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We used the phasotron of the Laboratory of Nuclear Problems at JINR to irradiate isotopically pure 2*Bi
target with 660 MeV protons. Cross sections of the fragment production with mass numbers 24 < A < 210 u
were measured for the first time using the direct y-spectrometry method with a high-resolution HpGe detector.
The y lines of the fragments have been identified, and the cross sections determined by the DEIMOS code. The
results of the measured nuclide cross section have been parametrized in terms of a three-parameter equation in
order to reproduce the real isobaric distribution. Fission and spallation mass yields have been reconstructed on
the base of charge distribution of reaction products. The main reaction results have been compared with other
experimental data obtained from the proton-induced reaction at 600 MeV as well as with theoretical model

calculations using the CRISP code.
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I. INTRODUCTION

In spite of the fact that reactions induced by protons of en-
ergies between hundreds of MeV and several GeV on atomic
nuclei are a subject of great interest for over a half of a cen-
tury, the mechanism of these reactions is still not understood
satisfactorily. Reactions caused by protons at intermediate and
high energies with such preactinide nuclei as Bi, Ta, W, Au,
have been studied in a number of works [1-7] using different
methods and techniques, where special attention has been
put on the fission and/or spallation phenomena. It has been
observed, that the increase of the proton-beam energy from a
value, comparable with the Fermi motion energy of nucleons
in nuclei, to several GeV leads to a fast increase of the cross
sections for the production of reaction fragments—even by
one order of magnitude. However, satisfactorily, the quantita-
tive description of the data is still lacking. The data obtained
in these works, the subsequent analysis of the results, and the
comparison with available model calculations allowed one to
reproduce the cross section behavior as well as to come to the
important conclusions about the reaction mechanisms. In this
context, nuclear data, being the quantitative characteristics of
nuclear reactions, have become important in the intermediate
and high energy range. They are important for the devel-
opment of new concepts of nuclear energy production and
changing of radioactive waste.

The theoretical model calculations represent an additional
source of cross section data and other important reaction
characteristics. Frequently, many approaches discussed in the
literature and assuming various reaction mechanisms are able
to reproduce the observed phenomena only partially. Even
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the total production cross sections and their energy variation
can be, at present, predicted by the theory with moderate
success only, i.e., deviations of the theoretical cross sections
from data are frequently larger than a factor of two. Besides
the obvious need to understand the mechanism of proton-
induced reactions, there is also a broad range of applications
which must rely on model predictions of the cross sections
of such reactions. For example, the reliable data for the
design and construction of spallation neutron sources and/or
accelerator driven systems must be known for various proton-
beam energies on many targets and for different reaction
products. The number of different reactions important for
such applications is so large, that it is practically impossible
to determine all these cross sections experimentally. On the
contrary, knowledge of reaction mechanisms should allow for
the creation of realistic theoretical models, which are able
to provide cross sections for all interesting reactions—even
those which cannot be studied experimentally. It is, therefore,
clear that studying of the mechanism of proton-induced re-
actions is crucial both for fundamental physical studies and
for the applications. However, the experimental data are not
sufficient, especially in the case of the 2*Bi target, due to the
limited number of facilities available, and more data are still
required for benchmarking calculations and for the adjustment
of model parameters. Among the different preactinide targets,
the 2%Bi target is less studied experimentally, so a survey
on the literature displays that there is a considerable lack
of experimental data, in particular, for the proton-induced
reaction. The detailed investigation of the main properties
of the reaction will allow tracking the evolution of the main
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characteristics of the different reaction channels from the light
target to heavy ones.

During recent years we have investigated systematically
the production of the residual nuclides induced by high-
energy protons and deuterons [8—11]. The main goal of these
studies was to find the difference or the similarity of the
main features between the collision of protons and deuterons
at the same total kinetic energy of the projectile as well as
to provide a database for model calculations by exclusive
and new results. The current paper, devoted to the study of
the 660 MeV proton-induced reaction on a 2*Bi target, will
continue the series of experiments by using the proton beam
as a projectile. In experiments on such heavy actinide targets
as 2"Np, 228U, 2! Am [12-14], a decomposition of the fission
mass-yield distribution allowed to separate the different fis-
sion modes. Using a preactinide nucleus as a target gives us
a new opportunity to understand the reaction mechanism, as
well as to observe the transition of the main properties of a
highly excited nucleus from the intermediate to heavy range
of masses and from intermediate- to high-energy projectiles.

