barrier according
to the relation: | |

ap/ay = (140.1/1ogyo(E* -E¢)) - (5)

The fission barrier heights were chosen using the approximate formulae

~

from Cohen and Swiatecki36:

Ef = 0.38 (0.75 - X) EgO for 1/3 <X <2/3 . (6)
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Ef = 0.83 (1.0 - X)3 EGO for 2/3 <X <1 : (7)

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

2

- 2
(50.88 A(1-1.7826 [ A5Z2)7) (@)

-

and the spherical surface energy is taken to be:
EO = 17.80 A2/3 | o (9)

The variation of the width of the fission mass distribution as a
function of the mass, chafge, and excitation energy of the fissioning
system was taken from.the liquid drop model of Nix37,

Several thousand de-excitation chains were followed for each model
calculation. In general, 10 de-excitations were performed for each primary
INC and for each mb of firestreak cross section. The results of thése
simulations are compared to the data in Section IV-D.

D. Comparisons of Predictions with Data

AThe mass yield distributions predicted by the intra-nuclear cascade
(INC) and the nuclear fireétreak models after de-excitation of the primary
'fragments are presented in fig. 11 and 12 together'with the expefimenta]
results previously described. Both moqe1s reproducé the experimental yie1d
curves reasonably well. Note that the magnitude and the shapes of the
cross sections are correct. For the 1.0 GeV 12¢ experiment the
calculations -follow the shape and approximate size of the fission.hass-

distribution but underestimate the heavy fragment yields at mass numbers

~
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175 to 225. However; it should be kept in mind that the predicted yields
- of those nﬁc]ei that survive fission in this region are quite sensitive to
the choice of the ag/a, ratio. A decrease in this ratio could increase the
heavy ffagment yields significantly.l2 When the projectile energy is
’increased to 3.0 GeV, both models predict an increased yield of the heavy
fragments, so that the predicfed values approach the experimental values.
Further increases in projectile energy have little effect upon the
theoretical yields of these heavy fragments (due to fission competition),
buf do result in-excess yie1d§ of fragments with mass numbers between 50
and 80. Neither model predicts the appearance of fragments with mass
numbers less than 50, which is so apparent in the experimental data. This
failure may be attributed to the lack of an approp;kate production méde1:
for these fragments. | ‘. |
Two differences between the results from the nuclear firestreak and

INC;mode] predictions can be noted. The nuclear firestreak ca]culationv
geherai]y predicts somewhat larger yields for those mass numBers at and
below the fission peak. This is due to the larger excitation energies that
are deposited during the first step of the_reaction in the former model,
which result in larger numbers of particles being emitted in the
de-excitation step, leading to a low mass tail to the fission distribution.
The otﬁer difference between the twovmodels ié the apparent 1ackvof large
near-target yields bredicted by the firestreak model at most projectile
energies. This is Simp]y.an artifact of the de-excitation calculation in
which each-primary fragment was assumed to have a singie average excitation
energy rather than a distribution of excitation energies.A (Thus there were
no “lower-than-average" excitation énergies used in the calculation and no

near-target fragments were formed). A correction could be made for this by
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‘the use of a discrete distribution of'excitation energies for the
near—target prihary fragments. .

It is interesting to know why twd models as conceptually dissimi]aﬁ as
the intra-nuciear cascade and nuclear firestreak models should give such
similar results. This can be interpreted as being due to the following
factors. First, it is the de-excitation process which takes place in the
common second step of thé reaction that is responsible for the general
shape of the mass yield distribution. As long as the excitation enérgies
deposited in the first step are comparable, the resulting shapes of the
yield distributions will be quite similar. Second, many df the features of
RHI-induced feactions are'simpiy‘dependent upon the geometry of the
co]1isibn, which is treated nearly identically in both models. Finally,
the mean free path of a cascade nucleon in a nucleus is short enough at.
thesé energies so that its’interaction is quite inelastic, giving results
which approach those obtained as a consequence of the assumption of a
completely inelastic intefaétion, thch is inherent in the nuclear
firestreak model. |

While the intra-nuclear cascade and nuclear firestreak model résu1ts
reproduce much of the character bf the experimental data for these
reactions, neither model acéurate1y satisfies the hypothesis of limiting |
fragmentation. This is a consequence' of the fact that both models predict
fhat the excitation energies of the fragment pfecursors continue to
increase throughout the measured projectile energy range. Yet these models
do demonstrate the‘ya1idify.of the concepts of factorization and a

