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Precompound Monte-Carlo model for cluster induced reactions
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We present an algorithm for Monte-Carlo selection of exciton energies for reactions induced by clusters.
Reaction mechanisms are addressed that involve a dissolution of the cluster into its constituent nucleons
followed by the initiation of a preequilibrium cascade. Calculated single differential spectra and excitation
functions for 93Nb(a,xn) reactions are compared with experimental results to illustrate use of this method.
Some advantages of exclusive computational techniques over analytic inclusive methods are summarized.

PACS number~s!: 24.10.Lx, 25.40.Hs, 25.55.Hp
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I. INTRODUCTION

Precompound models based on an assumed equilibra
sequence of intranuclear two body interactions have pro
valuable as a tool in the interpretation of a variety of nucl
reactions@1,2#. These models have in common a summat
of contributions from ever more complicated~in terms of
particle-hole excitations! configurations contributing to the
decay process of the excited nuclei, prior to achieving a q
siequilibrium.

It has been demonstrated that for nucleon induced re
tions, the three quasiparticle excitation is produced w
nearly equala priori energy sharing between the three ‘‘e
citons,’’ if calculated usingN-N scattering cross sections in
Fermi gas@3#. Thus for the first term in the usual precom
pound decay models, the use of ‘‘partial state densitie
based on exciton number@4# is justified. However, Bispling-
hoff @5# clearly illustrated that precompound models in u
were inconsistent in their use of higher order~than the first
three-exciton result! exciton density prescriptions, if the tw
body transition assumption was made. A second shortcom
of existing precompound models was a difficulty in treati
multiple emission of precompound nucleons from a sin
nucleus, and in treating exclusive reactions for differen
cross sections.

Both the aforementioned shortcomings of preequilibriu
models have been removed, for nucleon induced reacti
by application of Monte-Carlo algorithms, in what we ha
called the hybrid Monte-Carlo simulation~HMS!, or more
accurately the precompound Monte-Carlo simulation mo
@6,7#. The latter name is preferable as the treatment is n
Monte-Carlo version of the hybrid model@8#. Rather it uses
the fact that the three-exciton configuration produced by
interaction of a nucleon with a nucleus in a two-body proc
should give approximately the nucleon energy distribut
represented by the three-exciton density function@4#, and by
difference, of the two exciton density. In the Monte-Ca
approach@6#, each successive scattering of a nucleon
treated as producing a new three-exciton configuration, c
sistent with the two-body assumption. This avoids use of
higher order exciton densities which Bisplinghoff demo
strated were inconsistent with population by a two bo
mechanism. This Monte-Carlo approach may be used to
culate unlimited multiplicities of precompound emitte
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nucleons and may have various ‘‘gates’’ put on emitt
nucleons. In other words, our Monte-Carlo approach allo
unlimited emission of preequilibrium ejectiles~so-called
multiple preequilibrium!, and it can be used to compute e
clusive reactions where specific correlations between
ejectiles are of interest.

A limitation of this approach was that it was formulate
only for nucleon induced reactions, not for heavier clus
induced reactions. In this paper we present a simple a
rithm for cluster/light-ion induced reactions, intended to e
tend the benefits of the Monte-Carlo approach to these ca
Our main goal in this work is to document the method,
that it will be available to those wishing to use it. We w
use alpha induced reactions with which to compare our
sults, because many are available in the literature; there
particle spectra for different incident energies, and many
citation functions from which to choose. However, as
egantly demonstrated by Gadioliet al. @9#, and in earlier
work by Lanzafameet al. @10,11# there are other competin
direct reactions with any complex projectile induced rea
tion, which must be considered. This point will be discuss
when comparisons are made with experimental results; f
comprehensive discussion we refer to the work of Gad
et al. @9#.

