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Innovative experiments using the inverse kinematics technique to accelerate light, medium-mass, and heavy
nuclei at relativistic energies have become excellent tools to produce and study hypernuclei. We investigate
hypernuclei created in spallation reactions, where multifragmentation, particle evaporation, and fission processes
play an important role in the formation of final hypernuclei residues. For the description of spallation reactions,
we couple the Liège intranuclear cascade model, extended recently to the strange sector, to a new version of
the ablation (ABLA) model that accounts for the evaporation of � particles from hot hyperremnants produced
during the intranuclear cascade stage. These state of the art models are then used to study the production of
hypernuclei close to drip lines through spallation-evaporation and fission reactions.
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I. INTRODUCTION

Since the discovery in 1952 of the first hypernucleus in
an experiment carried out with emulsion chambers [1], much
effort has been invested in extending our knowledge of the
nuclear chart toward the SU(3) flavor octects [2]. Hypernuclei
are bound nuclear systems of strange baryons, the so-called
hyperons, such as �, �, �, or �, produced in high-energy
collisions. These hyperons can be captured by nuclei since
their lifetimes are longer than the characteristic reaction times
(≈10−23 s) [3]. Consequently, these studies on the produc-
tion mechanism and structure of hypernuclei are of interest,
because they provide information on the strange-matter prop-
erties and on the hyperon-nucleon (Y N) and hyperon-hyperon
(YY ) interactions [4–10], which cannot be determined from
scattering experiments.

Investigation of hypernuclear structure has important im-
plications in the study of compact astrophysical objects. As
shown in several works [11–15], the composition and equation
of state (EOS) of supernovae and neutron star cores are poorly
known due to their dependence on the hyperon content, with
the hypernuclear weak decay being the only available tool
to acquire knowledge on strangeness-changing weak baryon
interactions. The understanding of the weak interactions, as
well as of the strong ones, has a direct connection with astro-
physics since they are important inputs when investigating the
composition and macroscopic properties (masses and radii) of
compact stars, their thermal evolution, and stability.
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Among hypernuclei, the most known and long studied are
� hypernuclei [16] in which a � particle, the lightest of the
hyperons, replaces a nucleon of the nucleus. � hypernuclei
are stable at the nuclear timescale (≈10−23 s) since the �

particle maintains its identity even if embedded in a system
of other nucleons, the only strong interaction allowed be-
ing �N scattering, which conserves strangeness. Similarly,
two �’s may stick to a nuclear core, forming the so-called
double � hypernuclei [17]. Moreover, � hypernuclei also
exist with binding energies similar to the ones obtained for
� hypernuclei, although there are few measurements [18].
Other exotic systems like the � hypernuclei are predicted by
quark mean-field calculations [19], but so far no experimental
data exist. On the other hand, the existing measurements for
� hypernuclei indicate that these bound hypernuclei do not
exist, at least as nuclear systems surviving for times longer
than ≈10−23 s due to its repulsive potential [20,21] and the
strong �N → �N conversion [22].

Many experimental collaborations, such as MPD and
BM@N at the Nuclotron-based Ion Collider Facility
(NICA) [23,24], STAR at the Relativistic Heavy Ion Col-
lider (RHIC) [25,26], ALICE at the Large Hadron Collider
(LHC) [27,28], PANDA [29,30], CBM [31], WASA@Super-
FRS [32] and R3B [33,34] at the Facility for Antiproton and
Ion Research (FAIR) [35], and HFRS at the High Intensity
Heavy Ion Accelerator Facility (HIAF) [36,37], plan to pro-
duce light and medium-mass hypernuclei to investigate their
properties in reactions induced by relativistic hadrons and
ions. Here, spallation and fragmentation reactions are found
to be the best tools to produce light, medium-mass, and heavy
hypernuclei [26,38] to study interactions involving hyperons.
The main purposes of these studies are, for example, the

2469-9985/2022/105(1)/014623(17) 014623-1 ©2022 American Physical Society

https://orcid.org/0000-0002-4702-5294
https://orcid.org/0000-0002-8463-9009
https://orcid.org/0000-0002-8594-6756
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevC.105.014623&domain=pdf&date_stamp=2022-01-24
https://doi.org/10.1103/PhysRevC.105.014623


