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Abstract. Nuclear de-excitation codes can be coupled to intranuciascade models to provide coherent and
comprehensive descriptions of spallation reactions abal®0 MeV. This paper discusses the coupling of the
Liege Intranuclear Cascade model with two different detaiion codes: the Statistical Multifragmentation Model
andGEM NI ++. We present a selection of the results of the simulationishifiee been performed for the IAEA
International Benchmark of Spallation Models, namely:ides yields, double-differential neutron-production
cross sections and double-differential alpha-partictedpction cross sections, for reactions at energies around
1 GeV. An attempt at discussing merits and demerits of theeisdad made.

1. Introduction

The possibility of reprocessing nuclear waste in subaaitassemblies coupled with a proton
accelerator has recently renewed the interest of the nuglesics community in spallation-
reaction modelling.Transmutation, i.e. the irradiation of long-lived nuclear waste with high
energy neutrons, would significantly reduce the half-lifel &he required storage time of the
waste and, at the same time, it would liberate enough energgwer the accelerator itself.

The design of such an Accelerator-Driven System (ADS) megupowerful and flexible
tools for the optimisation of the configuration and the matsrof the neutron source. First of
all, one needs a quantitative understanding of the micmsaoteractions between the radiation
and the matter in the system. What nuclear reactions will pékee? How many particles will
they produce? What will their energy and angular distrimgibe? These are the most common
problems one has to face. Secondly, itis necessary to gierthkapropagatiortr@nsport) of the
produced particles within the system and to calculate h@sdhget composition is modified.
Overall, the problem is far too complicated to be tackled xyed-and-error method and hence
one has to turn to microscopic models and transport codes.

At incident energies relevant for transmutation (from saveundreds of MeV up to a few
GeV), the most appropriate theoretical tool for the desionipof particle-nucleus reactions is
the coupling of an Intranuclear-Cascade-type model (INCh wihuclear de-excitation model.
It is assumed in the INC framework that the incoming partstierts an avalanche of binary
collisions with and among the target nucleons; part of therggnof the incident particle is
transferred to nucleons, which may be emitted, or is conguime¢he excitation of nucleon
resonances and in the production of pions. When the cascagie t&rminates, a sizeable part
of the target nucleus is left relatively undisturbed andrfera large, excitedemnant. In a
subsequent de-excitation stage, the remnant gets rid @xtess energy by particle emission
and/or fission.

This paper discusses the coupling of the Liege Intranu€leacade model NCL4. 5) [1]
with the GEM NI ++ [2] and SMM[3] de-excitation codes and presents some simulated sesult
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These calculations have been performed in the frameworkeofriternational Benchmark of
Spallation Models, organised by the IAEA with the goals a&fessing the prediction capabilities
of the spallation models, understanding the reason forubeess or deficiency of the models
and reaching a consensus, if possible, on some of the phggieglients that should be used in
the models.

The existence of de-excitation-insensitive observallles/a one to fix the free parameters
of the cascade model independently of the coupling to a dagaton code. However, differ-
ent cascade models produce slightly different remnantsandnodify the de-excitation chain.
Moreover, it is impossible to isolate completely the deHation contribution, the structure
of the highly-excited remnants is only approximately knosmd several unverified assump-
tions must be made to describe their decay. Consequenttyyrather difficult to draw solid
conclusions about the relative merits of different de-&tmn models. Nevertheless, the results
presented in this paper provide useful indications for trestruction of a minimal de-excitation
model of wide applicability.

2. TheModels

We shall now briefly outline the most important features eftiodels we have considered. We
direct the reader to the cited articles for more comprelverdgscriptions.

