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An intranuclear cascade model generalized to allow deuteron and alpha-particle col-
lisions during the cascade is discussed. A comparison of calculations is presented for
nucleon-induced cascades with and without clusters present in the target nucleus and the
effects of clustering are inferred. Alpha-particle-induced collisions are studied in detail and
compared with experimental data. It is found that many features of alpha-particle-induced
reactions can be well understood with this model. Possible shortcomings and directions of

future improvements in the code are highlighted.

NUCLEAR REACTIONS Intranuclear cascade models; effects of in—]
cluding d and a as incident projectiles or preformed clusters.

I. INTRODUCTION

Interactions between complex nuclei and light-ion
projectiles are of interest from many points of view.
The underlying motivation for studying such reac-
tions is to understand the sequence of events where-
by the energy of the projectile is distributed among
the internal degrees of freedom of the target-
projectile system. The nature of the energy, mass,
charge, and angular distributions of the reaction
products, including both light-particle spectra and
spallation residues, reflect these processes. Despite
extensive theoretical and experimental effort, only
limited success has been achieved thus far in
describing these features of light-ion-induced reac-
tions at intermediate energies. In view of the
present high interest in the study of reactions in-
duced by complex nuclei with similar energies, i.e.,
20—200 MeV/nucleon, the need for an improved
understanding of the simpler light-ion systems in
the same E /A region seems apparent. In addition,
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these reactions are also of practical significance in
the search for rare nuclei far from beta stability, as-
trophysical problems relating to cosmic ray trans-
port, and studies of the biological effects of
penetrating radiation.

Attempts to describe light-ion interactions at in-
termediate and high energies have generally in-
volved a two-step reaction mechanism.!?> The first
stage in these models involves a sequence -of
nucleon-nucleon collisions which transfer energy to
the target nucleus on a fast time scale. Subsequent-
ly, the excited residual nucleus undergoes energy
equilibration and decays via particle evaporation
and gamma-ray emission.

Over the years a number of models based on
Monte Carlo techniques have been developed in or-
der to describe the initial intranuclear cascade phase
of such reactions.’~'® These models involve ap-
proximate forms of the nuclear potential and nu-
cleon density distribution and keep track of sequen-
tial collisions at each stage in the cascade. The
scattering process is described by the inclusions of
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differential cross sections for free nucleon-nucleon
scattering as a function of energy. Only collisions
consistent with the Pauli exclusion principle are al-
lowed. These models have met with a degree of
success that might be expected in view of the many
approximations to the physics of intermediate-to-
high-energy collisions. In general, their ability to
predict total cross sections for a given product can
be correct to within about a factor of 2, but
discrepancies may arise when comparisons are made
with angular distributions and energy spectra of the
product nuclei.”® Clearly refinements in the
description of the intranuclear cascade are needed.

A highly desirable improvement in these intranu-
clear cascade models would be the inclusion of more
complex particles (e.g., 2H and *He) as incident pro-
jectiles in the cascade. This generalization should
facilitate a better kinematic understanding of exper-
imental data involving complex projectiles at inter-
mediate energies. Although the main purpose of
this paper is to study the effects of complex projec-
tiles on the cascade, at the same time we can also
study the possible influence on the cascade owing to
preformed bound clusters in the target nucleus.
That such clusters may exist in nuclei has been sug-
gested in the context of Hartree-Fock theory where
it is observed that nucleons may group together into
two alpha-particle clusters in some light nuclei.!!
Also, it has been proposed!’ that the low-density
surface regions of heavy nuclei may be conducive to
alpha-particle cluster formation. In the nuclear in-
terior, clusters may be manifest as the fraction of
phase space which corresponds to nucleons moving
with low relative Fermi momenta, even if compos-
ites do not exist as density fluctuations. The inten-
tion of the schematic study presented here will be to
highlight possible experimental signatures of clus-
tering in nuclei, if it exists, which might be observ-
able in the background from nucleon-nucleon col-
lisions or from composite formation by coalescence
(which is not considered here).

The new version of the cascade code described
here includes all possible collision pairs for p, n, d,
and a. The approach of this paper is first to com-
pare the modified code with previous calculations®
of nucleon-induced collisions in order to demon-
strate the salient features introduced by nucleon
clustering, and then to make detailed comparisons
with experimental data for alpha-particle-induced
collisions. An overview of the model is presented in
Sec. II. The comparison with other cascade codes
and experimental data is presented in Secs. III and
Iv.

II. THE MODEL

As a starting point for the inclusion of complex
particles in the intranuclear cascade model, the code
of Chen et al.” has been adopted. The physics con-
tained in this code includes a diffuse nuclear surface
and the possibility of reflection or refraction in re-
gions of changing nuclear density. Since a detailed
account of the Chen et al. code exists in the litera-
ture,”® the discussion here is confined to those
features of the calculation which have been general-
ized to accommodate collisions involving deuterons
and alpha particles.