The goal of the present study is to measure the reaction
product cross section for a 2?Bi nucleus in an extracted beam
of protons from the phasotron of the Laboratory of Nuclear
Problems at the Joint Institute of Nuclear Research (JINR,
Dubna) at 660 MeV. The obtained experimental data allowed
to estimate the contribution of the different reaction channels
such as fission and spallation and compare with experimental
data from [1] at approximately the same incident energy of
the proton beam as well as with theoretical model calculations
using the CRISP code.

II. EXPERIMENTAL PROCEDURE

A pure 2”Bi target, having a natural isotopic composition,
was prepared in the form of four stacked foils in the form
of discs of diameter 1.4 cm each. The target was exposed to
an accelerated proton beam of 660 MeV from the phasotron
of the Laboratory of Nuclear Problems at the Joint Institute
of Nuclear Research (JINR, Dubna). The irradiation time
was 5.3 h at proton-beam intensity of 1.67 x 10° particles
per second. The total weight of the target was 2.55 g and a
total thickness of 600 um. Each target was sandwiched by
a pair of 50 um Al foils with the same size. All foils were
piled up together and aligned perpendicularly to the beam
direction. The reaction 2’ Al(p, 3pn)**Na with cross sections
of 10.2 mb [15] for beam monitoring was used. The measure-
ments of the spectra of y rays emitted during the decays of
radioactive reaction products began 2 h after the completion
of the irradiation and lasted five months by using four HpGe
detectors with energy resolution 0.23% at an energy of 1332
keV. The energy-dependent detection efficiency of the HpGe
was measured with standard calibration sources of >*Mn,
37160 Co, 137Cs, 1*Eu, '*Eu, and '**Ba. The half-lives of iden-
tified isotopes were within the range of 15 min and 1 yr. The
error in determining cross sections depended on the following
factors: the statistical significance of experimental results
(£2-3%), the accuracy in measuring the target thickness and
the accuracy of tabular data on nuclear constants (<3%),
and the errors in determining the detector efficiency with

allowance for the accuracy in calculating its energy depen-
dence (<10%). Nuclear properties, used for identification of
observed isotopes as nuclear transition energies, intensities,
and half-lives were taken from literature [16].

The independent production of a reaction product nuclide
(D), i.e., the cross section for the nuclide to be made directly
in the reaction in the absence of a parent isotope (which may
give a contribution in measured cross section via B decays)
can be determined by using the following equation:

AN A
o = N
Np Nyken(1l — exp (—Aty)) exp (—An2)(1 — exp (—Af3))

ey

where o is the cross section of the reaction fragment produc-
tion (mb); AN is the area under the photopeak; N, is the
proton-beam intensity (min~'); N, is the number of target
nuclei (in 1/cm? units); #; is the irradiation time; #, is the
time of exposure between the end of the irradiation and the
beginning of the measurement; #;3 is the measurement time;
A is the decay constant (min~'); 5 is the relative intensity
of y transitions; k is the total coefficient of y-ray absorption
in target and detector materials, and € is the y-ray detection
efficiency.

In the case of cumulative production cross section (C),
when a given isotope is made in all the appropriate processes,
i.e., both directly in the reaction and over time due to the de-
cays of all of its chain precursors, the cross section calculation
becomes more complicated [17]. If the formation cross section
of the parent isotope is known from experimental data, or if it
can be estimated on the basis of other sources, the independent
cross sections of daughter nuclei can be calculated by the
relation
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where the subscripts A and B label variables referring to,
respectively, the parent and the daughter nucleus; the coef-
ficient f4p specifies the fraction of A nuclei decaying to a B
nucleus (f4p = 1, when the contribution from the B decay
corresponds 100%); and (AN )sp is the total photopeak area
associated with the decays of the daughter and parent isotopes.
The effect of the precursor can be negligible in some limiting
cases: where the half-life of the parent nucleus is very long,
or in the case where its contribution is very small. It should
be mentioned that the use of the induced-activity method
imposes several restrictions on the registration of the reaction
products. For example, it is impossible to measure a stable and
very short-lived, very long-lived isotopes.
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TABLE 1. The cross sections of nuclides formed by the reaction
of 660 MeV protons with 2*Bi. Independent cross sections are
indicated by (I); others are cumulative (C).