21 INCL4.5

Thel NCL4. 5 model [1] can be applied to collisions between nuclei anchgimucleons, or
light nuclei of energy lower than a few GeV. The particledeus interaction is modelled
as a sequence of binary collisions among the particles préséhe system. Particles that are
unstable over the time scale of the collision, notably delsmnances, are allowed to decay. The
nucleus is schematised as a potential well whose radiushdspen the nucleon momentum.
Nucleons move on straight lines until they undergo a colfisivith another nucleon or until
they reach the surface, where they escape if their totabgnsmositive and they manage to
penetrate the Coulomb barrier. If the phase-space neighbodrof the escaping nucleon is
sufficiently populated, light clusters can be formed thitoagoalescence mechanism.

Thel NCL4. 5 model simulates a complete collision event, its output ¢péine velocities
of all the emitted particles. The characteristics of themant (its mass, charge, momentum,
excitation energy and intrinsic angular momentum) arevadrfrom the application of conser-
vation laws and are passed to the chosen de-excitation cbiaé wimulates the decay of the
remnant into a nuclear-stable residue plus a number of ons)enuclei and/or gamma rays.
The differences among different de-excitation modelsri¢hie allowed decay modes, in the
formalisms used to describe them and in the parametrisafioritical ingredients like nuclear
level densities, Coulomb barriers, and collective enhamcgm

22 CEM N ++

GEM NI ++ [2] is an improved version of th€EM NI model, developed by R.J. Charity [4]
with the goal of describing complex-fragment formation ealkty-ion fusion experiments. The
de-excitation of the remnant proceeds through a sequertweary decays until particle emis-
sion becomes energetically forbidden or improbable du@topetition with gamma-ray emis-
sion.
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Since compound nuclei created in fusion reactions are ajlgicharacterised by large in-
trinsic angular momenta, tl&EM NI andGEM NI ++ models explicitly consider the influence
of spin and orbital angular momentum on particle emissiorédver, GEM NI /GEM NI ++
do not restrict binary-decay modes to nucleon and lighteuscevaporation, which are the
dominant decay channels, but allow the decaying nucleusnio a& fragment of any mass.
The introduction of a generic binary-decay mode is necgdsarthe description of complex-
fragment formation and is one of the features thatGE NI /GEM NI ++ apart from most of
the other de-excitation models.

Emission of nucleons and light nucleX (< 2, 3 or 4, depending on the user’s choice)
is described by the Hauser-Feshbach evaporation formgbgnwhich explicitly treats and
conserves angular momentum. The production of heavieeniscbescribed by Moretto [6]
binary-decay formalism, which is expected to be quite ateuior intermediate-mass systems.
For heavy systems, on the other hand, Moretto’s formalisenmredicts the width of the fission
mass and charge distributions; this shortcoming was curg¢ldeGEM NI ++ model with the
introduction of the Bohr-Wheeler fission width [7] in conjuiact with the systematics of mass
distributions compiled by Rusanov et al. [8].

2.3 SMM

The Statistical Multifragmentation ModeS¥M [3] is a nuclear de-excitation code that com-
bines the compound-nucleus processes at low excitatiorgieseand multifragmentation at
high energies. The model assumes that the excited, thaedaluclear system expands, break-
ing up simultaneously into several fragments as the volurapsidbelow a certain low-density
freeze-out volume. Each fragment partition is assignedeantbdynamic weight, which is
then used to choose a multifragmentation partition at randa practical calculations, at low
excitation energies only fragment partitions with totalltiplicity smaller than four are consid-
ered, which dominate at these energies. This includes a&smyband ternary decay channels,
whereas at high excitation energy all available channegalen into account. In addition,
SMMtakes into account competition with the compound-nucléaoel, falling back naturally
to conventional evaporation and fission processes at lotegion energy.

The de-excitation of the multifragmentation products enthreated by conventional meth-
ods. Light A < 16) fragments undergo Fermi break-up, while heavy fragmeantextite
through particle evaporation or fission. Evaporation iscdbsd by the Weisskopf-Ewing for-
mula [9] and considers ejectiles up't®, as well as excited states of light particles. The fission
width is calculated using the Bohr-Wheeler formula. PrevMp@&/Mwas successfully used for
analysis of multifragmentation reactions, which play asegesial role at hadron beam energies
higher than 2—-3 GeV, and in heavy-ion collisions. Howevethie present case (1-GeV proton
beams) we may expect to observe only the onset of the mgitifeatation process.