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

| Several.conclusions about the RHI-induced fragmentation of 238y can be
drawn from fhis study. The light fragments (A < 60) yields increase
rapidly'with increasing projectile energy until ~5 to 8 GeV wiﬁh only
smaTlerVincreases in yield with increasing projectile energy beydnd this.
This is consistent with the origin of these fragments in a high deposition
energy process. | |

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

from 1-20 GeV consistent with their origin in low energy fission of a
uranium-1ike species. The n-deficient fragments (80 < A < 145) have
~excitation funétions consistent with their origin in either a deep
'spallation or high energy fission process. (At a 12¢ projectile energy of
1.0 GeV, the n-deficient fragments appear to originate primarf]y from a
fission rather than a spajlation process). The characteristics of both
vc]asses_of these fragments with 80 < A < 145 are similar to those fragments
- produced in the high energy proton induced fraghentation of 238y,

' The excitation functions of the heavy fragments with 160 < A < 200 are
similar to thosevof the light fragments. No large yie]ds‘of these
fragments were observed for any system studied contrary to a previous
report5, |

'_Both the intranuclear cascade model and the nuclear firestreak.mode1
staisfactorily predict the observed yields of fragments with A > 80. .This
success can be taken to indicate that the general pattern of yie]ds of
these fragments is governed by the excitation energy deposited in the
nucleus during the first step of the reaction and the geometry of the

collision.



_20_

ACKNOWLEDGEMENTS

The authors wish to recognize K. J. Moody and Y. Morita for their
assistance in performing some of the off-1ine gamma-ray spectroscopy and
the staff ofifhe LBL BEVALAC and CERN SC for making these experiments
possible. | |

This work was supported by the Director, Office of Energy Researéh
Division of Nuclear Physics of the Office of High Eﬁergy and Nuclear
Physics of the'U.S.vDepértment of Energy under Contract Nos. -
De-ACO3—76$F00098 and DE-AM06-76RL02227, Task Agreement No.
DE-AT06-76-ER70035, Mod..#A008.



_21_

Refereoces

1. dJ. Benecke, T. T. Chou, C. N. Yang and E. Yen, Phys. Rev. 188, 2159
(1969).

2. V. N. Gribov and I. Ya. Pomeranchuk, Phys. Rev. Lett. 8, 343 (1962).

3. For a review of target and proaect11e fragmentation phenomena see E.M.
Friedlander and H. H. Heckman, Lawrence Berkeley Laboratory report
LBL-13864, April, 1982 and references cited therein. -

4. G. D. Cole and N.T. Porile, Phys. Rev. C24, 2038 (1981).

5. W. Loveland, R.J. Otto, D.J. Morrissey, and G.T. Seaborg, Phys. Rev.
Lett. 39, 320 (1977). |

_ 6.J'w. Everette, orivate communication.

7. T. Lund, private communication.

8. D.J. Morrissey, D. Lee, R.J. Otto and G.T. Seaborg, Nucl. Instr.
Meth 158, 499 (1979).

9. W. Loveland, Wenxin Li, R. J. Otto, D. J. Morrissey, P.L. McGaughey,
aod G. T. Seaborg, Phys. Rev. C {in preparation).

10. P. J. Karol, Phys. Rev. Cl1, 1203 (1975).

11.  W. Loveland, Cheng Luo, P.L. McGaughey, D.J. Morrissey, and
6. T. Seaborg, Can. J. Chem. 61, 701 (1983).

12. B. V. Jacak, W. Loveland, D. J. Morrissey, P. L. McGaughey and G. T.
Seaborg, Can. J. Chem. 61, 701 (1983).

13. K. Beg and N. T. Porile, Phys. Rev. C3, 1631 (1971).

14. Y. N; Yu and N. T. Porile, Phys. Rev. C7, 1597 (1973).

15. J. A. Panontin and N. T. Porile, J. Inorg.vNuc1. Chem. 32, 1775
(1970). | |

16. M. Lagarde-Sioonoff and G. N. Simonoff, Phys. Rev. C20, 1498 (1979).

17. 0. Scheidemann and N. T. Porile, Phys. Rev. Cl14, 1534 (1976).



