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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 *Nb(«,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 numbds): 24.10.Lx, 25.40.Hs, 25.55.Hp

I. INTRODUCTION nucleons and may have various ‘“gates” put on emitted
nucleons. In other words, our Monte-Carlo approach allows
Precompound models based on an assumed equilibratiaslimited emission of preequilibrium ejectilegso-called
sequence of intranuclear two body interactions have provemultiple preequilibrium, and it can be used to compute ex-
valuable as a tool in the interpretation of a variety of nucleaiclusive reactions where specific correlations between the
reactiond 1,2]. These models have in common a summatior€jectiles are of interest.
of contributions from ever more complicatdth terms of A limitation of this approach was that it was formulated
particle-hole excitationsconfigurations contributing to the ©only for nucleon induced reactions, not for heavier cluster
decay process of the excited nuclei, prior to achieving a quanduced reactions. In this paper we present a simple algo-
siequilibrium. rithm for cluster/light-ion induced reactions, intended to ex-
It has been demonstrated that for nucleon induced readend the benefits of the Monte-Carlo approach to these cases.
tions, the three quasiparticle excitation is produced withOur main goal in this work is to document the method, so
near]y equab priori energy Sharing between the three “ex- that it will be available tO those- WIShlng to use it. We will
citons,” if calculated usingN-N scattering cross sections in a Us€ alpha induced reactions with which to compare our re-
Fermi gas[3]. Thus for the first term in the usual precom- Sults, because many are available in the literature; there are
pound decay models, the use of “partial state densities'particle spectra for different incident energies, and many ex-
based on exciton numbéﬁ_] is jUSUfled However, B|Sp||ng_ citation functions from which to choose. However, as el-
hoff [5] clearly illustrated that precompound models in useegantly demonstrated by Gadiddt al. [9], and in earlier
were inconsistent in their use of higher ordéan the first WOrk by Lanzafameet al. [10,11] there are other competing
three-exciton resultexciton density prescriptions, if the two direct reactions with any complex projectile induced reac-
body transition assumption was made. A second shortcominon. Which must be considered. This point will be discussed
of existing precompound models was a difficulty in treatingWhen comparisons are made with experimental results; for a
multiple emission of precompound nucleons from a sing|é:omprehensive discussion we refer to the work of Gadioli

nucleus, and in treating exclusive reactions for differentialet aI.[9]._ _ _ _ _
cross sections. We will first present the assumptions used in extensions

Both the aforementioned shortcomings of preequilibriumt© cluster induced reactions, and refer to earlier results which
models have been removed, for nucleon induced reaction§upport(but can never proyethe formulation adopted. We
by application of Monte-Carlo algorithms, in what we have then present the algorithm used to extend this model to
called the hybrid Monte-Carlo simulatiofHMS), or more ~ Monte-Carlo implementation described 6], and finally -
accurately the precompound Monte-Carlo simulation modePresent a few comparisons with experimental data to give
[6,7]. The latter name is preferable as the treatment is not §0me validation to these results. Our purpose is mainly to
Monte-Carlo version of the hybrid modg8]. Rather it uses ~Present the method, rather than to exhaustively compare it
the fact that the three-exciton configuration produced by thavith a large body of data. This is because we expect it to
interaction of a nucleon with a nucleus in a two-body procesgive results similar to the Boltzmann master equation and
should give approximately the nucleon energy distributionhybrid model for inclusive spectri@ince the same n-exciton
represented by the three-exciton density funcfipand by ~ partition function is used in these casemd many results
difference, of the two exciton density. In the Monte-Carlo have been published for these cases, with good agreement
approach[6], each successive scattering of a nucleon igvith experiment for incident ions as heavy #€a[12-16.
treated as producing a new three-exciton configuration, con-
si_stent with the tV\_/o-body a_s_sumpti(_)n. Th_is a_lvoids use of the II. MONTE-CARLO ALGORITHMS
higher order exciton densmgs which B_lspllnghoff demon- FOR CLUSTER INDUCED REACTIONS
strated were inconsistent with population by a two body
mechanism. This Monte-Carlo approach may be used to cal- To treat precompound reactions induced by light ion clus-
culate unlimited multiplicities of precompound emitted ters, one must make an assumption about the initial energy
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partition upon the two nuclénuclear potentia)sinteracting.  (2), so each interval covered bymust have a relative length