A. Collisions during the cascade

In the cascade codes which have been constructed
to date, it is assumed that the sequence of collisions
can be described by classical trajectories resulting
from free nucleon-nucleon interactions. Two im-
portant underlying assumptions are (1) the de Bro-
glie wavelength of the incident particle is small
compared to other relevant distances (e.g., the mean
free path), so that a classical trajectory is appropri-
ate, and (2) correlations among nucleons enter only
through the Pauli principle and average binding en-
ergies, permitting a free scattering description of
the system. The introduction of clustering should
further correct for correlations in the sense that a
collision with a single nucleon may also affect the
motion of other nucleons in the nucleus. Even
though the mean free path of clusters is consider-
ably reduced, the de Broglie wavelength is also re-
duced. Therefore we apply the classical trajectory
and free scattering description to the clusters. The
collision pairs which have been added to the cascade
code include: p-d, n-d, p-a, d-d, d-a, and a-a.

1. Scattering cross sections

Total cross sections and center-of-mass differen-
tial cross sections for scattering of the collision
pairs listed above were added to the code based on
data in Refs. 13—29 and the references therein.
Smooth extrapolations to 400 MeV were made for
cases where data were not available. Since the Chen
et al. code is valid only up to the pion threshold,
scattering cross sections beyond 400 MeV were not
included. In some cases the total cross sections
were generated by performing an optical model fit
to elastic scattering data. It was assumed that the
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p-d and n-d cross sections were identical; a similar
assumption was made for p-a and n-a collisions.

2. Breakup

One complication expected to arise during the
collision process is that the cluster may break up
into its constituent nucleons or other clusters during
the cascade. Hence, after a cluster collision, it is
uncertain as to whether to follow the trajectory of
the original cluster or individual nucleons. In this
case we have introduced the simplest possible pic-
ture, short of neglecting breakup altogether. Since
the simple clusters considered in this model have
only a single bound state, the probability P of clus-
ter breakup can be approximated by

P =0g(E)/or(E), (1)

where o is the reaction cross section and o7 is the
total geometric scattering cross section

or=mR% R=12(4,"3+4,'3) fm .

Some of the values of the quantity P derived from
the literature are shown in Fig. 1 as a function of
center-of-mass energy above the threshold for the
reaction. The point to note here is that P appears to
be essentially independent of the cluster partners in
the collision.

In tracking the cascade sequence involving clus-
ters, the probability for cluster breakup is deter-
mined according to the step function in Fig. 1.
Random number selection is the criterion for decid-
ing whether a breakup has occurred. The energy
balance is accounted for by allowing the energy of
the collision to go into thermal excitation of the
residual nucleus. At this point the cluster is con-
sidered to be completely absorbed and is no longer
followed in the cascade. A more rigorous approach
would be to follow each exit particle through the
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FIG. 1. Step function used to calculate cluster break-
up probability (og /o) as a function of the cluster en-
ergy above breakup threshold.

cascade; however, this is a time-consuming task
beyond the computer capability of the present cal-
culation.

3. Choice of cluster

The choice of collision partner type (n, p, d, or a)
for reactions in which clusters are allowed to exist
in the target is determined by random number selec-
tion and the relative spectroscopic factors for the
target. The kinematics of the collision are deter-
mined according to the procedure outlined by Chen
et al” The cascade stops when the energy of the
nucleon or cluster is below a cutoff energy. The
cutoff energy (as in Chen et al) is taken here as
two times the average binding energy of the particle
(cluster) or the sum of the binding energy plus the
Coulomb barrier energy, whichever is the larger.
These are tabulated in Table I for the systems calcu-
lated here. Particles (clusters) with energies below
the cutoff are assumed to be absorbed by the target
and are no longer followed in the cascade.

B. Cluster density distributions

In the Chen et al. code the nuclear density distri-
bution is described by a series of eight concentric
shells of constant density which approximate the
measured nuclear charge distribution function.
However, the density distribution of the clusters
within the nucleus is not a priori clear. Clustering
may be enhanced on the nuclear surface and indeed
studies of cluster knockout reactions have demon-
strated that the knockout reaction is surface
peaked.!® The observed surface peaking at high in-
cident energy seems reasonably well understood
from shell-model spectroscopic factors and is there-
fore not necessarily a manifestation of the cluster
density distribution but may simply relate to the
short mean-free-path of the cluster.’® Therefore we
choose a simple physical picture which is consistent
with the data and the scope of the intranuclear cas-
cade model.

In the cascade model the nucleons are treated as a
degenerate gas of fermions which therefore occupy
well-defined orbits. It can be postulated that there
is a finite probability for the wave functions of two
or more individual fermions to overlap in a zero re-
lative momentum state [e.g., (1s)" for n nucleons].
A cluster is defined in this context. The wave func-
tion and spectroscopic factor for such a cluster
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TABLE 1. Average binding energies B;, Coulomb barrier energies ¥;, and cutoff energies,

CE;, for Al and '*'Ta used in these calculations (in MeV).