Nuclide Type o, mb Nuclide Type o, mb
%Na C 017 +£0.04 1ompAg I 3.29 + 0.60
BMg C 1.05+ 011 !'3sn C 1.10 & 0.15
2K C  0.08 +£0.01 '"msp I 1.43 + 0.23
465 I 0.20 £ 0.04 '“Te C 0.73 £ 0.06
4Ca C 028 +0.05 '"""Te C 0.66 + 0.04
2Mn C  0.54 +0.08 '2sp I 1.04 £ 0.22
%Co C  033+006 "'Te C 1.71 + 0.18
SNi C 247+ 024 PnTe C 0.76 + 0.15
PFe C 1.08 + 022 '*Sb I 0.82 + 0.15
%7n C 095+ 007 'YSb C 1.12 + 0.27
%Ga C 092 +007 'Xe C 1.51 £ 0.18
“Ge C 1.15 £ 023 BI"Te C 2.18 + 0.45
27n C 041 £0.17 'La C 0.48 + 0.04
2Ga I 193 £ 0.19 '“7pm I 0.11 £ 0.02
" As I 3.03 £ 0.13  *Tb I 0.05 + 0.01
Se C 146 £ 0.61  '“Lu C 2.73 + 0.58
T5Br C 3.63 £ 064 'Lu C 5.54 + 1.05
8y C 547 +£040 'Lu C 3.80 + 0.41
897 C 2944060 'Ta C 11.17 £+ 2.00
“Nb C 1.31 £ 0.16 1851r C 2390 + 258
BmMo C 205+ 040 '*Au I 3.33 + 0.36
%Nb I 436 + 1.11  2%Bj C 3075 + 3.71
9T I 203 £ 041  2Bj C 5483 + 536
100R K C 415+ 080 2°Bj C 3123 + 649
106m A g I 1.79 £0.27 - - -

The main limitation of this technique is that neither short-
lived nor stable residual nuclei can be measured.

III. RESULTS AND DISCUSSION

The experimental cross sections of the reaction fragments
in the mass range of 24 < A < 210 u formed from 660 MeV
protons interacting with 2®Bi were measured and presented
in Table I and Fig. 1.

In order to obtain a complete picture of the charge and
mass distributions of the reaction products, it is necessary to
estimate the cross sections of isotopes unmeasurable by the in-
duced activity method. The isobaric yield distribution depicts
the variation of independent yield with an atomic number of
the isobar for a given mass number. Such variation can usually
be expressed as a Gaussian distribution function [18]:

o(A) <_(Z_Zp)2>

c(A,Z) = C)1 2 ex C

3

where 0 (A, Z) is the independent cross section for a given
nuclide with an atomic charge Z and a mass number A,
o(A) is the total isobaric cross section of the mass chain
A, Z, is the most probable charge for that isobar, and C is
the width parameter of the distribution for the mass number
A. Parameters of charge distribution determine the position
of residue nucleus concerning the isotopes with maximum
yield in an isobaric chain. In the assumption of the constant

o, mb
100
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FIG. 1. Mass-yield distribution for the interaction of 660 MeV
proton-induced reaction on a *®Bi target. The black continuous curve
corresponds to the fission cross section, the dashed indicates the
spallation cross section, and experimental data are represented by
the solid squares.

width parameter of charge distributions for different mass
chains [18], the least-squares method was applied in order
to get fitting parameters Z, and o (A). The cross section of a
particular isotope (Z, A) may be independent, partly, or com-
pletely cumulative depending on decay chains of precursors.
During the fitting procedure, the experimental cumulative
cross section was then corrected for precursors contribution.