J. L. RODRÍGUEZ-SÁNCHEZ et al. PHYSICAL REVIEW C 105, 014623 (2022)

investigation of hypermatter structure, search for new con-
straints for the nuclear equation of state, and understand the
possible phase transitions from hadronic matter to a quark-
gluon plasma and the modification of hadron properties in
dense strong-interacting matter [39,40]. In this work, we
pay attention to the formation of hypernuclei in spallation
reactions in which a light projectile, mainly a proton, neu-
tron, or light nucleus, with the kinetic energy of a few of
GeVs interacts with a heavy nucleus (e.g., uranium) and
causes the emission of a large number of hadrons and/or
some fragments. Spallation reactions are usually described
by using hybrid models consisting of an intranuclear cascade
(INC) stage followed by a statistical or dynamical deexcitation
stage [41–44]. The timescale for the second stage is typically
much longer than that for the first one, which justifies the fact
that deexcitation is not described by INC models but by a
different class of models which rely on statistical assumptions
about the properties of the excited remnants.

On the one hand, the Liège intranuclear-cascade model
(INCL) has been recently extended toward high energies
(≈20 GeV) including new interaction processes such as mul-
tipion production [45,46], production of η and ω mesons [47],
and strange particles like kaons and hyperons [48–50]. This
new version of INCL permits us to predict the formation
of hot hyperremnants and their characterization in atomic
(Z) and mass (A) numbers, strangeness number (lS), excita-
tion energy, and angular momenta. These improvements in
the intranuclear cascade model require deexcitation models
considering the emission of hyperons. Currently only a few
deexcitation models treat the evaporation of hyperons and
the formation of cold hypernuclei. The most known model
is the statistical multifragmentation model (SMM) developed
by Botvina and collaborators [51]; however, this model un-
derestimates the production of normal evaporation residues
and fission fragments coming from the deexcitation of heavy
remnants [52,53] and, therefore, one could also expect an
underestimation of cold hypernuclei produced in the deexci-
tation of heavy hyperremnants.

On the other hand, new state of the art experiments re-
quire the development of advanced simulations based on
GEANT4 [54] where event generators must be written in C++.
In this sense, a great effort has been performed by Mancusi
and collaborators to rewrite the FORTRAN version of INCL
in C++ and to implement it in GEANT4; however, deexcita-
tion models did not follow this way. The most widely used
deexcitation models are Gemini++ [44,55], SMM [51,56],
and ABLA07 [57]. Gemini++ is written in C++, but the
Hauser-Feshbach evaporation formalism used to calculate the
particle emission probabilities increases the computing time
too much and cannot be used in GEANT4 simulations. SMM
and ABLA07 are faster than Gemini++, but they are written
in FORTRAN and cannot be used directly in GEANT4. Re-
cently, different benchmarks performed by the International
Atomic Energy Agency (IAEA) [53,58] demonstrated that the
best model to describe the deexcitation of hot remnants is
ABLA07. For this reason, we decided to rewrite the FORTRAN

version of ABLA07 in C++. This work was also utilized to
introduce the emission of hyperons and the formation of cold
hypernuclei.

This paper is devoted to the formation of cold hypernuclei
produced in spallation reactions. In Sec. II, we describe briefly
INCL and its new ingredients to produce hot hyperremnants.
Then we make a general description of ABLA07 and explain
the new ingredients introduced for modeling the emission
of hyperons and the formation of cold hypernuclei. Finally,
in Sec. III, we compare the new version of ABLA model
to SMM calculations and also show the findings for cold
hypernuclei production after particle evaporation, multifrag-
mentation, and fission decay processes.

II. MODEL DESCRIPTION

Spallation reactions at relativistic energies are often de-
scribed by means of a two-step process [41]: the collision
itself, where part of the nucleons are removed from target
nuclei and some excitation energy and angular momenta are
gained by the remnants, and subsequent de-excitation pro-
cesses by evaporation of particles or fission. If the temperature
of the hot remnants produced after the collision is high
enough, the remnants could break up into lighter fragments,
resulting in the so-called multifragmentation process. In the
following, we will describe the models and all these decay
mechanisms.