Bp B,, Bd Ba
277A1 8.3 8.1 14.1 5.1
18lTy 6.5 7.0 11.2 1.8
Vy V, V4 Va
Al 34 0 34 6.8
181 12.6 0 12.6 25.2
CE, CE, CE, CE,
27A1
CLUST 10.3 16.1 28.2 11.9
ORNL 10.3 7.0
JIRN 8.9 7.0
BNL-CU 124 9.1
181Ta
CLUST 19.3 19.1 23.8 27.0
ORNL 19.3 7.0
JINR 13.8 7.0
CNL-CU 19.3 7.0

could be generated, for example, by transforming
the nucleon shell-model wave functions into the
center-of-mass motion of the cluster and the rela-
tive coordinates of the cluster nucleons. Because
this is just a coordinate transformation, physical ob-
servables, such as the density distributions, are in-
variant, and the cluster density distributions are
therefore expected to track the nucleon distribution.
It is thus assumed in this model that the cluster
density is the same as the nucleon density distribu-
tion. To date, we have not investigated the effects
of different cluster density functions (e.g., surface
peaked or a cluster distribution that extends to
larger radii than the nucleon distribution).

The principal question that remains relates to the
relative amplitudes for the cluster and single-
particle wave functions. An exact calculation of
these quantities is beyond the scope of this code.
Consequently, the effective number of deuteron and
alpha-particle clusters in a nucleus is treated as an
empirical factor for comparison with calculations
which do not include clusters.® In general, for these
comparisons a relatively larger cluster number is
used to demonstrate the differences between cluster
and noncluster versions of the code and to help elu-
cidate the effects resulting from the inclusion of

clusters. For direct comparison to experimental
data, either experimental spectroscopic factors are
needed or the cluster number can be used as a free
parameter to fit the data.

C. Cluster momentum and energy distribution

In the intranuclear cascade code of Chen et al.,’
the momenta of the nucleons in each density region
are given by the Fermi momentum corresponding to
that density. The cluster momentum distribution is
not easily defined. Since deuterons and alpha parti-
cles have integer spins, they should obey Bose-
Einstein statistics (at least in the low-density limit).
In regions of high nuclear matter density as the
clusters overlap, the intrinsic fermionic structure of
the clusters promotes constituent nucleons to higher
momentum states. This picture is supported by the
well-known result that bringing two alpha particles
in close contact is equivalent to placing four nu-
cleons in the s-d shell of an oscillator well whose 1s
state is occupied by one of the alpha particles. For
simplicity we assume this picture to determine the
cluster momenta, with the caveat that this may not
be appropriate in the low-density surface regions of
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the nucleus. Hence, in the framework of this
model, the Fermi momentum p, (or Fermi energy
E{) of an n-nucleon cluster will be taken as n times
the Fermi momentum (or energy) of an individual
nucleon. Once the kinetic energy of the cluster is
defined in this way, the potential energy of the clus-
ter in the nucleus is given as in Chen et al. by

—V=Ef+EB 5

where Ejp is the binding energy of the most weakly
bound deuteron or alpha-particle cluster for nuclei
in the mass region of the target nucleus. As in the
nucleon-nucleon case, a Pauli-exclusion requirement
exists for clusters such that a collision is not al-
lowed unless both partners recoil with an energy
greater than their respective Fermi energies. Ulti-
mately, the Fermi energy of the collision partners
determines whether or not a collision is allowed.

D. Quantities calculated by the cluster code

The cluster code is designed to account for the
cascade step in nuclear reactions induced by nu-
cleons, deuterons, and alpha particles at energies
well above the Coulomb barrier. The code predicts
the total cross section as well as differential cross
sections, angular distributions, and energy spectra
for emitted nucleons, deuterons, alpha particles, and
target spallation residues. In addition, the excita-
tion energy of each residual is stored, which permits
calculation of the deexcitation process. In the
second stage of the reaction we have employed the
evaporation code of Dostrovsky et al.’ for medium
to heavy nuclei (4 >20) and a Fermi-breakup
model*3? for lighter nuclei. In the present paper
the results of the intranuclear cascade part of the
calculation for the p +%’Al and p +'¥!Ta systems
are compared with results of other intranuclear cas-
cade codes, and comparisons of experimental data
with calculations for the a+2'Al and a+23°U are
presented. More complete fits to experimental data
will be presented in a subsequent paper.

III. NUCLEON-INDUCED CASCADES

First we consider the effect of preformed clusters
on nucleon-induced reactions. In order to evaluate
the differences between the cluster code and existing
cascade codes based on nucleon-nucleon collisions,
the review of Barashenkov et al.® has been used as a
basis for comparison. Three existing nucleon-
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nucleon codes were compared in this reference for
the p +*"Al and p + '3!Ta reactions at 150 and 300
MeV. These included the codes of Bertini,* Chen
et al,” and Barashenkov,® designated ORNL,
BNL-CU, and JINR, respectively. The BNL-CU code is
identical to the CLUST code when only nucleon-
nucleon collisions are allowed. The similarities and
differences among these three codes are examined in
Ref. 8 and we present results for proton-induced re-
actions relevant to this reference.