We will first present the assumptions used in extensi
to cluster induced reactions, and refer to earlier results wh
support~but can never prove! the formulation adopted. We
then present the algorithm used to extend this mode
Monte-Carlo implementation described in@6#, and finally
present a few comparisons with experimental data to g
some validation to these results. Our purpose is mainly
present the method, rather than to exhaustively compa
with a large body of data. This is because we expect it
give results similar to the Boltzmann master equation a
hybrid model for inclusive spectra~since the same n-excito
partition function is used in these cases! and many results
have been published for these cases, with good agreem
with experiment for incident ions as heavy as40Ca @12–16#.

II. MONTE-CARLO ALGORITHMS
FOR CLUSTER INDUCED REACTIONS

To treat precompound reactions induced by light ion cl
ters, one must make an assumption about the initial ene
©2000 The American Physical Society04-1
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partition upon the two nuclei~nuclear potentials! interacting.
An early treatment of the problem made the assumption
once the two nuclei~target and projectile! were in the same
potential field, the projectile nucleons might, feeling t
whole field, act as though they were free to move in that fi
@12,13#. It was assumed that in doing so, their incide
‘‘beam’’ energy per nucleon, coupled with their rando
Fermi motion, would give a distribution of nucleon energi
having equala priori probability @12#. They could either be
emitted, or they could rescatter in two body interactions.
this scenario, the initial distribution function would be re
resented by an exciton distribution function@4# with a num-
ber of excitons equal to the mass number of the projec
While this was presented as an intuitive guess, its trial g
good agreement with a large body of experimental data,
incident ions as high as40Ca, in use in the hybrid and Bolt
zmann master equation models. Indeed, predictions m
about light and heavy ion precompound decay, years be
measurements were possible~due to accelerator develop
ment! @17# were later shown to give very good guidance as
phenomena observed in later years. Scobel@18# demon-
strated in a Monte-Carlo calculation, that the random c
pling of beam and Fermi motion in a projectile does inde
produce a distribution very near the ‘‘n’’ exciton function we
assumed. Our purpose in this paper is to demonstrate
this may be used in a Monte-Carlo implementation so as
yield a consistent model permitting unlimited precompou
multiplicity ~which is important for heavy ion reactions! and
calculation of exclusive yields while retaining use of thre
exciton formulas for treating theN-N rescattering part of the
cascade process.

With the equala priori assumption above, then exciton
formula may be used to give the numberN of equally likely
combinations ofn excitons at excitationE, with g equidistant
levels per MeV as

N~E!5
~gE!n21

p!h! ~n21!!
, ~1!

wherep,h are the particle and hole numbers. If we select
exciton with energye above the Fermi level, and ask for th
probability P(e) of finding an exciton with that energy, w
find ~whereU5E2e)

P~e!5
1

N~E!

~gU!n22

~p21!!h! ~n22!!

g

p
. ~2!

We may then inquire as to the expectation of a sec
particle from the originaln-exciton configuration by repeat
ing the process for a configuration of (n21) excitons at
excitationU, etc., until there are but two excitons remainin
These may have their energies selected between the rem
ing excitation at random. For Monte-Carlo sampling we m
express the probability information given by successive
plications of Eq.~2! in terms of the energy of an excito
picked from the equally probable distribution@Eq. ~1!# by
picking a random numberx between 0 and 1@we note that
the integral of Eq.~2! for e between 0 andE is 1#. Each
energy has a probability associated with it, as given by
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~2!, so each interval covered byx must have a relative length
as a fraction of 1 proportional to that probability. This
fulfilled if we define

x5E
0

e

P~e8!de8 ~3!

and then we may solve for the energye selected by the
random numberx as

e5E„12~12x!1/(n21)
…. ~4!

Making the algorithm general to include both particle a
hole excitons, we first define the total neutron, proton p
ticle exciton numbers, and the hole number. The sum
these isn. We define the hole probability as the hole numb
h, divided byn. A random number is used to select the fir
exciton as a particle or a hole, depending on whetherx is
greater or less than the hole probability. If a particle excit
is selected, a random number is similarly used to se
whether the exciton is a neutron or a proton, based on
fraction of the exciton particle population occupied by ea
In the case that a hole exciton is selected, a random num
is used to select a neutron or proton hole. A random num
is selected to pick the particle or hole energy using Eq.~4!; if
a hole, the energy is tested to see if it exceeds the pote
well depth; if it does, another random number/energy is
lected until this constraint is satisfied.