The calculated values of o (A) that correspond to the total
isobaric cross sections of the reaction fragments for a specific
mass number A, made it possible to construct the mass-yield
distribution. The mass-yield distributions of fission fragments
were analyzed on the basis of symmetric mass distribution in
the following form [7]:

_ 2
(A —M,) ) @

o07(A) = Aqexp (— 2

A
Gaussian curve (4) represents the symmetric mass distribution
defined by a height A4, a mean mass My, and a width I'y.
Integrating over the Gaussian and multiplying with a factor
0.5, because of the two fission fragments in each fission event,
gives an estimation for the fission cross section. In Fig. 1 the
mass-yield distribution, obtained by the fitting procedure, is
represented by the solid curve. The values of the fit parameters
together with the fission cross section are tabulated in Table II.
Analysis of the mass distribution curve made it possible to
determine the positions of a peak, the width of mass distri-
bution as well as the total amount of the total number of

TABLE II. Fitted values of the parameters in
Eq. (4) and fission cross section oy.

s 240£03
Aa 13.1+0.5
M,y 96.0+£0.2
oy (mb) 279.0+£56.0
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emitted neutrons from the hot composite system, vy. From
the mean value of the mass distribution, it can be concluded
that on the average 18 neutrons are emitted before and after
fission, since the mass distribution peak has a maximum of
about A &~ 96 u. Presumably, a nucleus undergoes symmetric
fission at an average mass-number value of Ay ~ 192 u.

The fission cross section induced by protons of the present
work is in good agreement with the phenomenological sys-
tematics and parametrizations, performed by the compilation
of proton-induced fission cross section data for targets from
165Ho to 2*?Pu at the same excitation energy [19].

As is seen from Fig. 1, there is a large hump consisting of
the heavy residues in the mass range below the corresponding
target mass that can be observed. The processes connected
to the production of such nuclei would be spallation or deep
spallation. The region of isobars with masses A < 40 u would
correspond to the intermediate mass fragments (IMFs). The
group of the fragments is this mass region cannot be un-
equivocally identified. One of the possible mechanisms for the
production of IMFs is that they would correspond to the coun-
terpart pair of products in the mass region A &~ 140-160 u. It
means that they could originate from a deep spallation process
in which nuclides would emit not only nucleons and light
charged particles (with Z < 2) but also some heavier elements
in the IMF region. Moreover, an alternative explanation of
the origin of IMF products was suggested by the intranuclear
cascade model [20], according to which these fragments are
the result of the disintegration of the excited residual nucleus
with masses near the target mass after evaporation of the
nucleons.

In Ref. [21] the semiempirical approach estimation of
the fission probability prediction of neutron-, proton-, and
photon-induced fission reactions in the intermediate energy
region from several tens of MeV to 3 GeV has been done.
According to above-mentioned systematization, the fissil-
ity for bismuth isotopes increases with excitation energy at
around 100 MeV to a value of 6% and reaches saturation at
200 MeV with a value of 14-15%. The fissility (D) is defined
by the ratio oy /0, where oy is the fission cross section and
oin 1s the total inelastic cross section. Also, fissility is an
nondimensional quantity.

For the fission process studied in the present paper, we
deduced the value o;, = 1975 & 395 mb, which was obtained
by summing the cross sections for all channels of the reac-
tion (fission, spallation-evaporation, and IMFs production).
The fissility of fissioning nuclei in this work is consistent
to nucleon-induced fission reactions at intermediate ener-
gies [21] and reaches the value of 0.14 £ 0.03. The fissility,
D, as a function of the fissility parameter, 72 /A, for the fissile
system of the present work together with the experimental
data obtained earlier using **' Am, 2*¥U, and »*'Np targets at
the same incident energy [12,13] are presented in Fig. 2. As
can be noticed, the fissility is a smooth function of 72 JA. Tt
increases monotonically from the value for the Bi target up to
the value for Am target but still remains below unity, reaching
saturation, since nuclei with high Z?/A may follow other
decay channels besides fission such as nucleon evaporation
with production of spallation residues although with lower
chance.

0.8 |-

0.6 -

04 |-

31 32
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FIG. 2. Fissility D as a function of Z?/A of the fissile system.
Presented symbols for the experimental data are p + **' Am (A), p +
BINp (o) [12], p + 28U (A) [13], and p + *Bi (e) (present work).
The solid line is displayed as a guide.