The cluster code (CLUST) has been run for these
cases in order to examine the effects of clusters on
the angular and energy distributions of the emitted
protons and heavy residual nuclei. Unless otherwise
specified, we have used the STEPNO version of the
BNL-CU code, which does not allow for refraction
and reflection of particles at the nuclear potential
boundaries. In Ref. 8 it was shown that the STEPNO
version of the BNL-CU code and the ORNL code are
nearly identical. The relative cluster density has
been arbitrarily chosen to exaggerate the cluster
spectroscopic factors in order to emphasize the
differences between the codes. Variable spectro-
scopic factors which specify alpha-particle and deu-
teron clusters in the target nuclei were chosen for
this purpose.

A. Reaction cross sections
and particle multiplicities

In Table II we list the total reaction cross sections
(defined as the fraction of incident particles which
undergo at least one collision times the geometric
cross section) obtained from calculations with the
CLUST code with various assumptions about the
spectroscopic factors for deuteron and alpha-
particle clusters. The nomenclature is defined so
that 1d, 2a, and 3d 3a refer to one deuteron cluster,
two alpha-particle clusters, and three deuteron plus
three alpha-particle clusters, respectively, present in
the target nucleus. Also shown in Table II are the
multiplicities, ¥;, for the emission of light ions in
the cascade.

From examination of Table II several features of
the CLUST model become immediately obvious.
First of all, the inclusion of clusters most dramati-
cally affects the cross section and multiplicities for
the ?’Al target. This is consistent with the fact
that, for the choice of cluster spectroscopic factors
employed here, the clusters occupy a proportionate-
ly larger fraction of the available nucleons. It is ob-
served that the reaction cross section in general in-
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TABLE II. Calculated reaction cross sections oz in millibarns and average particle multiplicities for the emission of
cascade protons, ¥,; neutrons, v,; deutrons, ¥, alpha particles, ¥,, in proton-induced reactions on Al and '®!Ta.

Projectile Target Clusters or (mb) Vp Vy Vy Vo
150-MeV p YAl 0 450 0.84 0.68 0 0
la 512 0.81 0.51 0 0.022
3d 449 0.74 0.47 0.019 0
3a 717 0.72 0.18 0 0.038
3d3a 678 0.47 0.12 0.007 0.021
no breakup 3d 3a 693 0.65 0.17 0.058 0.056
300-MeV p 271 0 346 1.21 0.92 0 0
3d 375 0.98 0.68 0.060 0
3a 665 0.83 0.19 0 0.027
3d3a 707 0.75 0.12 0.019 0.031
no breakup 3d3a 612 0.83 0.109 0.11 0.077
150-MeV p 1817 2d 1402 0.39 0.77 0.005 0
S5a 1517 0.32 0.57 0 0.001
no breakup Sa 1657 0.39 0.64 0 0.001
300-MeV p 181Tq 5a 1512 0.67 0.75 0 0.017
no breakup Sa 1554 0.71 0.89 0 0.009
150-MeV p 2TA1 exp® 400
156-MeV p LN exp® 356
185-MeV p LN exp® 408
ORNL? 417
305-MeV p YAl exp°® 334
ORNLY 394

#Reference 31.
YReference 32.
‘Reference 33.
dReference 4.

creases as the amount of cluster structure increases.
Since collisions involving clusters include not only
elastic scattering from the cluster, but also inelastic
cluster-breakup reactions, at each step in the cas-
cade a larger effective total cross section (compared
to that for nucleon-nucleon collisions) is used to de-
cide whether or not an interaction occurs. Thus, in-
creasing the number of clusters increases the proba-
bility that the incident particle will undergo an in-
teraction with the target nucleus and thereby in-
creases the reaction cross section.

In examining the particle multiplicity results, it is
observed that increasing the number of clusters de-
creases the average number of emitted protons and
neutrons significantly. This behavior presumably
results from the decreased number of free nucleons,
and decreased nuclear transparency. In addition, in
collisions of the incident protons with clusters, sub-
sequent cluster collisions are less effective in eject-
ing additional nucleons from the nucleus during the
cascade. As a consequence, one expects the in-
clusion of clusters to increase the internal excitation

energy of the residual nuclei, as shown below.

Some experimental data®*—3 for the reaction
cross sections are shown at the bottom of Table II
for 150-, 156-, 185-, and 305-MeV protons incident
on ?’Al. Also shown at the bottom of Table II are
the reaction cross sections predicted by the ORNL
code (which are similar to the predictions of the
BNL-CU code). In comparing with these data, it can
be seen that both codes overestimate the cross sec-
tion. The calculations for no clusters or only three
deuteron clusters appear to be in fairly good agree-
ment. At both energies the agreement with the data
is poorer as the amount of clustering is increased.

As far as the emission of deuterons and alpha
particles during the cascade is concerned, we see
from the multplicities in Table II that very few
clusters emerge from a nucleon-induced cascade, so
that the emission of complex particles will be com-
pletely dominated by coalescence in the exit channel
or the evaporation step.’” The reasons for this can
be traced not only to breakup of the clusters, but
also to the lower recoil energies and much shorter
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mean free path for the complex particles so that
only surface interactions could lead to the emission
of cascade deuterons or alpha particles.

Enhanced complex particle emission in the cas-
cade step could be realized by incorporating a
coalescence relationship for cascade nucleons.’’

