BB

ISSN 0029-3865

30

CBPF - CENTRO BRASILEIRO DE PESQUISAS FISICAS
Rio de Janeiro

()

Notas de Fisica CBPF-NF-026,04
November 2004

The CRISP package for intermediate- and high-energy
photonuclear reactions

A. Deppman, S.B. Duarte, G. Silva, O.A.P. Tavares, S. Anéfalos,
J.T.D. Arruda-Neto and T.E. Rodrigues

CERN LIBRARIES, GENEVA

(TR

CM-P00051997




CBPF-NF-026/04

The CRISP package for intermediate- and high-energy
photonuclear reactions

A. Deppman', S.B. Duarte?, G. Silva!, O.A.P. Tavares?, S. Anéfalos!,
J.D.T. Arruda-Neto*?, and T. E. Rodrigues!

1) Instituto de Fisica, Universidade de Sio Paulo CP66318 - CEP 05315-970 -
Séo Paulo - SP, Brazil.
2) Centro Brasileiro de Pesquisas Fisica CEP 22290-180 - Rio de Janeiro - RJ, Brazil
3) Universidade de Santo Amaro CEP 04829-300,Santo Amaro - SP, Brazil

Abstract

The two-step process that characterize the intermediate and high energies photonuclear reactions
(between 40 MeV and 4 GeV) has been successfully described by Monte Carlo calculations. Recently,
a new class of codes capable to perform those calculations according to a more realistic method has
been developed, improving the possibilities for simulating the reactions in more details. In this work we
present the CRISP package (standing for Rio-Sdo Paulo Collaboration), which is a coupling of the Multi
Collisional Monte Carlo (MCMC) and the Monte Carlo for Evaporation-Fission (MCEF) codes. The first
one describes the intranuclear cascade process, while the second one is dedicated to the evaporation/fission
competition step. Both codes have already shown to be useful for calculating several features of different
nuclear reactions. The CRISP code, coupling these two softwares, represents a good tool to describe the
complexes characteristics of the nuclear reactions, and opens the opportunity for applications in quite
different fields, such as studies of hadron physics inside the nucleus, specific nuclear reactions, spallation

and/or fission processes initiated by different probes, and many others.

Pacs numbers: 23.23.+x, 56.65.Dy
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I. INTRODUCTION

The Monte Carlo approach for describing the nuclear reactions at intermediate and
high-energy (between 40 MeV and 4 GeV) regions has shown to be a successful one [1-
4]. At these energies, the nuclear reactions can be understood as a two-step process,
where the first one is the so-called intrahuclear cascade, which leads to the formation
of an excited thermalized residual nucleus, and the second step, where the competition
between particle evaporation and the fission process takes place.

Monte Carlo method must be seen as a complementary method for understanding
_ nuclear reactions. Statistical and phenomenological models also allow the calculation of
the main feature of the intranuclear and evaporation processes [4-8]. The main advantage
of the Monte Carlo method presented in this work is the inclusion of a detailed description
of the elementary reactions during the intranuclear cascade and the evaporation phase
(including fission) rendering this method usefull for photonuclear reactions in actnide
nuclei.

The first codes developed using the Monte Carlo approach [9-11] consider the intranu-
clear cascade as an unrealistic sequence of single-nucleon tracks, along which the possible
nucleon-nucleon interactions are considered, while all the other nucleons stand as specta-
tors. Due to this restriction, some well known physical phenomena, as the Pauli blocking
of final states produced during the intranuclear cascade, and the local density fluctua-
tions must be introduced by rather indirect, and again unrealistic, methods. Nowadays,
a new approach is emerging, where the intranuclear cascade is considered as a sequence
of elementary interactions between the nucleons and other particles (as mesons, nucle-
onic resonances and exotic particles) which is ordered according to the causal relation
among all possible events, keeping a realistic time-dependent evolution of the nuclear
configuration[3].