_22_

18. Y. W. Yu, N. T. Porile, R. Warasila and 0. A. Schaeffer, Phys. Rev.
€8, 1091 (1973).

19. S. K, Chang and N. Sugarman, Phys. Rev. C8, 775 (1973).

20. D. J. Morrissey, W. Loveland, M. de Saint-Simon and G. T. Seaborg,
Phys. Rev. Cgl,.1783 (1980).

21. For a summary of this data, see Y. W. Yu, Phys. Rev. (€22, 933
(1980). |

22. M. de Saint-Simon, S. Haan, G. Audi, A. Coe, M. Epherre, P. Guimbal,
A. C. Mueller, C. Thibau]t and F. Touchard, Phys. Rev. C26, 2447
(1982). |

23. A L Warwick, A. Baden, H.H. Gutbrod, M. R. Maier, J. Peter,
H. G. Ritter, H. Stelzer, H. H. Wieman, F. Weik, M. Freedman,
D. J. Henderson, S. B. Kaufman, E. P. Steinberg and B. D. Wilkins,
Phys. Rev. Lett. 48, 1719 (1982). |

24. N. Metropolis, R. Divine, M. Storm, A. Turkevich, J. M. Miller,

and G. Friedlander, Phys. Rev. 110, 185 (1958).

25; K. Chen, Z. Fraenkel, G. Friedlander, J. R. Grover, J. M. Mi]]ef,
and Y. Shimamoto, Phys. Rev. 166, 949 (1969).

26. Y. Yariv and Z. Fraenkel, Phys. Rev. Egg, 2227 (1979).

27. W. D. Myers, Nucl. Phys. A296, 177 (1978).

28. R. Serber, Phys. Rev. 72, 1114 (1947). |

29. X. Campi and J. F. Hufner, Phys. Rev. C24, 2199 (1981).

30. H. Stocker, J. A. Maruhn and W. Greiner, Phys. Rev. Lett. 44,
725 (1980). |

31. J. D. Bowman, W. J. Swiatecki and C. F. Tsang, Lawrence Berkeley
Laboratory Report LBL-2908 (1973). - |

32. L. F.'01iveira, R. Donangelo and J. D. Rasmussen, Phys. Rev.



_23_

€19, 826 (1979).

33. J. Gosset, J. I. Kapusta and G. D. Westfall, Phys. Rev. §l§}
844 (1978).

34. I. Dostrovsky, Z. Fraenkel and G. Friedlander, Phys; Rev. 116,
683 (1959).

35. R. Vandenbosch and J. R. Huizenga, Nuclear Fission (Academic,

New York, 1973) p. 233.
36. S. Cohen and W. J. Swiatecki, Ann. Phys. 22, 406 (1963).
37. J. R. Nix, Nucl. Phys. A130, 241 (1969).



_zu_

TABLE r.)

Irradiation Conditions

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

energy particles (min) (mg/cm?) material =
12c4+ 1.0 GeV  4.34 1010 120. 46.8. Aluminum
126+ 3.0 GeV = 8.38 1013 1605. 37.4,46.0  Mylar
12,6+ 4.8 GV 6.23 10%3 821.5 56.1 Mylar
126+ 12 GeV 9.13 1012 750. 37.1,44.8  Mylar
00e10v g0 Gev - 3.76 10%3 1074. 33.5 Mylar
200610 90 gev- - 1.09 1013 859. Mylar

25.3,63.7




TABLE 11
Formation cross sections (mb) of nuclides formed by the reaction of 86-1000vMéV/A12C and
| 400-1000 MeV/A  2ONe