A. Liège intranuclear-cascade code

The collision between projectile (baryons, light particles,
or ions) and target (nuclei) is described by intranuclear cas-
cade models; see, for instance, Refs. [59–65] and references
therein. In this context, it is assumed that the reaction can
be described as an avalanche of independent binary col-
lisions. The INCL model is essentially classical, with the
addition of a few suitable ingredients that mimic genuine
quantum-mechanical features of the initial conditions and of
the dynamics: For instance, target nucleons are endowed with
Fermi motion, realistic space densities are used, the output
of binary collisions is randomized and elementary baryon-
baryon collisions are subject to Pauli blocking. The nucleons
are perfectly localized in phase space and are bound by a
constant potential. In this approach, the nuclear collision is
treated as successive relativistic binary hadron-hadron colli-
sions separated in time in which the positions and momenta of
hadrons are followed as time evolves. Cross sections are deter-
mined from a set of collision events taken at different impact
parameters, and for which baryon positions and momenta are
initially sampled for each nucleus.

In this work, we use the latest C++ version of the Liège in-
tranuclear cascade model INCL++ 6.0 [50], which is equiv-
alent to the reference FORTRAN INCL4.6 version [66–68], but
includes the formation of � hyperremnants. Hereafter, we
will refer to this version as the INCL model, for simplicity.
In this model, the hadron-nucleus reactions are modeled as a
sequence of binary collisions between the nucleons (hadrons)
present in the system. Nucleons move along straight trajec-
tories until they undergo a collision with another nucleon or
until they reach the surface, where they eventually escape.
The latest version of the INCL also includes isospin- and
energy-dependent nucleus potentials calculated according to
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FIG. 1. Production cross sections (in mb) of hyperremnants in
the reaction p(10 GeV)+ 209Bi as a function of their atomic and
neutron numbers. The open squares represent the stable nuclei and
the solid contour lines indicate the region of known nuclei. The
dashed lines are to indicate the magic numbers Z = 82 and N = 126.

optical models [68], isospin-dependent pion potentials [69], as
well as meson and strange particle potentials [47,49,50]. We
emphasize that the parametrization of the � particle potential
was changed with respect to our previous publications and
in this work we use a potential of 30 MeV for symmet-
ric nuclei, instead of the initial value of 28 MeV given in
Refs. [49,50]. Additionally, Pauli principle is considered by
means of statistical blocking factors and strict ones for the
first nucleon-nucleon collision [43]. Finally, cluster emission
is also possible via a dynamical phase-space coalescence al-
gorithm [68].

Target density profiles are prepared at the first step of
the simulation assuming independent Woods-Saxon density
distributions for protons, neutrons, and � particles [49,70].
For the Woods-Saxon density distribution, the radius (R0) and
the diffuseness parameter (a) are taken from Hartree-Fock-
Bogoliubov calculations [71]. Additionally, the nucleons are
sampled in phase space, taking into account the correlations
between kinetic energy and radius of the potential well [43],
such that the relationship is given by the Woods-Saxon distri-
bution.

In INCL, each event is started at a given impact parameter
b, ranging from 0 to a distance bmax larger than the interaction
distance between the projectile and target systems. During
the cascade process, two types of nucleons (baryons if the
nuclear system is a hypernucleus) are considered: spectators
and participants. For the target, all the nucleons are con-
sidered spectators at the beginning of the collision and are
forced to not interact with other nucleons in order to avoid
the spontaneous boiling of the Fermi sea. When these nu-
cleons are impinged by the projectile nucleons, they become
participants. For the projectile system, all nucleons outside
the overlap region of the projectile and target nuclear den-
sities are considered geometrical spectators and the other
ones participants. However, if a projectile participant does
not interact with a target spectator, it becomes a dynamical
spectator. The interaction between two nucleons takes place
when they approach each other at a distance smaller than a
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FIG. 2. Total reaction cross sections for different hypermagne-
sium isotopes impinging on carbon nuclei (solid line), α (dotted line),
and proton particles (dashed line) at kinetic energies of 1 A GeV.

minimum distance. This minimum distance is calculated from
an energy-dependent parametrization of the baryon-baryon
interaction cross section for pn, pp, and nn collisions [72]. In
the case of a hypernuclei-like target, it also includes the p�
and n� interaction cross sections [48].