Once an exciton type and energy have been selecte
described above, the neutron/proton/exciton numbers are
propriately decremented, the excitation is decremented
that of the selected exciton, and the selection process is
tinued for the next exciton. When only two excitons rema
the energy of the first is selected by a random number,
that of the final exciton is selected by difference to conse
energy.

The energies of all excitons resulting from the prima
interaction of the incident cluster with the target nucleus
calculated in this manner. Each is now analogous to
nucleon projectile which may initiate a reaction~as described
in Refs. @6,7#!, but each must first be multiplied by th
branching ratio for emission or rescattering. In the case o
Monte-Carlo calculation, the ratio

Rc~e!5
lc~e!

lc~e!1 lp~e!
~5!

represents the probability that an exciton at energye above
the Fermi energy is emitted rather than rescattering,lc(e)
being the emission rate, andlp(e) the damping rate. Then i
a random number is greater thanRc(e), the exciton is as-
sumed to initiate a cascade with excitation energye, i.e., a
two particle–one hole configuration is formed, treated by
Monte-Carlo formalism for nucleon induced reactions whi
has previously been described@6#. In the case that the ran
dom number is less thanRc(e), the exciton is presumed to
be emitted into the continuum and is added to the emiss
spectrum. This procedure is followed for each of the excito
resulting from the initial cluster-nucleus interaction.
4-2
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Comparing precompound spectra with calculated res
has often shown that better agreement results if a pai
correction is made to parent/daughter excitations in the
tribution functions. We mention this as an empirical obs
vation rather than a theoretical principle. The algorithm w
pairing correction terms becomes

e5@E2D~daughter!#2@E2D~parent!#~12x!1/(n21),
~6!

where D ~daughter/parent! represents the daughter/pare
pairing energy. We have used Eq.~6! in calculations to be
presented in this work; however differences due to pair
corrections are rather trivial for the examples to be presen

III. RESULTS AND DISCUSSION

It is important to note that the formalism described here
appropriate for describing only a fraction~albeit a significant
fraction! of all reaction mechanisms that can take place. S
cifically, it addresses reaction mechanisms that lead to a
equilibrium cascade of nucleon-nucleon interactions follo
ing the dissolution of the alpha particle. As discussed
Gadioli and others@9–11#, additional reaction mechanism
are present due to the higher partial waves of the entra
channel, such as inelastic scattering of the alpha particle
the nucleus as a whole, pickup reactions, and binary fr
mentation. From the detailed analysis by Gadioliet al. @9# of
the various contributing reaction mechanisms ina193Nb re-
actions, we estimate that approximately 60% of the reac
cross section leads to alpha particle dissolution followed b

FIG. 1. Experimental and calculated (a,p) spectra on93Nb.
Triangles are points for 30.5 MeV incident alpha particles fro
@19#; squares are for 42 MeV alpha particles from@20#, and circles
are for 55 MeV alpha particles from@21#. Solid lines are the results
of the HMS Monte-Carlo simulation described in this work, havi
been reduced by a factor of 0.6 to account for reaction flux e
mated to be lost to other low-momentum transfer reactions~see
text, and discussions by Gadioliet al. @9#!. The HMS results with-
out any such reduction are shown as dashed lines. Additionally
dashed-dot lines show results using the hybrid model presente
Ref. @2#.
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preequilibrium cascade. In the results shown below we ap
this reduction factor~0.6! to the total reaction cross section
We have ignored the weak energy-dependence expecte
this reduction factor because it is significantly smaller th
the uncertainty in its magnitude, which is estimated to
about 15%.