The analysis of both the neutron emission and the con-
tribution of symmetric fission relative to total fission cross
section (ogym/0y) in the case of four targets under study, 209Bi
(present work), 2*' Am, 28U, and *’Np (Refs. [12,13]) at the
same proton incident energy allows to suggest that the total
number of emitted neutrons (vr) is directly proportional to
the symmetric fission contribution. This correlation can be
visualized on Fig. 3. From the obtained data it follows that
the fission of preactinide 2*’Bi nucleus is totally symmetric,
while in the case of the other targets studied in previous works,

“209
- “UBi+p
100 | i I
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NN 237 P
LAl Np+p | A=re
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FIG. 3. Contribution of the symmetric fission to the total fission
cross section (0gym/0y) as a function of the total number of emitted
neutrons (vr). Presented symbols for experimental data are p +
*'Am (a) [12], p+ P*U (2) [13], p + *'Np (o) [12], and p + **Bi
(o) (present work). The dashed line is displayed as a guide.
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TABLE III. The average and critical fissility parameters of the
fissioning nuclei at 660 MeV of proton energy for >*' Am, 23U, 2"Np
(Refs. [12,13]), and *Bi (present work) targets.

Target 241 Am 238U 237Np 209Bi
(Z2/A)er. 37.5 36.3 36.7 32.7
Z2/A 39.7 373 38.7 359

the asymmetric fission contributes, to a lower or a higher
degree, to the total fission cross section. The presence of an
asymmetric fission component in the energy region under
consideration for 2*'Am, 2*U, and *’Np requires a brief
explanation. It may be a consequence of a large spread of the
excitation energies of the fissioning systems. These systems
come from different chains of nucleonic evaporation which
begin right after the primary interaction with the projectile
and goes on up to the moment of fission. Different fissioning
systems end up with different sets of mass number, charge,
and excitation energy, the latter being low in some cases and
high in other. The population of the fissioning system with low
excitation energies provides the asymmetric fission contribu-
tion that is observed in the final mass distribution of fragments
while the high excitation energy population provides the
symmetric contribution. Finally, as is well known, an increase
in the excitation energy contributes to the symmetric decay
of the nucleus [22], whereas low-energy fission is basically
asymmetrical in nature. Alongside this, a higher excitation
energy is coupled to an increase in neutron evaporation,
therefore the correlation observed in Fig. 3. According to
the previous work in Ref. [12], the asymmetric component
indeed manifests itself stronger in the case of the >*¥U target
and Fig. 3 shows that the number of neutrons emitted for the
28U target is the lowest among the reactions studied. As a
final statement, the increase in neutron evaporation results in a
larger contribution of the neutron-deficit nuclides with higher
fissility parameter.

The systematization of cross sections for symmetric and
asymmetric fission in a wide range of nuclei carried out in [23]
showed that it is possible to use an empirical expression for
estimating the probability of the different fission modes. In
order to characterize this factor quantitatively, the authors
introduced a critical value of the fissility parameter, in the
form

(Z%/A)er. = 35.5 + 0.4(Z; — 90), 3)

where Z; is the charge of the fissioning nucleus. According
to [23], for the nuclei with Z?/A values greater than the
critical value, the symmetric fission mode was dominant, but,
at smaller values of the fissility parameter, the main fission
channel leads to asymmetric fragments. The average and
critical fissility parameters of the fissioning nuclei at low and
high incident energies for 2 Am, 238U, 237Np (Refs. [12,13]),
and 2Bi (present work) are tabulated in Table III. From
Table III one can see that the difference between the mean
and the critical fissility parameters for 2U, 2’Np, 2*!' Am,
and 2%Bi targets is increased and equals, correspondingly, to
1.0, 2.0, 2.2, and 3.2, which is clearly seen in Fig. 3.
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FIG. 4. Cross section ratios, 0,(660)/0,(600), of residues from
660 and 600 MeV proton-induced reactions of present work and from
Ref. [1].