This method is also employed in Monte Carlo calculations for high-energy heavy-ions
collisions (2, 12], where the Quantum Molecular Dynamic model is usually adopted. The
present work, however, is focused on photonuclear reactions, which presents some distinct
features respect to heavy-ions collisions, since the electromagnetic probe keeps the nuclear
structure almost unchanged in the very first stage of the intranuclear cascade. In what

follows we are referring specifically to photonuclear reactions, unless we explicitly state
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the contrary.

Although this modern approach is much closer to the real physical evolution of the
cascade process, many problems have shown up, leading also to unphysical results such
as negative excitation energies of the residual nucleus formed at the end of the cascade,
or occupation number of the fermionic states higher than unit, in a clear violation of the
Pauli Principle[13, 14]. All these problems are addressed in this work, where we present
the CRISP (Rio - Sdo Paulo Collaboration) package for nuclear reactions calculations.

This paper is organized as follows. In section IT The Monte Carlo approach is reviewed,
where we describe in more details how the calculations are performed, and the advantages
and problems related to this method. In section III we present the CRISP package, where
the main features of our calculation method are remarked, and how many of the problems
discussed in section II are solved. In section IV some results are presented from the CRISP

package. Finally, section V presents the conclusions, where we discuss the main features

of our package.

II. THE MONTE CARLO APPROACH

The Monte Carlo calculations for nuclear reactions are generally based on the fact that
at intermediate and high energies the reactions can be understood as a two-step process.
Initially, a fast sequence of elementary nucleon-nucleon interactions transfer the energy
from the incident particle to a small number (compared to the mass number) of nucleons,
in a process known as intranuclear cascade. This process finishes when the energy of each
and every particle inside the nucleus is below its separation energy. At this point, an
excited residual nucleus is formed, and after a while the total energy is thermalized, i.e.,
it is distributed among practically all the nucleons of the nucleus.

After this stage, the slow process of evaporation of secondary particles initiates a
stochastic competition with the fission process, where the relevant quantities are the
branching ratios for each decaying channel. Usually the most important processes con-
sidered in this stage are the emission of neutrons and, for heavy nuclei, fission.

The classical Monte Carlo calculations[9-11] consider the intranuclear cascade as a

sequence of individual particle events along their tracks. These sequences are included in
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the cascade with the unphysical hypothesis that all the other particles inside the nucleus
may be treated as static objects. Although many interesting results have been obtained,
it is difficult to describe the entire nuclear reaction, including most of the possible chan-
nels, either qualitatively or quantitatively. In fact, these models do not take into account
the local density fluctuations during the cascade process, or the variability of the oc-
cupation numbers of levels below the Fermi level during the reaction. However, these
characteristics of the nuclear reactions can, indeed, have strong influences on some results
such as, for instance, excitation energy of the residual nucleus and the secondary particle
multiplicities.

Recently, a new class of Monte Carlo models have been developed[3, 13], where the in-
tranuclear cascade process is performed on a realistic time-sequence approach in which all
particles inside the nucleus can participate in the cascade, and the semi-classical trajectory
of all particles are followed during the process. In this way, nuclear density fluctuations are
naturally taken into account during the cascade, and also the variations of the occupation
number of each single particle level are considered as a function of time. In fact, although
these new models have much more realistic mechanisms to simulate the nuclear reactions,
they still give rather unphysical results such as negative excitation energy for the residual
nucleus obtained at the end of the cascade and level occupation number greater than unit,
which clearly violates the Pauli Principle[13, 14].

On the other hand, the slow process of competition between evaporation and fission
was usually oversimplified by the assumption that only neutron evaporation is the relevant
process in the comparison with the fission probabilities. However, it has been recently
shown that this assumption is not correct[15], even for heavy nuclei, for which fissilities
are close to 100%. Only with the inclusion of the evaporation of protons and alpha-
particles it is possible to predict almost correctly the values for fissilities of actinides and
pre-actinides[16]. This model for evaporation/fission and the corresponding software are
described in Ref. [17].