B. Charged particle spectra

In Figs. 2—S5 the spectra of cascade protons emit-
ted at 30°+5° and 80°+5° are shown for both the
BNL-CU (no clusters) calculation of Ref. 8 and the
present CLUST code. The systems chosen for study
are 150- and 300-MeV protons plus 2’Al and '¥!Ta.
These are the systems studied in Ref. 8 so that the
reader can readily compare the results of the CLUST
code with the other codes studied in that work.

To understand the differences between the calcu-
lations with and without clusters present in the nu-
cleus, it is first necessary to understand the output
of the simple nucleon-nucleon cascade. The 30° and
80° spectra for both the Al and the Ta reactions ex-
hibit a peak near the kinematic energy for free nu-
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FIG. 2. Calculated energy spectra for protons emit-
ted at 30° and 80° for the 150-MeV p +?'Al reaction.
The BNL-CU results of Ref. 8 (solid line) are compared
with the CLUST code (dashed line) assuming three alpha
particles in the target. Representative statistical errors
in the calculations are also shown. The arrows indicate
the kinematic energies for free p +nucleon and p +a
scattering.
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FIG. 3. Calculated energy spectra for protons emit-
ted at 30° and 80° in the 300-MeV p +2’Al system. See
Fig. 2 for details.

cleon scattering for these respective angles. This
peak is broadened and skewed both by the intrinsic
Fermi motion of the nucleons and by multiple
scattering during the cascade. Clusters introduce
both kinematic effects from the scattering of parti-
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FIG. 4. Calculated energy spectra for protons emit-
ted at 30° and 80° in the 150-MeV p + '®!Ta system. See
Fig. 2 for details.
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FIG. 5. Calculated energy spectra for protons emit-
ted at 30° and 80° in the 300-MeV p + 81Ta system. See
Fig. 2 for details.

cles with different masses and dynamic effects from
the angular distributions; both of which are neces-
sary to understand the changes apparent in Figs.
2-5.

For the 150-MeV p +!¥’Al (Fig. 2) case at 30°
with clusters present there is a substantial contribu-
tion from single-scattering p +a collisions which
produces a peak near 140-MeV proton energy. This
occurs at the expense of multiple collisions so that
fewer low-E protons are observed. On the other
hand, at 80° there is little direct contribution to the
energy distribution owing to single p +a scattering
so that the spectrum is dominated by contributions
from nucleon-nucleon multiple scattering.

Protons from 300-MeV p + '?’Al (Fig. 3), on the
other hand, exhibit a seemingly opposite effect at
30° than the 150-MeV results when clusters are
needed. That is, fewer energetic protons are ob-
served at 30°. This change we interpret as owing to
the more forward-peaked angular distribution of the
p +a collisions at 300 MeV so that there is at 300
MeV very little contribution from direct p +a
scattering at 30°. Therefore, multiple scattering and
p +nucleon collisions determine the spectrum.

Similar remarks and conclusions can be drawn
from the p +Ta spectrum shown in Figs. 4 and 5
which are this time compared with results of the
ORNL code.® The effects of clusters in Ta are less

than Al in these calculations because even with five
a’s present in Ta the ratio of clusters to free nu-
cleons is dramatically less for Ta. We include these
figures to demonstrate the similarity with the ?’Al
results and so that the reader may compare directly
with the results from .other cascade codes summa-
rized in Ref. 8.

In general, the inclusion of deuteron clusters
serves only to remove nucleons from the cascade
without changing the resultant distributions. This
is because of the relatively low breakup threshold of
the deuteron. A more meaningful study of the role
of preformed deuteron clusters will probably require
that the nucleon cascade subsequent to the breakup
also be followed. Since this option is not available
in the present version of the code, a detailed study
of the possible role of deuteron clusters is left to a
later time. Nevertheless, owing to the relatively low
binding energy of the deuteron we speculate that the
presence of deuterons will not change the simple
nucleon-nucleon cascade results much.

C. Residual spallation products

In Ref. 8 it was pointed out that some of the larg-
est apparent differences between the various cascade
codes were evident in the excitation energy distribu-
tions of the residual nuclei after the cascade. The
same seems to be true when clusters are added. In
Figs. 6 and 7 representative spectra are shown. In
Fig. 6 the spectra of the (p,p’), (p,n), and (p,pn)
residuals for cascades with no clusters all exhibit
the same trend. This trend is a continual decrease
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FIG. 6. Calculated residual nucleus excitation energy
spectra for the 150-MeV p +?’Al reaction. The solid
line is for no clusters in the target nucleus. The dashed
line is from a cascade calculation which includes three
alpha particles in the target nucleus.
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FIG. 7. Calculated residual nucleus excitation spectra
with different assumptions about cluster breakup, as in
Fig. 6.

in the number of residuals with higher excitation
energies which can be related to the increased likeli-
hood that an energetic cascade nucleon will escape
rather than undergo enough cascade collisions to
deposit all of its energy in the residual. When clus-
ters are present, however, there is another possibili-
ty. A nucleon-cluster collision may induce a break-
up. In the present version of the code this leads to a
deposition of all of the nucleon energy into the resi-
dual. This is the origin of the energetic peak visible
in the (p,p’) and (p,n) spectra. The peak corre-
sponds to an energetic particle colliding with a clus-
ter after an initial collision which emits a proton or
neutron. The fact that after two nucleons have been
ejected there is less energy available for a-particle
breakup is reflected in the diminished amplitude of
the breakup contribution to the (p,pn) reaction.
This conclusion is also supported by the spectra of
Fig. 7 which show the differences in the residual ex-

citation spectra when breakup of the clusters is not
considered. Here both three deuterons and three al-
phas are permitted in the 2’Al target. When break-
up is not allowed the spectra much more closely
resemble the no-cluster spectra of Fig. 6.