During the interaction with protons, the energy transferred
to the heavy nucleus is redistributed among the nucleons of
the composite system. In this regard it is interesting to see
the effect of an increased excitation energy of the composite
nucleus. This can be done by comparing the data of the present
paper with the data from the reaction with the same target
and projectile but at a lower incident energy. In Fig. 4, we
show a comparison between fragment cross sections for the
same fragments in two different studies, the reaction of the
present study, 2“Bi 4+ 660 MeV p, where p stands for proton,
and the reaction 2“Bi 4+ 600 MeV p [1]. The cross sections
from these studies are represented in Fig. 4 by 0,(660) and
0,(600), respectively, where p stands for proton once again.
The points represent the ratios of individual cross sections.
In Fig. 4 one can see two mass regions corresponding to
the fragment formation cross section during the fission and
spallation-evaporation processes. The points represent the
ratios of individual cross sections. As one can see in Fig. 4,
that the cross sections for the heavy mass fragments with A >
160 (fragments formed in the spallation-evaporation process)
are almost the same as those for proton-induced reactions at
660 MeV. Namely, the ratios of the cross section ratio for this
mass range is 0.98 = 0.15. As it was shown in our previous
papers [8,9], these nuclides are formed in a peripheral colli-
sion with a large impact parameter and low excitation energy.
In the mass range 55 < A < 130, where one can expect the
huge contribution of fission fragment production, the ration of
the cross sections, on average, is higher for the energy 660
MeV of the present study. The cross section ratio for this
mass range is 1.49 =+ 0.22. The enhanced cross section of such
mass range in the proton-induced reaction can be interpreted
in terms of changing the reaction mechanism. These reaction
products are produced in more central collisions [8,9], with
lower impact parameters, and are responsible for the forma-
tion of high-excitation remnants. There is only one fragment,
46Sc, with the cross section value somewhat higher than other
fission production cross sections. One can explain this fact by
the growing contribution of the IMF production which is more
pronounced at 660 MeV.
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IV. CRISP CALCULATION

The CRISP program has been used to calculate the reac-
tion 2%Bi 4 660 MeV protons from the first interaction to
fragments production. Details of the relevant models used by
CRISP and the discussion of the results are presented in the
following.

A. Model description

The CRISP model (acronym for Collaboration Rio - I1héus
- Sdo Paulo) calculates nuclear reactions [24] in a two step
process. The intranuclear cascade is the first step. It begins
after a primary interaction with an incident particle [25-28].
The proton can interact elastically or inelastically producing
resonances ranging from the A3, to Nj,s,. Double resonance
production is also possible. A photon can interact according
to the channels that go from the quasideuteron absorption
mechanism at around 50 MeV up to hadronization and vec-
tor meson production [29-31]. The most relevant nucleonic
resonances at intermediate energy are also produced.

Secondary particles, created during the cascade, may in-
teract with other particles or reach the surface of the nu-
cleus which is constructed as a Fermi gas. Nucleons with
kinetic energy above the nuclear potential may leave, oth-
erwise they are reflected. The tunneling of protons through
the Coulomb potential is also considered. The multicollisional
approach allows a more realistic simulation of the intranuclear
cascade [24]. Since all particles move simultaneously, the
order of events is established by the time sequence between
collisions of each pair of particles and respective cross sec-
tions. Such an approach makes it natural to verify dynamical
aspects, e.g., nuclear density modification and level occupa-
tion evolution of the gas.

The Pauli blocking mechanism is another important feature
in the model. Once all nucleons are located in Fermi gas levels
and they are allowed to move simultaneously, exchanging
energy and momentum, the exclusion principle can be verified
strictly [24].

At the intranuclear cascade stage, CRISP is a multicolli-
sional model, meaning that all nucleons inside the nucleus
have their position modified according to their initial posi-
tion and their momenta. In this aspect, only CRISP and the
Liege [32] models follow such realistic calculations of the
intranuclear cascade. This novelty allows a more reliable cal-
culation of the fast stage of nuclear reactions, since it naturally
takes into account the fast modifications of the nuclear density
while the intranuclear cascade evolves. Another aspect that
is improved by introducing the multicollisional method is the
possibility to calculate the effects of the Pauli principle, which
blocks part of the process at energies near the Fermi energy.
In CRISP we use a strict calculation of the Pauli blocking
mechanism, which leads to more precise results. In fact, even
if the incident particle energy is high, at some point the Pauli
blocking mechanism becomes important, and the larger the
number of particles participating in the intranuclear cascade,
the more important the blocking mechanism is to correctly
calculate energy, mass number, and atomic number distribu-
tions at the end of the intranuclear cascade. Old Monte Carlo
models, which do not present the multicollisional method,

may still give good results for cross sections, since modi-
fications of the intranuclear cascade due to nuclear density
modifications and due to Pauli blocking can be calculated by
simple models, however, more parameters must be introduced
and must be fitted to experimental data in order to give good
results. Therefore, CRISP and the Liege models are the most
reliable models to be used when no experimental data are
available, or to investigate aspects of the nuclear reaction that
cannot or are difficult to be observed experimentally.