Figure 1 displays the production cross section in mb of
hot hyperremnants produced in proton-induced spallation re-
actions on 209Bi at a kinetic energy of 10 GeV. The cross
sections are represented as a function of the number of protons
(Z) and neutrons (N) contained by the hot hyperremnants.
As observed in the figure, most of the hot hyperremnants
are produced around the stability region of normal stable
nuclei, but there is also an important amount of neutron-rich
hyperremnants produced beyond the limits of known normal
nuclei that after the deexcitation decay processes may end as
very neutron-rich hypernuclear systems. These hypernuclei
are very interesting because they could be measured in the
future state of the art experiments planned in some worldwide
nuclear physics facilities like FAIR and HIAF.

INCL allows us to calculate the reaction cross section of
any � hypernucleus impinging onto light particles, such as
protons or neutrons, or light ions up to nuclei with a mass
number smaller than A = 18. This is illustrated in Fig. 2 for
different � hypernuclei of Mg isotopes impinging on proton
(dashed line), α (dotted line), and carbon nuclei (solid line).
As expected, the reaction cross sections increase smoothly
with the mass number of Mg isotopes since the size of the
nuclear system also increases with the mass. The comparison
of these calculations to experimental data would be used to
investigate �-hypernuclei radii or the presence of neutron
halos in very neutron-rich hypernuclei, like we do for normal
nuclei [73,74]. In particular, this kind of measurement would
be utilized to study the evolution of the hypernuclear shrink-
age [75] with the mass asymmetry.

B. Deexcitation model ABLA

For the deexcitation stage, we use the ABLA07 model [57]
translated to C++, which describes the deexcitation of
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FIG. 3. ABLA diagram of deexcitation processes where E∗ and
T represent the excitation energy and temperature of the nuclear
system, respectively, Smin is the minimum particle separation energy,
and Tfreeze-out is the freeze-out temperature described in Sec. II B 1.

a nuclear system emitting γ rays, neutrons, light-charged
particles, and intermediate-mass fragments (IMFs) or fission
in case of hot and heavy remnants. The ABLA deexcitation
diagram is displayed in Fig. 3. In the following, we will do
an overview of the main features for describing each decay
process, including the new ingredients for the strange sector.

1. Multifragmentation

If the excitation energy acquired during the collision phase
is high enough to increase the volume of the nuclear sys-
tem, this could reach the spinodal region characterized by a
negative incompressibility [76]. In this region, an increase in
the volume due to its expansion is directly connected with
an increase in pressure and, consequently, any local fluctu-
ation in density is strongly amplified, leading to a mixed
phase consisting of droplets represented by a small amount
of light nuclei at normal nuclear density and a nuclear gas
composed of individual nucleons. This process is often called
breakup. The fragments formed in this stage undergo the
usual deexcitation processes and cool down. What is finally
experimentally observed are the cold fragments, normally
called intermediate fragments (IMFs). The starting point of
the multifragmentation stage in ABLA is a hot nuclear system,
the so-called spectator or remnant, left over from the initial
collision stage. We assume that if the excitation energy per
nucleon of the remnant exceeds a limiting value [77], the
system undergoes the multifragmentation decay; otherwise
the excited remnant will directly deexcite through sequential
evaporation and/or fission. Note that the multifragmentation
process is scientifically very interesting for its relation to the
EOS of nuclear matter and, in particular, to the liquid-gas
phase transition.

About the limiting excitation energy per nucleon or tem-
perature, two options are possible in ABLA. By default, the
multifragmentation stage is allowed only if the temperature of
the remnants exceeds a mass-dependent freeze-out tempera-
ture threshold calculated according to the prescription given

by Natowitz and collaborators [78]:

Tfreeze-out = max[5.5, 9.33e(−2.82×10−3ARem )] MeV,

where ARem is the mass number of the remnant. If this tem-
perature threshold is overcome, the system breaks up into a
cocktail of fragments and nucleons whose mass is sampled
according to an empirical power law written as

dσ

dA
= A−τ (E∗/A),

whose slope is rather well modeled by an exponent τ that
depends on the mass number and excitation energy of rem-
nants [79]. In this case, the parameter τ (E∗/A) is described
according the parametrization given by Botvina and collab-
orators [80]. Therefore, the mass of nucleons and fragments
produced at the breakup stage is sampled from an exponen-
tial distribution with a slope parameter τ , providing that the
sampled mass is rejected when exceeding the maximum avail-
able mass given as AMax = ARem−Afreeze-out. Here, Afreeze-out