As pointed out in the next section and discussed
in Ref. 8, the distinction between the residual exci-
tations may be somewhat academic in this cascade
plus evaporation model since increased residual ex-
citation energy will be compensated by increased
particle evaporation at a higher temperature. The
resultant mass-yield curves are therefore rather in-
sensitive to whether or not clusters have been in-
cluded in the target.

IV. REACTIONS INDUCED
BY COMPLEX NUCLEI

In order to demonstrate the application of the
CLUST model to reactions involving light ions other
than protons, calculations for the systems 140-MeV
*He incident on >’Al and 2*3U have been performed.
In these comparisons the data of Hornyak et al.,*®
Wu et al.,*® and Meyer et al.** have been used. In
the calculations that follow, three special cases are
considered: NC refers to no clusters preexisting in
the target; NCNB is the same except that breakup
of the incident a particle is ignored; 3a as in the
previous sections denotes three alpha-particle clus-
ters present in the target nucleus with breakup of
these clusters and the incident projectile allowed.

A. Reaction cross sections
and particle multiplicities

In Table III the alpha-particle reaction cross sec-
tion and the cascade multiplicities of various parti-
cles are compared with the experimental data’’ for
the 140-MeV a-+2’Al reaction. Contrary to what
was found in the proton-induced reactions, the ten-

TABLE III. Calculated and experimental (Ref. 38) reaction cross sections oz and average
particle multiplicities (o;/0g) for the emission of cascade protons, ¥,; neutrons, v,; deu-
terons, ¥;; and alpha particles, ¥,, of the 140 MeV +27Al reaction.

Projective Target Clusters og (mb) Vp Vp Vg Vo
140-MeV a YAl NCNB 783 0.30 0.44 0 0.45
NC 716 0.21 0.18 0 0.19
3a 824 0.031 0.048 0 0.19
exp 1141 0.29 0.18 0.24
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dency here is to underestimate the reaction cross
section. This suggests that perhaps more complex
interactions than simple a-nucleon and a-a col-
lisions contribute to the absorption of incident al-
pha particles. However, recent studies of the
a+"2C system have reported smaller experimental
cross sections than the calculations.*! Hence, fur-
ther experimental clarification of this point is need-
ed. The cascade particle multiplicities, on the other
hand, agree reasonably well with the data, although
for NCNB v, is somewhat overestimated, as might
be expected when breakup is ignored. Also, for the
3a, v, is underestimated again owing to the over-
simplified assumption that breakup particles are re-
moved from the cascade. Overall the NC and
NCNB cases seem to reproduce the data equally
well.

B. Charged particle spectra

Angle-integrated proton energy spectra for the
model calculations and experiment are shown in
Fig. 8 for 140-MeV a+?’Al. The NC and NCNB

L 140 MeVx + 27Al
[ "—EVAPORATION angle integrated proton

COMPONENT
- energy spectrum

—NC
- -NCNB
3o

20 40 60 80 100 120 140 160
Ep (MeV)

FIG. 8. Calculated and experimental angle-integrated
proton energy spectrum for the 140-MeV a+2’Al reac-
tion. Two low energy components are shown for the
NCNB case; the lower curve is for NCNB alone, the
upper curve includes the results of an evaporation calcu-
lation. Data are from Ref. 37.

cases fit the high-energy (> 60 MeV) nonequilibri-
um region of the spectrum quite well. The 3a case
does not reproduce this component because too
many protons are absorbed by cluster breakup. The
evaporation component (shown in Fig. 8 for NCNB
only) also fits the low-energy equilibrium spectrum
quite well for all three cases.

The deficiency in the number of emitted protons
in the 30— 60 MeV region is expected since this is
just the region where protons resulting from break-
up of the incident alpha particles should appear. In
the measurement of the 140-MeV a+2"Al system
by Wu et al.,* a broad bump at an energy of about
35 MeV was observed in the proton energy spectra
at forward angles and was also somewhat visible in
the angle-integrated spectrum (Fig. 8). Since 35
MeV is one-fourth of the beam energy, it was con-
cluded that these protons result from a breakup of
the incident alpha particle into two or more parti-
cles with each having a share of the total kinetic en-
ergy proportional to its mass fraction of the projec-
tile. This mechanism has recently been demonstrat-
ed to be valid in triple-coincidence studies between
fission fragments and associated light ions.*? If this
interpretation is correct, then one can estimate®
from the area under this bump that roughly 10% of
the reaction cross section leads to this component of
protons. This is substantially less than the fraction
of incident alpha particles which break up in the
calculation (~60%). The difference is presumably
due to the fact that a significant fraction of the
breakup nucleons undergo subsequent cascade in-
teractions and are removed from the peak. This
possibility can be better investigated when breakup
nucleons are permitted in the cascade. To some ex-
tent this difference may also be due to the uncer-
tainty®® of estimating the area of the breakup peak
which rapidly increases and shifts to lower energy
at forward angles.