Also another feature that is made possible by the mul-
ticollisional approach is the energetic stop criterion since
the particle’s kinetic energy is reliable information in this
approach. When no particle has kinetic energy above the
potential, mass and atomic number and excitation energy
can no longer change, the nucleus is considered thermalized
and the cascade is ended since the next step regarding the
competition between fission and evaporation of particles is
calculated only statistically.

In this second stage, the emission widths are determined
according to Weisskopf’s model [33] and calculated relative
to the neutron emission width as

r, E
r_: — E_p exp{2[(a,Ep)"* — (a,E)"21), (6)

for proton emission and

r, 2E,

r, E, exp{2[(awEy)"? — (anEy)"*1, 7

for « particles emission. The energies of the possible final
states are given by

Ean_Bna
E,=E—B,—V,
E, =E — By, — V,, (®

where E is the current energy of the nucleus. B,, B,, and
B, are the separation energies for neutrons, protons, and «
particles, respectively. The separation energies are calculated
using the semiempirical mass formula from Pearson [34]. V,
and V,, are the Coulomb potentials for protons and « particles.

The level density parameters a,, a,, and a, for neutrons,
protons, and « particles are determined by Dostrovsky’s equa-
tions [35].

The fission process follows the Bohr and Wheeler
model [36] with the fission width calculated according to
Vandenbosch and Huizenga [37]:

F .
F_f = K; exp{2[(asEp)"? — (anEn) 21} ©)
with
[2(arEp)'? —1]
K, = Koa, =2 " = 1 10
f od (4A23a;E,) (19)
and
E; =E — By,
ag = rrdy, (11)
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where By is the fission barrier calculated according to Nix
model [38]. ay is the fission level density parameter with rf
being a adjustable parameter.

In the CRISP model, the hot nucleus evaporates until either
the excitation energy becomes smaller than the neutron sep-
aration energy or until fission occurs, which may happen at
any point of the evaporation chain. In the case of fission, the
CRISP model determines the masses of the fission fragments
according to the multimodal fission model, best known in
the literature as the random neck rupture model [39,40]. The
total yield of the fragment mass distribution is the incoher-
ent sum of the contributions of all fission modes, each one
being described by a Gaussian mass distribution positioned
at the most probable mass for the fragment. The superlong
mode (SL) represents symmetric fission. Thus, it requires
only one Gaussian. The standard 1 (S1) and 2 (S2) modes
describe asymmetric fission for low and intermediate nuclear
deformation, respectively. The standard 3 (S3) mode describes
superasymmetric fission, i.e., fission of highly deformed sys-
tems. Each asymmetric mode requires two Gaussian distribu-
tions, one centered at the heavy and the other centered at the
light fragment most probable mass. The charge distribution is
also Gaussian.

The total yield for a fragment with mass number A and
atomic number Z is determined by

oA, Z) = {Z [\/;F exp <_

LK (A—any }
J2xr, P\ T Ty

n KsL exp <_ (A - ASL)2> }
«/EFSL 2(FSL)2

2(Ty)?

w1 e <—(Z_Z_°)2> (12)
Janr, P\TTarg )

where the summation runs over the asymmetric modes. The
parameters for the symmetric mode are Kgi, Asp, and I'sp,
while K; and I'; are the parameters for the fragments produced
in the asymmetric mode i = S1, S2, S3. The position param-
eters AIH(L) for the heavy (light) fragments are determined
as A}'I = Ag., + D; and A} = Asi. — D;. The shift D; is the
adjustable parameter. The positions of the Gaussians, the
widths are parameters only determined through comparison
to the total experimental mass distribution. CRISP is able to
calculate total fission and spallation cross sections.

It is important to mention that the parameters K; and Kgp,
represent the probability of the respective fission modes, not
cross sections since the Brosa model is applied in CRISP by
means of a Monte Carlo method.

According to the Monte Carlo method applied in this
model, each simulated fission history leads to a particular
fissioning system with a particular Ag;. This variation of
Agp, is considered by the CRISP model in Eq. (12) making
the choice of the fragments unique and folding together the
fissioning system mass distribution and the fragment mass
distribution, what is quite in accordance with reality.

For the atomic number distribution the parametrization
used is [18]

Zy = p1 + oA (13)
for the most probable atomic number of the fragment, and
'y =vi+1nA (14)

for the width of the atomic number distribution. wy, s, v,
and v, are fitting parameters.