An early treatment of the problem made the assumption thads a fraction of 1 proportional to that probability. This is

once the two nucleftarget and projectilewere in the same fulfilled if we define

potential field, the projectile nucleons might, feeling the

whole field, act as though they were free to move in that field &

[12,13. It was assumed that in doing so, their incident X= Jo P(e)de @)

“beam” energy per nucleon, coupled with their random

Fermi motion, would give a distribution of nucleon energiesang then we may solve for the energyselected by the

having equak priori probability [12]. They could either be andom numbexk as

emitted, or they could rescatter in two body interactions. In

this scenario, the initial distribution function would be rep- e=E(1—(1—x)Y0-1), (4)

resented by an exciton distribution functipf] with a num-

ber of excitons equal to the mass number of the projectile. Making the algorithm general to include both particle and

While this was presented as an intuitive guess, its trial gavéiole excitons, we first define the total neutron, proton par-

good agreement with a large body of experimental data, foticle exciton numbers, and the hole number. The sum of

incident ions as high a8’Ca, in use in the hybrid and Bolt- these is1. We define the hole probability as the hole number,

zmann master equation models. Indeed, predictions madeg divided byn. A random number is used to select the first

about light and heavy ion precompound decay, years beforexciton as a particle or a hole, depending on whethés

measurements were possibiéue to accelerator develop- greater or less than the hole probability. If a particle exciton

mend [17] were later shown to give very good guidance as tois selected, a random number is similarly used to select

phenomena observed in later years. Scddé] demon-  whether the exciton is a neutron or a proton, based on the

strated in a Monte-Carlo calculation, that the random coufraction of the exciton particle population occupied by each.

pling of beam and Fermi motion in a projectile does indeedn the case that a hole exciton is selected, a random number

produce a distribution very near the™ exciton function we  is used to select a neutron or proton hole. A random number

assumed. Our purpose in this paper is to demonstrate hoig selected to pick the particle or hole energy using @j.if

this may be used in a Monte-Carlo implementation so as t@a hole, the energy is tested to see if it exceeds the potential

yield a consistent model permitting unlimited precompoundwell depth; if it does, another random number/energy is se-

multiplicity (which is important for heavy ion reactionand  lected until this constraint is satisfied.

calculation of exclusive yields while retaining use of three- Once an exciton type and energy have been selected as

exciton formulas for treating thi-N rescattering part of the described above, the neutron/proton/exciton numbers are ap-

cascade process. propriately decremented, the excitation is decremented by
With the equala priori assumption above, the exciton  that of the selected exciton, and the selection process is con-

formula may be used to give the numi¢iof equally likely  tinued for the next exciton. When only two excitons remain,

combinations of excitons at excitatioft, with g equidistant  the energy of the first is selected by a random number, and

levels per MeV as that of the final exciton is selected by difference to conserve
- energy.

N(E) = (9E) D The energies of all excitons resulting from the primary

(B)= p'h!(n—1)!" interaction of the incident cluster with the target nucleus are

calculated in this manner. Each is now analogous to a
wherep,h are the particle and hole numbers. If we select amnucleon projectile which may initiate a reactias described
exciton with energye above the Fermi level, and ask for the in Refs. [6,7]), but each must first be multiplied by the
probability P(e) of finding an exciton with that energy, we branching ratio for emission or rescattering. In the case of a

find (whereU=E—eg) Monte-Carlo calculation, the ratio
_ (gU"?® g _ le(e)
PO=NE (p-Dihi(n—2)! p° @ RA®) = {ce) +Ip(e) ©

