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Geant4 native pre-equilibrium and de-excitation models are used fqlisanof residual nucleus fragmentation in
a number of generators of inelastic hadron/ion interaction with nuclei imdu@GS, FTF, Binary Cascade, QMD and
some others. The pre-compound model is responsible for pre-gquiilemission of protons, neutrons and light ions.
The de-excitation model provides sampling of evaporation of neutpotns and light fragments up to magnesium,
Fermi break-up, statistical multifragmentation, fission and photon emis&ecently a review of the pre-equilibrium
and de-excitation models of Geant4 has been performed and we eepanimary of modifications introduced. The
results of the validation versus various published data are presented.
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I. Introduction tory sets of data, including neutron production, light cfeat
article production, isotope production, excitation fiiois

p to 3GeV, and pion production. As a consequence of this
participation, a series of model improvements have been car
. e . ; ried out in Geant4 native pre-equilibrium and de-excitatio
its areas of appllcathns are growing anq now 'nCIl_“'de nlHCIeﬂwdels in order to improve their performance. We compare
and accelerator physics, Spa”a“oﬂ reactions, studisadnon results of such models (as backends of Geant4 Binary Cas-
therapy, tomography, space dosimetry, and others. Gear&%‘de) with predictions of Bertini cascade (BERT)which

physm? ;]nc(;udes d!fLerentl ”.‘O‘ée's fc:lr smulatlon of |_r|1.tﬁerr.a embeds its own pre-compound and de-excitation models, and
tions of hadrons with nuclei. Geant4 native pre-equilibriu experimental data

and de-excitation models are used as backend stages of/Binar
Cascade (BIG) and Quantum Molecular Dynamics modelll. Model review
(QMD)* based generators, which makes them specially sui

it- S
able for the description of nuclear reactions taking place i{' gre-eiumb_rlum fibri del is based h .
spallation and hadron therapy simulations. eant4 native pre-equilibrium model is based on the semi-

. . . classical exciton mod&l The precompound stage of nuclear
In nuclear physics studies, the abundant calculations pet- P P 9

: . feaction is considered until nuclear system reaches bquili
formed in the past used sets of parameters which were ac? y N

: i . rium. During this stage, transitions to states with différe
justed to fit experimental data. However, we found that b . . : . .

: e umber of excitons compete with particle emissions, includ
using standard global prescriptions for the model pararsete L .
. : . ; ing emission of light coumpound fragments (up to alpha)- Fur
is possible to obtain usually excelent agreement with the. da o .

X o ther emission of nuclear fragments or photons from excited
This fact clearly shows the reliability of such models ashas|

o . . . nucleus (as well as fission and nucleus explosive break-up’s
the global prescriptions for the different magnitudes e . ( . e us exp B-up
. . . is simulated using equilibrium de-excitation models.
cross sections, transition probabilities, etc..).

. ) The transition to the state of statistical equilibrium is
Geantd has contributed to the IAEA nuclear spallation r&sy, ;4 cterized by an equilibrium number of excitens, when
actions benchmapk®) with simulation results for all manda-

all types of transitions are equiprobable. Thuys is fixed by

Geant4 is a toolkit for the simulation of the passage of paE
ticles through matter, initially intended for the preparatof
experiments for the Large Hadron Collidét. Nevertheless,
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wherel ., is the transition rate to a state witl2 excitons and
E* is the excitation energy. The transition probabilities €s k

ingredient of the model) have been calculated either in a-sem ‘ G4ExcitationHandler:: |
tra of particle emission, both prescriptions lead to simita

sults, but when trying to reproduce isotope production pa ty

has been chosen as default. From (1) one can getvasya

rough estimate

. . . . . ki
microscopical wa¥ or using a standard parameterization of Drealite
De-excitation
first stage
ical spallation reactiort®, the semi-microscopical transition

the matrix element§). In the case of double-differential spec-
probabilitie$) produce better results. Therefore, the last one

Neq = \/29E*. (2)
whereg is the single-particle level density. @ —
In practice, the factor 2 inside the square root of the rhs S Al
of equation (2) is considered an adjustable parameter in nu-
clear data evaluations. We have found that one must be very Nsec=1 ==
cautious with this estimate since it becomes evident that in G4PhotonEvapor ,
certain circumstances (heavy targets at bombarding esergi Stioh: Hreakitlp ‘

where pre-equilibrium plays a role) condition (1) is reathe pr

far beforen = n., and therefore the former must prevail. In
our Monte Carlo simulation, this physically-consistenhdib
tion has been directly implemented by means of the apraqoria"f
algorithm.