Independent yie]dé are indicated by (I), others are cumulative

12¢ energy (MeV/A) . 20pa energy (MeV/A)
Nuclide 86 250 - 400 11000 40 1000
24ha 14 ¢ 35 ¢ 3 55 + 4 4953 703
28yq  5.0:0.2 10.2+0.6 17.0%0.9 15.5 + 0.7 = 20.5 £ 0.6
42y 4.6+0.8 10 £2 ' 13¢2 2041
3y | 46 t1.2 | 6.2+1.1 9.2 %1.3
Mmse - 0.19£0.09 1.0£0.1 2.3+0.3 3.6%0.4 3.2 0.4 4.8 0.
449, ' 1.7 £0.7 .3.2+1.3 - 4.1+ 1.
%5c(1) 1.3:0.2 4.6:05 87+1.1 12.3+1.5 14.4 0.9 16+ 2
Yca  0.86+0.09 2.2+0.3 3.4:0.3 2.9:0.6 3.4 £ 0.6
88sc(1) 1.3.+0.2 3.4:+0.1 582%0.8 6.5¢%0.5 7.3+ 0.5 8.2+0.4
48, 0.17 £ 0.02 0.84 + 0.05 1.8+ 0.2 3.2 + 0.3 3.0+0.2 3.920.3
2 0.51 + 0.06 1.0 %0.2 1.4 0.7 1.6 + 0.2 2.1 0.3
S6yn 13+ 4 13+ 4 8.9 + 3.0 11 + 3 16 + 3
59k, 4.4+0.3 6.8:0.3 10.5+0.8 11.3+1.2 11.0 £ 0.8 12 2
65, 24 | |
Mps 1.6+0.2 2.7+0.5 -4.5+%0.8 3:0.4
270 2.9+0.5 4.0t0.4 51+08 4.5¢1.1 0+1.0
7264 7.2£0.6 8.6:1.0 7.5%1.1 11 & 11.2 + 1.2
7364 4.3+0.8 7.0+2.3 4.9+%1.1 10 + 9.3+ 1.5
73se 1.4 £0.2 2.0+0.3 2.4+0.6 2.6 + 0.3
"as(1) 4.8:0 7.3+0.5 7.1+1.1 ~9.1%1.0 11.6 + 0.9
/550 2.9 0 5.9 + 0.4 13.4 + 2.9 11.9 £ 0.8 9.9 + 2.6
T6ps(1) 9.3+0.8 7.2+1.0 11.1+2.7 13.8+ 1.3 13.7 + 2.3
e 2.7+1.0 6.4+1.5 4.5+0.8 6.7 +1.2 8.2 + 1.5
szb 4521 6.9:1.0 6.1:0.6 6.6¢1.9
%y 8.4+1.2 10.1 0.4 9.4%0./ 8.5 2*0.9 £0.7 10.4 £ 0.6
gimRb : 5.3+0 7.5 £0.9 5.9 +2.0 6.6 £ 0.9 9.2+ 1.0
Rb 8.1 £0.6 12.9+0.6 12.5+ 1.4 16.4 + 1.5 20 + 2 25 + 3
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84pb(1) 12

+ 1 19 £ 2 23 + 30 4 _ 16 + 3 28
86, 0.6 £0.2 0.8%0.3
8omy 3.5 + 0, 4.8+ 1.5
87m,  12.0£0.6 16105 18x2 19 + 2 25
8y 76+:1.2 , - 19 ¢ 1 17
87y, | 15 + 2 14 7
88y 9.7+ 0.8 16.9+2.3 123 15 + 3 17
8,  4.0:0.4 6.7+ 0.4 9.1:1.5 10.3 1.1 11+ 1 14
8% 57100 9.3£0.5 12.9: 1.1 13.8 + 1.3 14 + 1 16
0my 13.4 1.1 14.4 1.8 13.9 ¢ 2.1 16 + 2 16
Oyp | 3.4:0.6 68209 6.3%1.2 7.7+1.0 8.4
A, 30+ 2 3]+ 3 29 + 3 39 + 3 40
gy 2612 28 + 3 27 £ 4 34+ 3 34
93y © 3.1£0.3 3.9+0.4 3.8%0.5 4.6 £ 0.4 5.9
e ' 1.9 + 0.4 | 3.5+ 1.1 4.2
Bre ©1.7£0.3 3.0:05 2.6%0.5 2.7 0.6 5.0
By 35 + 2 42 + 2 46 + 4 4+ 3 60t 4 50
Bre 5.3+0.5 6.6%0.6 6.8%0.9 7.6 0.7 9.5
Byp(1) 12 2 14.2 £ 0.4 12.1 % 0.7 11.2 0.6 17+1  14.9
Brc(1) 3.9:0.4  5.8+0.4 6.4%0.6 6.5¢%0.8 7.9£0.8 7.5
7y 32 %2 40 + 3 31t 4 46 + 4 44
9 pu 1.7 £ 0.5 4.0 £ 0.3 6.1 1.0 7.1£0.8 8.6
Bmo 341 46 + 2 34+ 4 50 + 4 59 + 4 56
99Mah . 1.8+0.4 3.5 £ 0.7 1.6 + 0.7
1000,  4.8:0.7 4.3:0.3 4.7:0.4 4.6¢1.6 6.3+0.6 7.6
I0lmey  4.3:0.6 5.9+0.5 8.8¢0.8 9.4¢0.9 7.5+1.0 11.1
103 5714 66+3  60+5 67 + 6 81 + 4 82
105q, 52 + 8 53 + 5 58 + 6 73 £ 10 75
1050, | 48 + 2 42 + 3 42+ 2 57 + 4 57
106gn(1) ' 13.4 + 1.9 15.7 + 3.5
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TABLE III