corresponds to the freeze-out mass that is determined from
the freeze-out temperature and the average energy removed
per nucleon in the breakup process according to Ref. [77].
The value of τ is calculated assuming a linear dependence on
the excitation energy per nucleon in the temperature regime
of interest, as explained in Refs. [79,80]. The sampling is
performed until the maximum available mass AMax is con-
sumed. The atomic number of the corresponding fragment is
also sampled at the same time from a Gaussian distribution
centered at a value Zmean, which is determined by imposing
that the ratio A/Z is equal to that given by the hot remnant.
The width of the distribution is given by

σ 2
Z = Tfreeze-out

Csym
,

where Csym is the symmetry term of the nuclear equation
of state [81]. The excitation energies of the resulting hot
residues are determined by assuming thermal equilibrium at
the freeze-out temperature [77]. Finally, each of the breakup
residues with a mass number greater than A = 4 will then
enter the particle evaporation process or fission if applicable.
All the emitted particles and cold fragments (at ground state)
produced during the multifragmentation process are stored in
the output file, while the excited systems enter the particle
decay process or fission if applicable.

Another possible option for the multifragmentation stage
is to assume that the temperature is constant for all nuclei. In
this case, its value is fixed to 5.5 MeV [77]. Both options can
be selected in the ABLA configuration interface.

In the case of hyperremnants, we assume that the � particle
can be treated as a neutron, being the probability of attaching
to a fragment proportional to its number of neutrons. This
means that at the end of the multifragmentation stage, we
randomly choose the fragment that contains the � particle as
a function of the fragment’s neutron number. We will show
later that this assumption works very well for the fission decay
since we use experimental data to validate the approach.
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2. Particle evaporation

The particle emission probabilities are calculated accord-
ing to the Weisskopf-Ewing formalism [82] in which the
decay width of a specific initial nucleus, characterized by its
excitation energy (angular momentum) Ei (Ji) into a daugh-
ter nucleus with excitation energy E f (Jf ) by emission of a
particle ν with kinetic energy εν , is given as

�ν (Ei ) = (2θν + 1)mν

π2h̄2ρi(Ei, Ji )

∫ Ei−Sν−Bν

0
σc(εν )ρ f (E f , Jf )

(εν − Sν − Bν )dE f ,

where θν is the spin of the emitted particle, ρi and ρ f are
the level densities in the initial and the daughter nucleus,
respectively, σc is the cross section for the inverse process,
Sν is the separation energy of the particle, Bν is the Coulomb
energy or emission barrier (only for charged particles), and
mν is the mass of the emitted particle. For a more realistic
description, the separation energies and the emission barriers
for charged particles are considered according to the atomic
mass evaluation from 2016 [83] and the prescription given by
Qu and collaborators [84], respectively. In this new version of
ABLA, we use Qu’s approach instead of the Bass model [85]
because both descriptions provide similar results for the emis-
sion barriers, but Qu’s approach is much faster in the case of
intermediate-mass and heavy remnants.

For hypernuclei, we have included in ABLA the calcula-
tion of the � particle separation energies according to the
Bethe-Weizsäcker mass formula for hypernuclei (BWMH)
developed by Samanta and collaborators [86]. In Figs. 4(a)
and 4(b), we compare the results of this equation to exper-
imental data of � hypernuclei [18,86] and to the approach
used by the SMM model [87]. Additionally, we also dis-
play the results provided by the relativistic mean field model
(RMF) developed by Hu and collaborators [88]. As can be
seen in Fig. 4(a), the BWMH, SMM, and RMF calculations
give similar results for the separation energies (Sn) of light
hypernuclei (A < 70) and describe reasonably well the ex-
perimental data; however, the SMM approach systematically
underestimates the experimental data of heavy hypernuclei.
The same deviation can be observed in Fig. 4(b) for the
two-neutron separation energies (S2n) of 208Pb nuclei as a
function of the number of � hyperons. Consequently, and as
we will show later, ABLA will predict larger probabilities of
producing heavy hypernuclei.