The inverse reaction cross section is another key ingredi-
ent in the calculation of particle emission probabilitidsi-  the native low energy nuclear models of Geant4, specially at
tial formulationt? was previous to the wealth of experimentalequilibrium de-excitation stage. Initially it was evidefmom
data since the sixties. Therefore, several parametesimati the analysis of the isotope production experimental datt th
either of experimental cross sectiéfisor of calculated cross there were problems in the Geant4 latest release at that time
sections from optical potentials in turn fitted to the avalta (4.9.2p01), since :
nuclear reaction data séts), have been included as options.

ig. 1 Basic de-excitation diagram in v9.3. Nsec stands for
the number of secondaries

e the IMF (Intermetiate Mass Fragment, light nuclei with
2. De-excitation 2 < Z <12 and A< 28) production could not be repro-

Geant4 native de-excitation model includes several semi- duced.

classical alternative/competitor models: o the implementation of fission model failed to reproduce

« evaporation of nucleons and light fragments either the height and shape of the fission bell.
— up to « particles, based on Weisskopf-Ewifiy e the slope of the spallation regiooshpulderfor heavier
model or fragments) was too steep.
28 . .
~ up to Mg, k;;';\sed on Generalized Evaporation njsia| excited nuclei are too heavy for Fermi break-up
Model (GEM)™". (AFBU=16 7F'BU=g) and too cold to undergo statistical
e evaporation of photons: multi-fragmentation (Ex ;=3 MeV); therefore the gener-

alized evaporation model is the only candidate to accom-
— discrete (according to tabulated E1, M1 and E3lish this task. Nevertheless, an intensive developmemk wo
transition probabilities) and was required in order to make it operational. After it, sur-

_ continuous (according to E1 giant dipole resonancBrisingly good agreement with experimental data has been
strenght distribution) achieved in the IMF regiorHigures 2-5.
With regard to the second point, one should consider an

fission, based on Bohr-Wheeler semi-classical mdtel important aspect pointed by the Los Alamos Group working
in MCNPX codé®: many models, each if them containing
phenomenological parameters, are currently being used-in
Fermi break-uf vironmentswhich are different to their original ones, i.e. in
competition with different de-excitation mechanisms. Btor
Figure 1 shows the main ingredients of the current impleover, the energy distribution in the initial population of-e
mentation in the de-excitation handler class. cited nuclei, which changes greatly from one model to arothe
As previously stated, recent contribution to the IAEA nu{QMD and BIC, for instance) is of critical importance for the
clear spallation reactions benchmark has triggered awesie de-excitation process. Therefore there is no reason tocexpe

statistical multifragmentatidf



that theseeffectivevalues of the parameters would producemore consistent version of tteeft cutoffalgorithm .., be-
good results when used in different scenarios. According fag strictly calculated from condition (1)), which allowerf
these ideas we have performed a small parameter tuningafmuch smallediffusivity of the soft cutoffregion around it.

fission parameters: The price to pay is a penalty in CPU time, since for each ini-
) ) tial excited nucleus, before the full chain of pre-equiliion
e level density parameter ratiy;s /acvap transition-versus-emissiosteps is made, a dummy transition
e width of symmetric component of the fission loop (without particle emissions) must be performed until

equilibrium condition (1) is accomplished. This improvhs t
which turned out to produce reasonably good resiig-(  description of residue production experimental data oliapa
ures 3-5. tion reactionsftigures 12 and 13 without sizeable deterio-
As to the third aspect, a possible cure for it will be dis+ation of neutron spectra. This new prescription is stiien
cussed in the nexResultssubsection, as an ongoing developtesting and has not yet been included in the official releése o

ment, not yet included in the official release. Geant4.
The new inverse reaction cross sections ( fitted to experi-
mental data either directly or indirectly through opticaiael Isotope procuction () Fe +H - X a1 1000 Mev
global fittings) improve the description of the evaporation 0EY
of neutrons and light charged ions with € 2, when de- *DATA
scribed in the framework of Weisskopf-Ewistandardevap- L 10