3. Resultsand Discussion

The coupling of NCL4. 5 with GEM NI ++ andSMMhas been tested in light-target and heavy-
target collisions.

Residue yields for the 1-GeV p*Fe reaction are presented in Figure 1. Neither model is
very accurate for residues close to the target{ 50), a deficiency which is probably due to
a shortcoming of the cascade stage. G NI ++ model reproduces quite well the shape of
the whole distribution, whil&MMioverestimates the production of intermediate-mass fraggne
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FIG. 1. Residueyields for 1-GeV p + °°Fe as a function of the residue mass number, as calcu-
lated by | NCL4. 5/SMM(red) and | NCL4. 5/GEM NI ++ (blue). Experimental data are taken
from Refs. [10] and [11].

(IMFs, 2 < A < 20) and underestimates residues of mass between 30 and 45vétowevi-
ous studies [10] have shown tHalYMproduces better results if one introduces an intermediate
pre-equilibrium stage between cascade and de-excitalioa.need to include pre-equilibrium
in the description of spallation reactions is the subjed tdng-standing discussion and is be-
yond the scope of this paper. However, it has been obseregd ik possible to fit heavy-ion
reaction yields by assuming a parametric form of the maasgeiienergy distribution of ther-
malised fragments and by simulating de-excitation VBWMM[12]. In this approach, the best-
fit excitation-energy distributions are colder than thosgeeted from cascade models, which
would be consistent with the introduction of a pre-equilibr stage after cascade. Finally,
no attempt has been made to adjust the free paramet&R8Ms evaporation/fission module
to ameliorate the agreement with the experimental data WiN&bL4. 5 remnants are used as
input.

It is also interesting to observe that, while both modeldljgtd MF yield in the right ball-
park, the production mechanism is very different:SM IMFs can be produced in the mul-
tifragmentation stage or in evaporation, whileGEM NI ++ they are produced exclusively in
asymmetric-fission events. Our result suggests that iiveludistributions (such as Figure 1)
cannot help settle the question of the IMF production meigmaum spallation reactions around
1 GeV. More discriminating observables, such as correlatiare necessary.

Figure 2 shows the mass distribution of residues in 1-GeV*#W. GEM NI ++ is again
quite good in reproducing the data, except in the IMF regitis.clear that neither model is able
to reproduce the abundant IMF production observed in themaxgnts, which might indicate
that the need for refinements of the evaporatiSW\) or asymmetric fissionGEM NI ++)
mechanisms for highly excited heavy nuclei.

The left panel of Figure 3 reports double-differential aresctions for neutron production in
a 1.2-GeV p +"Pb reaction. The cascade stage is exclusively responsibted high-energy
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FIG. 2: Residueyields for 1-GeV p + 238U as a function of the residue mass number, as cal cu-
lated by | NCL4. 5/SMM(red) and | NCL4. 5/GEM NI ++ (blue). Experimental data are taken

from Refs. [13, 14, 15, 16].

w
m

10 3

[
o
N
T

d?6/dQdE (mb/sr/MeV)
[
o

—— INCL45-SMM
—— INCL45-GEMINI++

103
Energy (MeV)

d?6/dQdE (mb/sr/MeV)

[N
o

-
o

[N

1075
10'E
1075—
10'E
10'E

10- il

INCL45-SMM

INCL45-GEMINI++

10

2
10

103
Energy (MeV)

FIG. 3: Double-differential cross sections for neutron production in 1.2-GeV p + 2°*Pb (left)
and alpha production in 1.2-GeV p + '8!Ta (right), as calculated by | NCL4. 5/SMM(red) and
I NCL4. 5/GEM NI ++ (blue). Experimental data are taken from Refs. [17, 18].
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part of the spectra, down to about 20 MeV, this explains wieygbectra are not very different
above this energy (except for statistical fluctuations) oRethis energy, neutron emission dur-
ing de-excitation becomes gradually the dominant contivbu The choice of the de-excitation
model will thus influence this part of the spectrum.