The MCMC code for the intranuclear cascade process [3], and the MCEF code for the
evaporation/fission competition process[18], which incorporate most of the characteristics
discussed above, are coupled to each other in one single package called CRISP, which

includes also some additional improvements. The interface between the MCMC and
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MCEF is performed by a simple routine which takes the values of mass, atomic numbers
and excitation energy for the compound nucleus obtained at the end of the MCMC run,
and passes them as input to the MCEF code, which performs the evaporation/fission

competition process.

III. THE CRISP PACKAGE

In this section we describe the CRISP package, emphasizing the improvements intro-
duced into the original MCMC and MCEF codes. As discussed above, one critical issue in
the Monte Carlo calculations for nuclear reactions at intermediate and high energies is the
correct simulation of the Pauli blocking effect. The most recent codes allow a more real-
istic modeling of this mechanism, since at any time the energies of all nucleons inside the
nucleus are known, and therefore the occupation numbef of each discrete single-particle
level is also known. This was not true in old, classical Monte Carlo calculations, where
each track was followed up to the moment the particle leaves the nucleus, while all the
other particles are considered as standing at rest.

However, this advantage of the modern codes is not yet fully incorporated. In fact, the
variations of level occupation number during the intranuclear cascade were not considered
in a realistic way, and the Pauli Principle is usually incorporated by means of statisti-
cal mechanisms which lead to violations of this principle clearly seen in the occupation
numbers of low energy levels, in negative excitation energies of the residual nucleus and
in the so-called nuclear boiling[13, 14]. These problems result in some difficulties such as
the impossibility of keeping the nucleus as a stable system during long time, even if it
is not perturbed by any external agent, such as an incident particle, incorrect excitation
energy of the residual nucleus, secondary multiplicities and spectra, in disagreement with
experimental data.

In the CRISP model, we introduced the time-sequence characteristics of the MCMC
code[3] and the evaporation/fission competition process of the MCEF model[17, 18]. In

addition, we improved the code by taking into account:
e the excitation of nucleonic resonances heavier than the A-resonances;

e the initial nuclear ground state construction according to the Fermi Model and Pauli
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Principle;
e a more realistic Pauli blocking mechanism;
e the quasi-deuteron channel for photoabsorption;

e adaptation of the evaporation/fission competition model from the MCEF code[18]
to coupling with the MCMC code[3] after the improvements referred above. Such

modifications are described below to some details.

A. Nucleonic resonances

At intermediate energies, the excitation of nucleonic resonances is the major mechanism
in the nuclear reaction, mainly for photonuclear reactions. In fact, it is evident in the
photoabsorption cross section the structures due to resonant photoabsorption.

These resonances play a fundamental role also in the subsequent intranuclear cascade,
since they propagate inside the nucleus and can decay into several different channels which
determines how the intranuclear cascade will evolve.

The only nucleonic resonance that could be excited by photon absorption in the orig-
inal MCMC code was the Delta one. We included the other two major resonances in
the photoabsorption, namely the D;3 and F35 resonances in order to better describe the
photo-reactions between 500 and 1000 MeV[19]. The possible decaying channels and their

respective probabilities, for each resonance, are
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These resonances are described by Breit-Wigner’s formulae
2
(5
2
2
(E - Eo)2 + <%)

where F, is the resonance mass, [' is its width, and o, is its maximum cross section

(2)

o=a,

value. These parameters are determined for each resonance by a fitting procedure to
the cross section data for proton and neutron targets [19]. The resonance characteristics
can be modified by nuclear effects such as Fermi motion and Pauli blocking. These
effects are naturally accounted for by the CRISP calculation, since the photoabsorption
cross section is always calculated at a reference frame in which the absorbing nucleon
is at rest. Therefore, a Lorentz transformation is performed, modifying in this way the
incident photon énergy. The Pauli blocking mechanism, which is described below, also
contributes to modifications of the resonances, as it may block the decaying channels
of the resonances. The distribution of the decaying particle is determined by imposing
energy and momentum conservation and is considered isotropic in the CM frame.