We may then inquire as to the expectation of a secondepresents the probability that an exciton at enexgbove
particle from the originah-exciton configuration by repeat- the Fermi energy is emitted rather than rescatterin@e)
ing the process for a configuration ofi{ 1) excitons at being the emission rate, ahd(e) the damping rate. Then if
excitationU, etc., until there are but two excitons remaining. a random number is greater th&t(e), the exciton is as-
These may have their energies selected between the remasumed to initiate a cascade with excitation eneegye., a
ing excitation at random. For Monte-Carlo sampling we musttwo particle—one hole configuration is formed, treated by the
express the probability information given by successive apMonte-Carlo formalism for nucleon induced reactions which
plications of Eq.(2) in terms of the energy of an exciton has previously been describgél]. In the case that the ran-
picked from the equally probable distributidkq. (1)] by ~ dom number is less thaRc(e), the exciton is presumed to
picking a random numbex between 0 and fwe note that be emitted into the continuum and is added to the emission
the integral of Eq.(2) for e between 0 ancE is 1]. Each  spectrum. This procedure is followed for each of the excitons
energy has a probability associated with it, as given by Eqresulting from the initial cluster-nucleus interaction.
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Triangles are points for 30.5 MeV incident alpha particles from
[19]; squares are for 42 MeV alpha particles fr¢2@], and circles
are for 55 MeV alpha particles frof21]. Solid lines are the results
of the HMS Monte-Carlo simulation described in this work, having
been reduced by a factor of 0.6 to account for reaction flux esti-
mated to be lost to other low-momentum transfer reacti@es 10
text, and discussions by Gadi@t al. [9]). The HMS results with-

out any such reduction are shown as dashed lines. Additionally, the

dashed-dot lines show results using the hybrid model presented in 10° . : : : . .
Ref. [2] 20 40 60 80 100 120 140
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Comparing precompound spectra with calculated results
has often shown that better agreement results if a pairing
correction is made to parent/daughter excitations in the dis-
tribution functions. We mention this as an empirical obser-
vation rather than a theoretical principle. The algorithm with
pairing correction terms becomes

© data cited in Blann (1975)
a Gadioli et al. (1984)
----- HMS, no reduction
10° | —— HMS
—-—- HMS, with rotational shift

e=[E— A(daughtey]—[ E—A(paren}](1-x)¥("~ 1),

Cross section (mb)
=

(6) 10" |

where A (daughter/parentrepresents the daughter/parent

pairing energy. We have used E®) in calculations to be 10° , , , , , ,
presented in this work; however differences due to pairing 20 40 60 80 100 120 140

corrections are rather trivial for the examples to be presented. Incident o energy (MeV)

FIG. 2. Experimental and calculated excitation functions for al-
pha induced reactions §fNb. Open circles and squares are experi-
mental results fron{22,23 and [9] respectively for the 4,xn)

It is important to note that the formalism described here isexcitation functions fox=2, 3, 4. Solid curves are the results of
appropriate for describing only a fractigalbeit a significant the HMS Monte-Carlo simulation described herein, having been
fraction) of all reaction mechanisms that can take place. Spereduced by a factor 0.6 to account for reaction flux lost to other
cifically, it addresses reaction mechanisms that lead to a prénechanisms. The unreduced HMS results are shown as dashed
equilibrium cascade of nucleon-nucleon interactions follow-lines. Dashed-dot lines represent calculated results shifted down-
ing the dissolution of the alpha particle. As discussed b))Nal’d by the average rotational energy at each incident energy.

Gadioli and other49-11], additional reaction mechanisms oo qyilibrium cascade. In the results shown below we apply
are present due to the higher partial waves of the entranGgjs yedyction factof0.6) to the total reaction cross section.
channel, such as inelastic scattering of the alpha particle witye nave ignored the weak energy-dependence expected for
the nucleus as a whole, pickup reactions, and binary fragis reduction factor because it is significantly smaller than
mentation. From the detailed analysis by Gadatlal.[9] of  the uncertainty in its magnitude, which is estimated to be
the various contributing reaction mechanismsitt °Nb re-  about 15%.