BIC
oration model. This is an advantage with respect to the use

of the much older Dostrovsky’s parameterization, which, on | Bert
the other hand, allows analytic integration . Nevertheless
GEM the later is used and the inclusion of the former ones
would ask for numerical integration which in turn would have
a big impact in CPU time consumption (since many fragments
are considered, including excited ones). In order to pueser
the improved description of neutron and light charged parti
cle emission withstandardevaporation model, while using
GEM for the heavier ones, a ndwbrid model has been im-
plemented, which uses :

[

Fig. 2 ptFe @ 1 GeV, residue production

Isotope production (mb) Pb+H - X at 1000 MeV

o Weisskopf-Ewingstandard evaporation model for the - f
emission neutrons and light charged ions with<z2, *DATA(10" B ; |
with improved inverse reaction cross sections. ec | T "
10 -
e GEM for heavier fragments (Z 12 and A< 28) S I
1
Ill. Results F
A selection of the results obtained in the IAEA nuclear = )
spallation reactions benchmark are presentédgores 2-11
They have been calculated with the official release of Geant4
version 9.3p01. Fig. 3 p+Pb @ 1 GeV/A (inverse kinematics) residue pro-

As a typical limitation of cascade and pre-equilibrium 4 ction
models (which has been put in evidence in the IAEA
benchmarR), coalescence mechanism is clearly missing in
our simulations (seEigures 9 and 10. Development effort
is foreseen in this aspect.

As already mentioned in previou3e-excitationsubsec-
tion, there is still room for additional refinements, spégia
at the deep spallation regionsfioulderat the right side of FEE
the residue production plots, sé&gures 3-5. A smooth
transition arounak., from preequilibrium to equilibrium was
initially set into the modéP (soft cutoff criteriun in order
to enhance evaporation at the expense of preequilibrium. In 101
our previous analyses of neutron emission spectra from pro-
ton induced reactioR® this mechanism had proven to worsen
the results. Nevertheless, our recent studies in the IAEA nu
clear spallation reactions benchmark (in particular,desi Fig- 4 p+U @ 1 GeV/A (inverse kinematics) residue produc-
production) showed that theoft cutoffmechanism is neces- tion
sary to some extent. A good compromise turned out to be a

Isotope production (mb) U+H - Xat 1000 MeV

[gsesoo,
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Fig. 8 p+Ta @ 1.2 GeV, proton production
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Fig. 12 Improved: p+Pb @ 1 GeV/A (inverse kinematics)

residue production. Deep spallation regiahbulderat the
right side of the plot) can be better reproduced adithoc
parameter tuning

Isotope production {mb) U+ H— Xat1000 MeV

*DATA

—BIC

Fig. 13 Improved: p+U @ 1 GeV/A (inverse kinematics)

V. Conclusion

The review of the native pre-equilibrium and de-excitation
models of Geant4 recently performed has led to an overall
satisfactory reproduction of experimental data set of IAEA
clear spallation reactions benchmark. Additional develept
work is in progress.

Acknowledgment

This work was partially supported by the spanish Ministe-
rio de Educacién y Ciencia (under contracts FPA2008-04972-
C03-02 and FIS2008-04189) and European Space Agency
(under ESA TRP contract 22712/09/NL/AT).

References

1) S. Agostinelli et al., "Geant4 - a simulation toolkitycl. Instr.
and Meth. A506, 250-303 (2003).

2) J. Allison et al., "Geant4 developments and applicatioNst|.
Sci. IEEE Trans.53[1], 270-278 (2006).

3) G. Folger, V. N. lvanchenko and H. P. Wellisch, "The Binary
Cascade - nucleon-nuclear reactionEyr. Phys. J. A21407-
417.