Figure 9 shows the angle-integrated alpha-
particle energy spectrum for the 140 MeV
“He+?"'Al system. The experimental distribution
from Ref. 38 is essentially composed of a low-
energy evaporation component plus a relatively flat
nonequilibrium (or cascade) component which ex-
tends up to the discrete-state contribution at the
highest energies. A difference in the calculated cas-
cade as breakup (NC) and clusters (3a) are added
can be seen as a decrease in the emission of alpha
particles with energies of ~40—60 MeV. This part
of the spectrum, which is presumably due to in-
cident alpha particles which have experienced
several a-nucleon collisions, is not recovered when
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FIG. 9. Calculated experimental angle-integrated
alpha-particle energy spectrum for the 140-MeV a+2Al
reaction. Data are from Ref. 39.

the evaporation component is added. The evapora-
tion component (shown for the NCNB case only)
introduces low energy (<40 MeV) particles. It is
found that the evaporation code fits the low energy
part of the spectrum well, no matter which assump-
tions are made about clustering and/or breakup in
the CLUST calculation. This is owing to the fact
that as the low energy component of the particle
spectrum becomes more depleted (as in the cases for
increasing amounts of clustering), the residual nu-
clei have higher excitation energies. Therefore, in
the evaporation stage more particles are emitted,
which tends to compensate for the underproduction
in the cascade step. The overall fit for the NCNB
case is remarkably good, suggesting that alpha-
particle breakup may be overestimated in the simple
model applied here.

Figure 10 shows the angular distributions of al-
pha particles as calculated by the CLUST code along
with the experimentally measured distribution. The
distribution is very forward-peaked for all cases.
The addition of clusters (3a) shows a tendency to
spread out and diminish the cascade distribution,
although when the evaporation component is added
there is not much distinction between the angular
distributions from all three cases. The result of

F 140 MeV o + 2Al
[ alpha-particle angular distribution
I —NG
- -NCNB
-
“T*“NCNB+
EVAP

[}
an

T T T

T

806620
B'Ob(deg)
FIG. 10. Calculated and experimental alpha-particle

angular distribution for the 140-MeV a+2’Al reaction.
Data from Ref. 39.

adding the evaporation component in the NCNB
calculation is also shown on Fig. 10. The fit to the
experimental data is quite good, except perhaps for
the most backward angles where the evaporation
code slightly overestimates the yield.

C. Residual products

The predictions for the excitation energy spectra
of the major residual spallation products from the
140 MeV a+?’Al reaction are shown in Figs. 11
and 12. It can be seen in these figures that for sim-
ple knockout reactions [e.g., (a,n) and (a,p)] the ex-
citation energy spectra are peaked near the max-
imum permissable value. This spectral shape indi-
cates that the incident alpha particles transfer only
a small amount of their kinetic energy to the struck
nucleons. The alpha particle is then adsorbed by
the target nucleus with its kinetic energy going into
thermal excitation of the residual. For reactions in-
volving the emission of an alpha particle [e.g.,
(a,a’) and (a,a’'n) shown in Fig. 12] one can see
that the excitation energy of the residuals is peaked
at very low energies. This behavior indicates a sin-
gle low-energy transfer collision with a nucleon, re-
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FIG. 11. Calculated residual nucleus excitation ener-
gy spectra for the 140-MeV a+27Al reaction.
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FIG. 12. Calculated residual nucleus excitation ener-
gy spectra for the 140-MeV a+ %Al reaction.

sulting in the survival and subsequent emission of
the incident alpha particle. By adding three alpha-
particle clusters to the target nucleus, the 2’Al*
spectrum shows an enhancement for high excitation
energies, again demonstrating the energy damping
associated with collisions involving target clusters.
Figure 13 shows the mass distribution for a com-
bined cascade-evaporation calculation for the 140-
MeV a+ %Al system, which is compared with mea-
surements of Hornyak et al. (38). As in the
p +%"Al reaction, for a+?’Al there is little effect
on the final distribution of nuclei when clusters are
added. Hence, for simplicity, only the breakup and
no breakup case are shown. The breakup and no
breakup cases show little difference in the residual
mass yield except for a slight enhancement in mass
near the 4 =14—16 region for the breakup-allowed
case. The increased yield in this region is owing to
the larger number of compound nuclei with high
excitation energy (~ 140 MeV) that are formed
when breakup is allowed. These data compare
much more favorably with the experimental results
than do predictions of the preequilibrium decay
codes,*® in which too much yield is predicted in the
A =20—24 region with a cutoff at about 4 =15.
Another indication that alpha-particle breakup is
overestimated in the code is indicated in Fig. 14
which shows fission fragment angular correlations