actions, we estimate that approximately 60% of the reaction We present comparisons of particle specsiagle differ-
cross section leads to alpha particle dissolution followed by &ntial cross sectionsand of excitation functions for alpha

Ill. RESULTS AND DISCUSSION
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induced reactions of®Nb. In Fig. 1 experimental results are line. This will overestimate the yrast cascade effect, but give
shown for incident alpha energies of 308)], 42[20], and guidance as to an upper limit of its effect. The calculated
55 MeV [21]. In Fig. 2 excitation functions measured by two excitation functiongsolid lines lie in between the two ex-
different groups for incident energies up to 140 MeV perimental sets shown, generally exhibiting better agreement
[22,23,9 are shown. It has been found empiricalB] that ~ with the data of Bisplinghofet al. [22].
for odd A targets, alpha induced reactions are best repre-
sented by initial 5 exciton configurations. Results presented
therefore were calculated assuming a three proton, two neu-
tron set of initial excitons, i.e., it is assumed that the unpaired \We have presented a straightforward, and computation-
proton in the target was excited in the initial interaction. Thisally fast algorithm which will allow precompound Monte-
is pure conjecture motivated by the empirical observations o€arlo calculation of reactions induced by clusters for which
past analyses of alpha induced reactions. it is assumed that the cluster “dissolves” in the field of the
In Fig. 1 we see good agreement between calculateghrget nucleus and gives an energy conserving egjpaiori
(solid line) and experimental results for the shapes and magn-exciton distribution resulting from coupling of beam and
nitudes of the spectra at 42 and 55 MeV incident alpha enFermi momenta. This was shown to be a good description in
ergy. The agreement with the 30.5 MeV incident alpha dataarlier works within both the hybrid model and the Boltz-
is poor both respect to shape and magnitude; however ifmann master equation. The Monte-Carlo formulation of the
terms of the experimental uncertainties of the four measuregreequilibrium process leads to three main formal improve-
points, the calculated results are not unreasonable. In thigients in the theory: use of correct three-exciton distributions
figure we also show HMS results in which the reaction crosgor all stages of the scattering process; allowance of unlim-
section has not been reduced, to serve as a reminder to thed precompound emissions; and preservation of correla-
reader that the HMS results include an estimate of flux lost tgions between ejectiles emitted in a given event.
other processes. Finally, we also reproduce the hybrid model This algorithm has been incorporated into the nuclear
calculations presented in Ré¢R] for comparison. While the modeling codedms-ALICE, and has been shown to give rea-
quality of the HMS and the hybrid model results appear to besonably good results in comparisons with several experimen-
similar, with respect to agreement with the data, we remindal data sets for alpha induced reactions. Many more com-
the reader that the HMS results are far richer in the sense thpbrisons are desirable, in particular to test reactions for
they preserve all correlation information between ejectileswhich multiple precompound decay channels are important,
(This cannot be seen in Fig. 1 since the measurements are ghd for coincidence experiments exploiting the capabilities
the inclusive emission spectrum. of event mode models to predict gatéeixclusive results
Comparisons more sensitive to details of the multiple prewhere correlations are important. Comparisons with heavy
compound decay mechanism may be found in excitationon induced reactions will be worthwhile; based on the suc-
functions, e.g., Fig. 2. We have plotted the results calculatedess of the Boltzmann master equation for heavy ion reac-
as described herein as solid curves in Fig. 2, labeledions using the same algorithm for the initial nucleon distri-
“HMS.” Again, we also plot for comparison results in bution [12—-16, we expect the algorithm presented herein
which the reaction cross section was not reduced. Our evapenight be useful for treating heavy ion reactions where fusion
ration calculation does not contain the rotational energy corgccurs.
rection (yrast cascade enhanced by angular momentum
which we would get from a Hauser—.Fes_hbach calculation, or ACKNOWLEDGMENT
from answave evaporation approximation. We have there-
fore shown our results shifted downward by the average ro- The authors wish to thank Dr. P. Oblozinsky for useful
tational energy for each incident alpha energy as a dasheztbmments.
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