We present comparisons of particle spectra~single differ-
ential cross sections! and of excitation functions for alpha

i-

he
in

FIG. 2. Experimental and calculated excitation functions for
pha induced reactions of93Nb. Open circles and squares are expe
mental results from@22,23# and @9# respectively for the (a,xn)
excitation functions forx52, 3, 4. Solid curves are the results o
the HMS Monte-Carlo simulation described herein, having be
reduced by a factor 0.6 to account for reaction flux lost to ot
mechanisms. The unreduced HMS results are shown as da
lines. Dashed-dot lines represent calculated results shifted do
ward by the average rotational energy at each incident energy.
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induced reactions on93Nb. In Fig. 1 experimental results ar
shown for incident alpha energies of 30.5@19#, 42 @20#, and
55 MeV @21#. In Fig. 2 excitation functions measured by tw
different groups for incident energies up to 140 Me
@22,23,9# are shown. It has been found empirically@2# that
for odd A targets, alpha induced reactions are best rep
sented by initial 5 exciton configurations. Results presen
therefore were calculated assuming a three proton, two n
tron set of initial excitons, i.e., it is assumed that the unpai
proton in the target was excited in the initial interaction. Th
is pure conjecture motivated by the empirical observation
past analyses of alpha induced reactions.

In Fig. 1 we see good agreement between calcula
~solid line! and experimental results for the shapes and m
nitudes of the spectra at 42 and 55 MeV incident alpha
ergy. The agreement with the 30.5 MeV incident alpha d
is poor both respect to shape and magnitude; howeve
terms of the experimental uncertainties of the four measu
points, the calculated results are not unreasonable. In
figure we also show HMS results in which the reaction cr
section has not been reduced, to serve as a reminder t
reader that the HMS results include an estimate of flux los
other processes. Finally, we also reproduce the hybrid m
calculations presented in Ref.@2# for comparison. While the
quality of the HMS and the hybrid model results appear to
similar, with respect to agreement with the data, we rem
the reader that the HMS results are far richer in the sense
they preserve all correlation information between ejectil
~This cannot be seen in Fig. 1 since the measurements a
the inclusive emission spectrum.!

Comparisons more sensitive to details of the multiple p
compound decay mechanism may be found in excita
functions, e.g., Fig. 2. We have plotted the results calcula
as described herein as solid curves in Fig. 2, labe
‘‘HMS.’’ Again, we also plot for comparison results in
which the reaction cross section was not reduced. Our ev
ration calculation does not contain the rotational energy c
rection ~yrast cascade enhanced by angular moment!
which we would get from a Hauser-Feshbach calculation
from ans-wave evaporation approximation. We have the
fore shown our results shifted downward by the average
tational energy for each incident alpha energy as a das
ys
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line. This will overestimate the yrast cascade effect, but g
guidance as to an upper limit of its effect. The calculat
excitation functions~solid lines! lie in between the two ex-
perimental sets shown, generally exhibiting better agreem
with the data of Bisplinghoffet al. @22#.

IV. CONCLUSIONS

We have presented a straightforward, and computat
ally fast algorithm which will allow precompound Monte
Carlo calculation of reactions induced by clusters for wh
it is assumed that the cluster ‘‘dissolves’’ in the field of th
target nucleus and gives an energy conserving equala priori
n-exciton distribution resulting from coupling of beam an
Fermi momenta. This was shown to be a good descriptio
earlier works within both the hybrid model and the Bolt
mann master equation. The Monte-Carlo formulation of
preequilibrium process leads to three main formal impro
ments in the theory: use of correct three-exciton distributio
for all stages of the scattering process; allowance of unl
ited precompound emissions; and preservation of corr
tions between ejectiles emitted in a given event.

This algorithm has been incorporated into the nucl
modeling codeHMS-ALICE, and has been shown to give re
sonably good results in comparisons with several experim
tal data sets for alpha induced reactions. Many more co
parisons are desirable, in particular to test reactions
which multiple precompound decay channels are importa
and for coincidence experiments exploiting the capabilit
of event mode models to predict gated~exclusive! results
where correlations are important. Comparisons with he
ion induced reactions will be worthwhile; based on the s
cess of the Boltzmann master equation for heavy ion re
tions using the same algorithm for the initial nucleon dist
bution @12–16#, we expect the algorithm presented here
might be useful for treating heavy ion reactions where fus
occurs.
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