4) T. Koi, "New Native QMD Code in Geant4Rroc. IEEE 2008
Nuclear Science Simposiurbresden, Germany, Oct. 19-25,
2008 (2008) [CD-ROM]

5) IAEA Benchmark of Spallation Models,
http://nds121.iaea.org/alberto/mediawiki-1.6.10/index.php

6) J. Apostalakis, A. lvantchenko, V.N. Ivanchenko, M. Kossov,
J.M. Quesada, D.H. Wright, "Geant4 simulation of nuclear spal-
lation reactions"Proc. International Topical Meeting on Nu-
clear Research Applications and Utilization of Accelerators.
Satellite Meeting on Spallation Reaction#EA, Vienna, Aus-
tria, May 4-8 (2009) [CD-ROM]

7) A. Heikkinen,N. Stepanov and H. P. Wellisch, "Bertini intra-
nuclear cascade implementation in Geanttoc. CHEP'03
La Jolla, California, USA, March 24-28 (2003).

8) J. J. Griffin, "Statistical Model of Intermediate Structure",
Phys. Rev. Lettl7 478-481 (1966).

9) K. Gudima, S. G. Mashnick and V. D. Toneev, "Cascade-
exciton Model of Nuclear ReactionsNucl. Phys. A401 329-
361 (1983).

10) S. Gupta, "Two-component equilibration in the exciton model
of nuclear reactions'Z. Phys. A3034] 329-333 (1981).

11) J. M. Quesada, on behalf of the Geant4 Hadronic Working
Gropup, "Results obtained with nuclear models of Geant4 in
IAEA Benchmark of Spallation"second Advanced Workshop
on Model Codes for Spallation Reactions
http://nds121.iaea.org/alberto/mediawiki-
1.6.10/index.php/Benchmark:2ndWorkProg,

CEA-Saclay (France), 8-11 February (2010).

12) I. Dostrovsky, Z. Fraenkel and G. Friedlander, "Monte Carlo
Calculations of Nuclear Evaporation Processes. lll. APIli-
cations to Low-Energy ReactionsRPhys. Rev.1163] 683-
702(1959).

13) H. P. Wellisch and D. Axen, "Total reaction cross section calcu-
lations in proton-nucleus scattering®hys. Rev. C54[3] 1329-
1332 (1996).

residue production. Same comments as in previous figutd) A. Chaterjee, K. H. N. Murthy and S. K. GuptRramana

apply here

16[5], p.391-402 (1981).
15) C. Kalbach, PRECO-2000 Exciton Model Preequilibrium Code
with Direct Reactions, NEA Data Bank.



16)

17)

18)

19)

20)

V. E. Weisskopf and D. H. Ewing, "On the Yield of Nuclear Re-
actions with Heavy ElementsPhys. Rey57 472-485 (1940).

S. Furihata, K. Niita, S. Meigo, Y. Ikeda and F. Maekawa21)

The GEM Code - A Simulation Program for the Evaporation
and Fission Process of an Excited Nuclep3AERI-Data/Code
2001-015, Japan Atomic Energy Research Institute (JAERI)
(2001).

N. Bohr and J. A. Wheeler, "The Mechanism of Nuclear Fis-
sion",Phys. Rey56, 426-450 (1939).

J.P.Bondorf, A.S.Botvina, A.S.lljinov, I.N.Mishustin,
K.Sneppen, "Statistical multifragmentation of nuclePhys.
Rep, 257133-221 (1995)

S. G. Mashnik, K. K. Gudima, R. E. Praell, A. J. Sierk, M.
I. Baznat, and N. V. MokhoCEM03.03 and LAQGSM03.03
Event Generators for the MCNP6, MCNPX, and MARS15

22)

Transport Codes( Report LA-UR-08-2931, Los Alamos Na-
tional Laboratory (LANL) (2008).

S. G. Mashnick, A. J. Sierk, K. K. Gudima and M. |. Baznat,
"CEMO03 and LAQGSMO03 - new modeling tools for nuclear ap-
plications”,Proc. EPS Euroconference XIX Nuclear Physics Di-
visional Conference: New Trends in Nuclear Physics Applica-
tions and Technologyavia, Italy, 5-9 September 20Q®urnal

of Physics, Conference Serié$340-351 (2006).

J. M. Quesada Molina , M. A. Cortés Giraldo, A. Howard, G.
Folger and V. N. lvanchenko, "Improvements of Preequilibrium
and Evaporation Models in Geant4”roc. IEEE Nuclear Sci-
ence SymposiumDresden, Germany, Oct. 19-25, 2008 [CD-
ROM]