For the calculation of the nuclear level density, dif-
ferent sophisticated models have been developed during
the past decades. These models employ various techniques
ranging from microscopic combinatorial methods [89] and
Hartree-Fock approaches [90] to phenomenological analytical
expressions [91]. On the one hand, it is desirable to model
the nuclear density of states using a microscopic approach
since it contains detailed information of nuclear levels. How-
ever, the amount of computing time needed for microscopic
calculations limits the applicability of this approach. On the
other hand, most of the studies related to nuclear reaction
calculations prefer the analytical level density descriptions
because they allow one to describe the experimental data
very well for hundreds of different isotopes. In ABLA, two
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FIG. 4. (a) Separation energy of the � hyperon as a function of
the hypernucleus mass number. The open squares are experimental
data taken from Refs. [18,86] and the open circles represent RMF
calculations [88]. The dashed line corresponds to the SMM model
while the solid line represents results from the BWMH equation
described in Ref. [86]. (b) Two-neutron separation energy for hy-
pernuclei of 208Pb as a function of the number of � hyperons.
Experimental data [83] is indicated with a cross.

phenomenological models, the constant temperature model of
Gilbert-Cameron [92] and the Fermi gas model [93] based on
the Bethe formula, are used in the level-density calculations.
In these models, the excitation energy can be shifted to take
the shell and pairing corrections according to Refs. [94,95]
into account.

Following the Fermi gas model [93], the level density can
be calculated as a function of the excitation energy E∗ and the
angular momentum J as

ρ(E∗, J ) = J + 1/2√
2πσ 3

e− J (J+1)
2σ2

√
π

12

eS

ã1/4E∗5/4 , (1)

where σ 2 is the spin cutoff factor given by σ 2 = �T
h̄2 with �

as the moment of inertia of the nucleus and T as the nuclear
temperture, E∗ is the excitation energy of the system, S is
the entropy, and ã is the asymptotic level-density parameter
in units of MeV−1. At present, the most abundant informa-
tion on level densities comes from the counting of low-lying
levels and from neutron resonances [96,97]. These techniques
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have also been extensively exploited to obtain the asymp-
totic level-density parameter (̃a), which relates the nuclear
temperature (T ) with the excitation energy (E∗) according
to E∗ = ãT 2, and to investigate the evolution of ã with the
excitation energy [98]. Generally, this last parameter can be
written as [99,100]

ã = αvA + αsBsA
2/3 + αkBkA1/3,

where A is the mass of the nucleus and αv , αs, and αk are
the coefficients that correspond to the volume, surface, and
curvature components of the single-particle level densities,
respectively. The values of these coefficients were calculated
by Ignatyuk [100] (αv = 0.095, αs = 0.073, and αk = 0 in
units of MeV−1) and are the most frequently used in model
calculations. In the equation, Bs represents the ratio between
the surface of the deformed nucleus and a spherical nucleus
while Bk corresponds to the ratio between the integrated cur-
vature of the deformed nucleus and a spherical nucleus. Their
parametrizations are taken from Ref. [101].

The entropy S is obtained according to the equation

S = 2
√

ãE∗
mod = 2

√
ã[E∗ + �Uk(E∗) + �Ph(E∗)], (2)

where �U is the shell-correction energy, which is calculated
according to Ref. [95] for excited nuclear systems. At the fis-
sion saddle point, the shell-correction energy is assumed to be
negligible [102,103]. The term k(E∗) describes the damping
of the shell effect with the excitation energy, and is calculated
according to Ref. [98] as

k(E∗) = 1 − e−γ E∗
,

with the parameter γ given by γ = ã/(0.4A4/3) in units of
MeV−1 [104]. The term �P, which is identical to the pairing
condensation energy in odd-odd nuclei, is calculated as

�P = 2δ + 1/4gδ2,

with an average pairing gap of δ = 12/
√

A in units of MeV,
and with a single-particle level density at the Fermi energy of
g = 6̃a/π2. Finally, the term h(E∗) describes the superfluid
phase transition [94] according to Ref. [105] as

h(E∗) =
{

1 − (1 − E∗
Ecrit

)2 if E∗ < Ecrit

1 if E∗ � Ecrit
,

where the critical energy (Ecrit) is set to 10 MeV. Note that
in these equations the excitation energy is shifted according
to the prescription given in Ref. [57] to accommodate for
the different energies of even-even, odd-mass, and odd-odd
nuclei.