The fissioning system excitation energy is divided between
the fragments following a mass proportion, i.e.:

Afragi
et = 4 (15)
A
Eing = 4], (16)

where E* are excitation energies and A is the mass of the
fissioning system.

After determination of the fission fragments they are al-
lowed to evaporate following the already mentioned statistical
evaporation model of Weisskopf. The final products of fission
can then be compared to experimental data.

B. Calculation results and discussion

Concerning the production of fission fragments for the
reaction studied, only the symmetric fission channel was con-
sidered, since the experimental analysis shows no evidence of
asymmetric fission channels. This means that the parameter
Kg1 in Eq. (12) represents alone a probability of 100%. For the
width of fission fragment mass distribution before fragments
evaporation, parameter ['sp, the value of 17 was imposed.
The final width of the mass yield may be different not only
because the fragments evaporate but mostly because the evap-
oration rate is different between heavier and lighter fragments.
The spallation residues are obtained directly from the chain
of evaporation calculated using Weisskopf’s model [33], as
mentioned in Sec. IV A. Table IV shows fission and spallation
cross sections along with relevant results obtained for the
fission mass-yield distribution.

The results obtained by CRISP are totally consistent with
those obtained by the fitting procedure. One can see from
Table I'V that the evaporation of the fragments indeed changed

TABLE IV. Fission and spallation cross sections along with
relevant results obtained for the fission mass-yield distribution.

Total fission cross section - o, (mb) 217 £1
Total spallation cross section - o (mb) 1799 + 1
Average fissioning system mass 199
Average fission fragment mass (after fragments 95
evaporation)

Width of fission fragment mass distribution 17
(before fragments evaporation)

Width of fission fragment mass distribution (after 16.8
fragments evaporation)

(Z%/A)., 32.22
Z2/A 33.17
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FIG. 5. Calculated fission and spallation mass-yield distribution
for the interaction of 660 MeV proton-induced reaction on a **Bi
target. Black dashed line represents the fission mass yield while the
blue dotted line represents the spallation mass yield. The solid red
line stands for the total mass yield.

the width of fission fragment mass distribution although not
appreciably. In this case in particular, the heavier fragments
had a higher evaporation rate. This can be explained by the
bigger share of the fissioning system’s excitation energy that
goes to the heavier fragment.

The evaporation-fission competition calculated by CRISP
also provided the distribution of fissioning systems. From that
we obtained an average atomic number of 81.8 which leads to
a critical fissility parameter of 32.22. This value is very close
to the one estimated at Sec. III. By calculating the entire chain
of evaporation to the fission point, CRISP can also determine
the fissility parameter observed for all fissioning systems. The
average fissility parameter was found to be 33.17. Although
this value is lower than the one estimated in the Sec. III esti-
mation, and the CRISP simulation is in qualitative agreement
and just as estimated the symmetric fission mode alone was

enough for CRISP to achieve a good reproduction of the data.
Both critical and average fissility parameter can also be seen
in Table I'V.

Figure 5 shows the total mass-yield calculated by CRISP
in comparison to the experimental data. The mass yields
from fission and spallation separately are also shown. The
result is considered good in general and particularly good
for the fission part. For the spallation residues, the issue that
stands out is the overestimation of the cross sections of some
high-mass fragments at the cost of the low-mass fragments.
This is a clear indication that CRISP is finishing the chain of
evaporation too soon. Despite that, it is possible to argue that
the total spallation cross section is in good agreement with
the measured data. The overestimation occurs only for the
already high cross sections at around mass 200. An adequate
fixing at this point would almost entirely compensate for the
underestimation observed for the rest of the curve which lies
in regions of lower cross sections.

V. CONCLUSION

The present measurements were carried out in order to pro-
vide the analysis charge and mass of the proton-induced reac-
tion products on a 2%Bi target at 660 MeV. The total isobaric
yields of the different mass chains of the reaction fragments
were estimated assuming a Gaussian charge distribution with
the constant width parameter C. The mass-yield distribution
of the fission fragments was estimated by integrating over the
Gaussian in the suggestion of the symmetric fission channel.
The value of the obtained fission cross section, determined
by summing over all mass fragments, was equal to 279.0 +
56.0 mb. The fissility of the fissioning nucleus at intermediate
energy was estimated at 0.14 £+ 0.03.
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