Charge Dispersion Parameters

Fragment Mass
Number Range

(o]
(o]

(and type) mp Z Reaction*
24 - 28 (all) , .405 A + 1.25 0.4 b,c,d,f,g
42 - 59 (all) | 405 A + 2.0 0.6 a
- .405 A + 2.0 0.8 b
.405 A + 2.25 0.8 . d,d,f
.405 A + 2.25 0.9 g
65 - 77 (all .405 A + 2.25 0.9 a
.405 A + 2.5 1.0 b
.405 A + 2.5 1.1 ¢,d,f,g
81 - 93 (n-def) .405 A + 3.25 0.8 a,b,c,d,f,g
82 - 92 (n-exec.) 405 A + 1.5 0.8 b,c,d,f,g
93-106 (n-def.) " .405 A + 3.5 0.8  a
: .405 A + 3.75 0.9 b,c,d,f,g
95-110 (n-exec.) .405 A + 1.25 0.8 a,b,c,d,f,qg
110 124 (n-def.) .405 A + 3.0 0.9 a
.405 A + 3.5 0.9 b,c,d,f,g
112 - 128 (n-exec.) .405 A + .75 1.0 a,b,c,d,f,q
127 - 139 (n-def.) .405 A + 2.75 0.9 a
| .405 A + 3.0 0.9 b,c,d,f,g
130 - 143 (n-exec.) .405 A - 0.5 0.9 a
.405 A - 1.0 0.9 b,c,d,f,qg
145 - 161 (all)  -.00026 qf + .45 A+ 2.75 0.8 a
-.00026 A% + .45 A + 3.0 0.8 b,c,d,f,g
166 - 175 (all)  -.00026 A% + .45 A + 2.25 0.8 a,b,c,d,f,g
184 - 192 (all)  -.00026 A2 + .45 A + 2.75 0.7 b,c,d,f,g
201 - 210 (all)  -.00026 A% + .45 A + 2.75 7 a,b,c,d,f,g
230 - 237 (all)  -.00026 A% + .45 A + 0.25 | 0.6 a,b,c,d,f,g

* a,b,c,d=1.0, 3.0, 4.8 and 12 GeV &
f,9, = 8.0 and 20 GeV 2ONe
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Figure Captions

1_.

2.

Independent yield nuclidic formation cross sections for the
interaction of 12¢ (solid points) and 20Ne (open

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

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

The 20Ne data have been scaled (see text) to the 12¢

data. |

The independent yield distributions from the reaction of 1.0

GeV 12¢ yith 238y, The plotted points are the

experimental values and the solid lines are the fitted Gaussian
charge distribution;.

The independent yield distributions from the reaction of 3.0 GeV
12¢ yith 238y, |

The independent yield distributioné'from the reaétibn of 4.8 GeV
12¢ witn 238y,

The independent yield distributions from the reaction of 12 GeV
12¢ witn 238y, |

The independent yield distributions from the reaction of 8.0 Gev
20ye with 238y,

Thé independent yield distributions from the reaction of 20 GeV
20ye with 238U.

The mass yield distributions for fhe reacﬁion of 1.0,.3.0, 4.8
and 12 GeV 12¢ with 238y, The plotted points are

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

The mass yield distributions for the reaction of 8.0 and 20

GeV 20Ne with 238y.
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11.

_32_

.A. A comparison of the mass yield curves for 12¢ jnduced

reactions. Thé solid, dotted, dashed, and dash-dotted curves
represent total projectile kinetic energies of 1.0, 3.0, 4.8
and 12 GeV, respectively.

B. A comparison of the mass yield curves for 205e induced
reactions. ‘The dotted and dashed curves represent total prdjec-
tile kinetic energies of 8.0 and 20 GeV, respectively.

The:mass yié]d distributions predicted by the two theoretical
models are compared with the experimental results from 12¢

h 238,

induced reactions wit The solid lines are the

experimental curves, while the solid and dashed histograms cor-

‘ respond to the intra-nuclear cascade, and nuclear firestreak

12.

model calculations.
The mass yield distributions predicted by the two theoretical
models are compared with the experimental results from 20Ne

induced reactions with 238y,
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