Once a resonance is created, it propagates inside the nucleus, as described in [3]. The

mean-life time of each resonance is calculated according to the Uncertainty Principle, i.e.
I'r=nh, (3)

where ' is the resonance width, and 7 is its mean-life time. Also, if this particle decays
through a channel in which a p meson is created, it can also propagate before decaying

into two pions.

B. [Initial nuclear ground state and Pauli blocking mechanism

The Pauli blocking mechanism is accounted for by dividing the phase-space into cells.
The cell corresponds to a quantum-level, which is determined according to the Fermi gas
model, where the momentum components, p;, p, and p,, are the good quantum numbers.
In this approach, due to spin and isospin degrees-of-freedom of the nucleons, we can place
up to four nucleons on each level.

The Pauli blocking mechanism consists in the verification, after each possible inter-

action between different particles in the nucleus, if there is a cell available for the final
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state particles. If all the secondaries can be placed at the correct levels, the interaction
is allowed, otherwise it is blocked. This process must be performed at every stage of the
cascade, and also in the construction of the initial ground state nucleus.

In fact, in the Monte Carlo models, the initial nucleus configuration is usually chosen
randomically, without verifications for possible violation of the Pauli Principle. In our
code we construct the ground state in a deterministic way, by filling all available levels
from the bottom to the Fermi level, in accordance with that Principle. The energy gap,

AFE, between the levels are obtained according to the expression
" _h
T 2Az’

where Az is the nucleon position uncertainty, and Ap is the momentum uncertainty.

Ap (4)

The quantum levels are characterized by the momentum components p; = n;Ap, with

n; being an integer, and © = z,y, 2. Also, the total momentum is given by

p® =Dl + ) +p2 = (n} +nl +nl)(Ap)® = n’(Ap)?, (5)
where n must be an integer. The condition that n and n;, for any 2, must be integers
restricts the number of possible states. The possible quantum levels are then characterized
by the triplets ng, ny, n,, which must satisfy the condition (5).

Another restriction to the value of Ap is the nuclear potential, V5, which is related
to the Fermi energy Fr by Vy = Er + TMeV, while EFr is calculated according to the
Fermi gas model. For the 2% Pb nucleus, for instance, this leads to Ap = 28.57MeV/c for
protons and Ap = 26.45MeV/c for neutrons. These results, together with Heisenberg’s
Principle, give Az ~ 5.5fm, a value which is compatible with the nuclear dimension. This
result is an indication of the self-consistence of our model.

The effective mass of the nucleon, m*, depends on its momentum according to

\/P2+md — Vo =+/p?+m*?. (6)

The mean effective mass, calculated as an average over the ground state momentum
distribution, is m* = 0.951my, a value in good agreement with that reported in [20],
m* = (0.953 £ 0.002)my.

The Pauli exclusion principle is incorporated into our model by ensuring that at any
~ step of the intranuclear cascade calculation the number of nucleons at any level ng, ny, n,

will be not greater than the limit allowed by that principle.
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One of the main advantages of this method, compared to those adopted by similar
approaches[13, 14, 21], is the elimination of unphysical results such as the violation of
the Pauli Principle, or the spurious depletion of the Fermi-sphere, which shows up in
the form of “spontaneous nuclear boiling”[14], leading to problems such as the incorrect
calculation of the occupation number and secondary multiplicities, the impossibility of
keeping the nucleus stable during long times (or many cascade iterations), and the use of
arbitrary stopping-time parameters to finish the calculation of the cascade process, which,
nonetheless, gives rise to events of negative excitation energy.

With the CRISP package we eliminate all those undesirable effects and their unphysical
consequences. Furthermore, our approach propitiates a more realistic description of the
cascade process, allowing the re-population of the Fermi-sphere by any nucleon inside the
nuclear volume during the intranuclear cascade. With these improvements, we established
a physical, energetic criteria for stopping the intranuclear cascade calculation, i.e., when
all the bound nucleons do not have sufficient energy to escape from the nucleus. A more

comprehensive discussion is given in [22].