An accurate inspection of the plot leads to the followingesliations. Firstly, all yields
seem slightly underestimated around 20 MeV, this defecteas already observed [19] and
can be related to the coalescence mechanism for clustengirod inl NCL4. 5. Secondly, the
SMMspectra systematically overestimate the low-energy orutields and underestimate the
high-energy part of the evaporation shoulder. Here, aglaintroduction of a pre-equilibrium
stage might help, since particles emitted during pre-éayiuim would be more energetic than
the evaporated ones. Finally, tlgEM NI ++ prediction is close to the data betweed—
10 MeV, but it underestimates the low-energy end of the spactThe experimental data [17],
however, refer to a 2-cm-thick target, while the calculasiare performed for an infinitesimally
thin target; hence, the calculation results should be #jiglorrected to be compared with the
experimental data. As discussed by Leray et al. [17], thecefdf the correction is to soften
slightly the evaporation spectrum; thus, the correctiomldavorsen the agreement between
SMMand the data, but it would improv&EM NI ++’s prediction.

Finally, the right panel of Figure 3, shows double-différaihcross sections for produc-
tion of alpha particles in a 1.2-GeV p ¥!'Ta reaction. TheZEM NI ++ prediction shows a
good production level and a realistic spectrum shape. Tkéipo of the Coulomb barrier is
quite accurate, although one observes an underestimdttbe production of very low-energy
particles. TheSMMresult is not quite as good, mainly due to an apparent overasbn of
the Coulomb barrier. On the other hand, the slopes of the &igingy tails of the spectra are
consistent with th&&EM NI ++ predictions and with the experimental values. A refinemént o
the treatment of Coulomb barriers in evaporation would s#ynginprove the prediction of this
observable irSMV

As a concluding remark, it is important to give an indicatmfrthe calculation time nec-
essary for the simulations; the interest lies in the possiitiusion of cascade/de-excitation
models in transport codes, where computational speedsepiean essential factor. The good
accuracy of th&sEM NI ++ code has unfortunately a high computational cost. The sitiau
of 10° events for a 1.2-GeV p #¥Pb reaction on a mid-range modern PC takes about 26.7 h
for I NCL4. 5/GEM NI ++ and about 1.15 h farNCL4. 5/SMM TheGEM NI ++ computation
time is probably too large for the model to be used regularhtrfansport calculations.

4. Conclusions

We have coupled theNCL4. 5 cascade code with tf@8VMandGEM NI ++ de-excitation mod-
els and we have performed simulations of proton-inducellagjm reactions. The results pre-
sented in this paper represent a subset of the simulatiashdve been performed for the
International Benchmark of Spallation Models, organisetheyl AEA.

The |l NCL4. 5/GEM NI ++ model seems to be able to produce accurate results on many
observables, such as residue yields, and cross sectioasifssion of neutrons and composites
(alpha particles). This good accuracy, however, comesgiribe of a high computational cost.

Thel NCL4. 5/SMMcode does not suffer from the heavy computational penalBEM NI ++,
but its results are generally less accurate. We can idetfitiBe main reasons for these short-
comings. Firstly, the evaporation/fission moduleSdMis quite simple; one could probably
ameliorate some dd\MMs predictions by refining some of the ingredients, such esl ldensi-
ties, Coulomb barriers, or maybe by choosing other evamovdision formalisms. Secondly,
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the free parameters &vMhave not been adjusted to th&lCL4. 5 remnants; it is thus con-
ceivable that the agreement could be improved with somedimag. Thirdly, many of th&MM
results presented in this paper would be improved by thetadopf a pre-equilibrium stage
between cascade and de-excitation. We did not test thisiqidgswhich might constitute the
object of future work.
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