E 140 MeV o + Al
r FINAL MASS YIELD
I — EXP
r --- NCNB
I |
£ [
b|<x o
Relpel
10 |-
() .
10 L lea I 1 L 1
5 10 15 20 25 30
A

FIG. 13. Calculated and experimental mass yields for
the 140-MeV a+?’Al reaction. Data are from Ref. 38.
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FIG. 14. Comparison of the experimental fission
fragment angular correlations for 140-MeV a-+ 23U
with predictions based on the intranuclear cascade
model. The solid line refers to cascades which allow
alpha-particle breakup; the dashed line refers to a no-
breakup assumption.

from the 140-MeV a +2**U reaction.*® These corre-
lations measure the linear momentum transfer of
the incident projectile to the target nucleus which
later fissions. The more forward-angle peak corre-
sponds to large linear momentum transfers. The ar-
row indicates the angle at which the alpha particle
is completely absorbed, followed by symmetric fis-
sion. The NCNB (dashed) curve fits the data much
better than the NC (solid curve). The difference is
due to collisions in which breakup causes the alpha
particle to be completely absorbed into a compound
nucleus. This results in a clearer distinction be-
tween the direct and compound-nuclear com-
ponents. Again, this discrepancy can probably be
eliminated when the breakup is treated more realist-
ically. The implication from the present version of
the code, however, is that the best fits are obtained
when alpha-particle breakup into four nucleons is
ignored.

V. CONCLUSIONS

The previous sections have described a modified
version of the intranuclear cascade code which in-
troduces deuteron and alpha-particle clusters into
the intranuclear cascade, both as incident projectiles
and as components of the target nucleus. For
proton-induced reactions the introduction of clus-
ters in the target nucleus tends to increase the reac-
tion cross sections and can enhance the emission of

high energy protons, but decrease the average num-
ber of particles emitted during the cascade. One de-
ficiency of intranuclear cascade codes has always
been the underproduction of high energy particles.
Hence, the inclusion of clusters would seem to be a
first step in the correct direction. Also, it was
found that even though increased clustering could
produce a decrease in the number of low energy
protons, the excitation energy of the residual nuclei
is enhanced which leads to emission of more low
energy particles in the evaporation phase of the re-
action. In terms of the overall reproduction of ex-
perimental data, it appears at this time, however,
that there is little direct evidence of the need to in-
troduce clusters in the target nucleus, although this
is a question which merits further study and more
detailed comparisons with experimental data.

Although the inclusion of clusters in the cascade
model represents a more realistic physical picture
for the description of intermediate-energy nuclear
reactions, it requires additional parametrization in
that spectroscopic factors for the existence of clus-
ters in the target nucleus are needed. This informa-
tion can hopefully be provided by quasifree scatter-
ing experiments or appropriate nuclear shell-model
calculations. However, the use of such data re-
quires a better knowledge of the cluster density dis-
tribution.

Perhaps the most significant advantage of the
CLUST code is that calculations can now be made
with the intranuclear cascade model for reactions
induced by deuteron and alpha-particle projectiles.
A reasonable understanding of the data from
alpha-induced collisions can be made in terms of an
intranuclear cascade including complex particles
plus evaporation. The gross features of the data are
well reproduced. It seems that the present version
of the model is basically insensitive to whether or
not the incident projectile is allowed to break up
during the collision, although the no-breakup situa-
tion is perhaps slightly favored as far as the overall
reproduction of the data is concerned (particularly
for the alpha particle energy spectrum). On the oth-
er hand, there is a need, particularly evident in the
proton energy spectra, to consider projectile break-
up and the subsequent fate of the cascade particles
after the breakup.

The overall fit to the 140-MeV a+2’Al experi-
mental data is an encouraging aspect of the present
calculations because the cascade-evaporation code
has the advantage of including kinematic factors
for the products. Thus, it permits a straightforward
calculation of angular distributions and energy
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spectra for residual product nuclei and may provide
a better kinematical description than in preequilibri-
um exciton model calculations. Comparisons with
experimental data of this sort constitute a more
sensitive test of the theoretical model, and hence
may evaluate the nuclear parameters more critically
than may be possible with the preequilibrium exci-
ton model.

Further improvements to the model still need to
be considered; for example, coalescence of outgoing
nucleons in the cascade, inclusion of Coulomb de-
flection of the clusters and nucleons, and most im-
portantly the evolution of the cascade after projec-
tile breakup.

In conclusion, the CLUST code provides a substan-
tially broader application of the intranuclear cas-
cade model. It provides increased sensitivity of the
model for light target nuclei and provides the im-
portant generalization of the model to deuteron-

and alpha-particle-induced reactions. In a forth-
coming paper further applications of the CLUST
code will include a detailed comparison of the
model with the extensive experimental data from
the p +'2C, p 4+ %0, and a+ '>C reactions at bom-
barding energies between 40— 100 MeV for protons
and 40— 160 MeV for alpha-particle-induced reac-
tions.
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