C. Quasi-Deuteron

The quasi-deuteron mechanism is included to take into account the possibility of two-
body correlation effects during the photoabsorption. This mechanism is relevant for pho-
ton energies between ~ 40 MeV and ~ 140 MeV. We adopted the Levinger’s model[23] to
calculate the cross section, 044, for the quasi-deuteron absorption of a photon of energy

w, which is given by
NZ2r 1—~r,

Tqa(w) = A v (72 F k2

where v is the nuclear volume, & is the proton-neutron relative momentum, - is related

)crd(w) : (7)

to the proton-neutron scattering phase-shift, §, through v = —k cotd, o4 is the deuteron
photodisintegration cross section, and r, is the effective scattering length. The quantities
A and Z are the nuclear mass and atomic numbers, respectively, and N = A — Z.

The factor
1 -7,
— 8
) ®
in the above expression is understood as the probability of finding a correlated proton-
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neutron pair to form a quasi-deuteron[24], which depends on the relative momentum of

the proton and neutron.

D. Evaporation-fission competition

The evaporation-fission competition process is performed following the routine used in
the MCEF code [17, 18], but including a few modification in the calculation of the level

density parameters, which have been used as free parameters to fit the experimental data.

IV. RESULTS

In this section we show a few results obtained with the CRISP package. We note that
the CRISP code is the result of a coupling of the MCMC with MCEF codes, and therefore
it inherits all the elementary reactions, particles and processes already incorporated into
those codes (see references [3, 17] for more details), also including strangeness production
[25]. In addition, as described in Section III.A, it includes barionic resonances heavier
than A in the photoabsorption process, meson p formation by decaying resonances and
photon hadronization, and two-pion resonance decay. Almost all parameters of the code
are determined from well-known theoretical or experimental works, and they are exactly
the same as those used in the MCMC and MCEF codes (3, 18]. »

As described above, one of the most common problems we met frequently in Monte
Carlo calculations of nuclear reactions is related to the correct introduction of the Pauli
blocking mechanism. This problem has been solved in the CRISP package, as we have
discussed above. Some of the consequences are shown in figure 1, where we plotted the
occupation number for levels at different energies as calculated by the present code (full
line) and the INC code (dashed line)[13]. As we can observe, while the INC model violates
the Pauli Principle by allowing more than one fermion at the same level, the CRISP results
does not give rise to occupation number greater than unit. This reflects a better approach
to Pauli blocking mechanism in our package.

The Pauli Blocking mechanism can be effectively tested by applying it to photonuclear
reactions in the quasi-deuteron region of photonuclear absorption. In fact, most of the

secondaries produced in the absorption of a photon by a quasi-deuteron pair has energy
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below or close to the Fermi energy, therefore the probability of blocking these particles
is quite high. We calculated the photoabsorption cross section per nucleon in the quasi-
deuteron region, a quantity which is sensitive to the model adopted for the Pauli blocking
mechanism. In Figure 2 we show the results of our calculation for several nuclei. The good
agreement with the experimental data indicates that the CRISP code correctly calculates
the most important features of Pauli blocking and quasi-deuteron mechanisms. As the
quasi-deuteron cross section is proportional to NZ/A, the normalized cross section shown
in Figure 2 is proportional to NZ/A?, which is approximately 0.24 for all nuclei studied.
For this reason the normalized cross section is approximately equal for those nuclei.

The neutron multiplicity at the end of the nuclear reaction, on the other hand, allows
us to test the performance of the CRISP calculations for the entire nuclear reaction, i.e.
including both the intranuclear cascade and evaporation/fission competition processes,
since the calculation strongly depends on the characteristics of both steps of the reac-
tion. In Figure 3 we present our results for neutron multiplicities in the quasi-deuteron
region. The agreement between calculated and experimental data is another evidence of
the correctness of the CRISP approach for simulating nuclear reactions.

Finally, with the inclusion of the most relevant nucleonic resonances, we can calculate
the photoabsorption and photofission cross sections. One of the difficulties we faced with
most of the Monte Carlo calculations is the evaluation of the fission properties of different
nuclei inside one single model. Fissility of actinide and preactinide nuclei are already very
different, due to the strong variations of the fission barriers and level-density parameters,
thus making difficult to calculate correctly the photofission cross section, which is very
sensitive to these parameters. With the CRISP code we succeeded to perform the cal-
culation of the photofission cross sections for various actinide and preactinide nuclei. In
Figure 4 we present the results for Pb and Bi targets, and compare them with experimen-
tal data. In Figure 5 we show the results for a number of actinide nuclei together with
the experimental data.

The good agreement found for all nuclei in the energy range from 0.15 up to 1.2
GeV is a strong evidence that the CRISP code calculates correctly most of the reaction
mechanisms which are important during the entire reaction process. We remark that

the photofission result is dependent on complex processes. The reaction initiates by the
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photoabsorption mechanism, evolves through resonance propagation and decay, intranu-
clear cascade process, and formation of an excited residual nucleus. This nucleus, then,'
initiates the evaporation-fission process, and from the competition between the differ-
ent channels opened during this process, we obtain the photofission cross section. The
photofission cross section result is, thus, a consequence of the correct description of the

different processes with take place during the nuclear reaction.

V. CONCLUSIONS

In this work we present the CRISP package for intermediate and high energies nuclear
reactions. This package was constructed by the coupling of the MCMC(3] and MCEF|[18]
codes, with the introduction of some improvements, such as a better Pauli blocking mech-
anism, the formation of a nuclear ground state according to the Fermi model and in accor-
dance to the Pauli Principle, the introduction of the most relevant resonant excitation and
de-excitation for nucleon photoabsorption, and the quasi-deuteron mechanism of nuclear
photoabsorption.

We describe some of the consequences resulting from these modifications, and present
a few results in order to illustrate the possible applications to which this package can
be used. We calculate the photofission cross section for various different actinide and
preactinide nuclei at energies going from 40 MeV up to 1.2 GeV, and compare them with
experimental data. We calculate the neutron multiplicities for different target nuclei, and
show that they are in good agreement with experimental results. Also, we discuss the
effects of a correct Pauli blocking calculation on more fundamental aspects as, for instance,
the occupation number of levels below the Fermi energy at the end of the cascade process.

All these results show that the CRISP code is an important and reliable tool for
calculating the characteristics of photonuclear reactions for different nuclei and incident

energies.
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Figure Captions

Figure 1: Occupation number as function of single-particle level energy for the excited
compound nucleus at the end of the intranuclear cascade, as calculated by the CRISP
(full line) and the Liege-INC code (dashed line)[21]. We also show the occupation number
for the ground state nucleus constructed by CRISP (dotted line).

Figure 2: Photoabsorption cross section per nucleon in the quasi-deuteron region.
Experimental data (open squares) are taken from [26]. The CRISP results are indicated
by full circles. The error bars are smaller than the symbols.

Figure 3: Neutron multiplicity in the quasi-deuteron region of photonuclear absorp-
tion. Experimental data (open squares) are taken from [27], and results from the CRISP
code are marked as full circles. The error bars are smaller than the symbols.

Figure 4: Photofission cross section per nucleon for Bi and Pb target nuclei in the
nucleon resonance region calculated by the CRISP code compared with experimental data.
For Bi, the experimental data are taken from [28] (open squares), [29] (open triangles), [30]
(open circles), [31] (open rhombs),[36] (open cross), [37] (open stars) and [38] (asterisks).
For Pb, the data are taken from [33] (open squares).

Figure 5: Photofission cross section per nucleon in the A resonance region for various
actinide targets. Experimental data are taken from [32] (open circles), [33] (open squares),
[34] (open triangles), [35] (open rhombs). The full circles represent the results with the
CRISP code. The error bars are smaller than the symbols.
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