In order to calculate the intrinsic level density at very
low excitation energies, ABLA switches from the Fermi-
gas level density to the constant-temperature level den-
sity [92]. The calculation is based on the work performed
in Ref. [106], where the values of the parameters of the
constant-temperature level density approach were obtained
from the simultaneous analysis of the neutron resonances and
the low-lying levels in the framework of the Gilbert-Cameron
approach [92].

To account for the role of collective excitations in the decay
of excited compound nuclei, the level density of Eq. (1) is

corrected using the vibrational and rotational enhancement
factors according to

ρ(E , J ) = KvibKrotρ(E , J )int,

where ρ(E , J )int is given by Eq. (1), Kvib represents the vi-
brational enhancement factor, and Krot corresponds to the
rotational factor. For nuclei with highly deformed saddle point
or with a large ground-state deformation, the collective en-
hancement factor arises from the appearance of rotational
bands above the intrinsic single-particle levels. In this case,
the vibrational factor Kvib can be thus considered negligible
while the rotational enhancement factor is calculated accord-
ing to Refs. [107,108] in terms of the rigid-body moment of
inertia. By contrast, for spherical nuclei the collective motion
is calculated on the basis of low-frequency vibrational modes.
At present, the factor Kvib can be calculated from the statis-
tical sum of harmonic vibrational modes [107] or by using
phenomenological approaches [109]. In ABLA, these factors
are calculated according to the phenomenological description
proposed by Junghans and collaborators [109].

For nuclei with a quadrupole deformation |β2| > 0.15, the
rotational enhancement factor Krot(E∗

mod) is calculated in terms
of the spin-cutoff parameter σ⊥:

Krot(E
∗
mod) =

{
1 + (σ 2

⊥ − 1) f (E∗
mod) if σ⊥ > 1

1 if σ⊥ � 1
, (3)

being σ 2
⊥ = �⊥T

h̄2 , where T is the temperature of the nuclear
system and �⊥ is the rigid-body moment of inertia perpendic-
ular to the symmetry axis determined according to Ref. [110].
In this expression, E∗

mod is defined by Eq. (2). The ground-
state quadrupole deformation β2 is taken from the finite-range
liquid-drop model including microscopic corrections [95],
while the saddle-point deformation is taken from the liquid-
drop model as given in Ref. [111]. The damping of the
collective modes with increasing excitation energy [ f (E∗

mod)]
is described by a Fermi function as

f (E∗
mod) =

(
1 + e

E∗
mod−Ec

dc

)−1

,

with the parameters Ec = 40 MeV and dc = 10 MeV. The
vibrational enhancement for spherical nuclei is generally
smaller than the rotational enhancement for deformed nuclei.
For nuclei with a quadrupole deformation |β2| � 0.15, the vi-
brational enhancement factor is calculated by using the same
formula as for the rotational enhancement [Eq. (3)], but with
the spin-cutoff parameter calculated assuming an irrotational
flow:

σ ′2
⊥ = 75βeffσ

2
⊥,

where βeff is a dynamical deformation parameter expressed as
βeff = 0.022 + 0.003�N + 0.002�Z , with �N and �Z be-
ing the absolute values of the number of neutrons and protons,
respectively, above or below the nearest shell closure.

In the standard Weisskopf-Ewing approach [82], the
change of angular momentum in the evaporation process
due to particle emission is not treated. To overcome this
limitation, a dedicated formalism according to Ref. [57] is in-
cluded in ABLA to calculate the distribution of orbital angular
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momentum during the emission of particles from the excited
nuclear systems with a finite angular momentum.

Finally, the inverse cross section (σc) for the emission of
particles is calculated considering several effects: The exis-
tence of the Coulomb barrier for charged particles (especially
at low energy), the tunneling through it (especially for light
particles), and the energy-dependent quantum-mechanical
cross section. Knowing that at energies well above the
Coulomb barrier the shape of the barrier does not play any
role, σc can then be calculated without taking into account the
tunneling as [57]

σc(εν ) = π

(
1.16

(
A1/3

1 + A1/3
2

) +
√

h̄2

2μEc.m.

)2(
1 − Bν

εν

)
,

where μ is the reduced mass, calculated as μ = M1M2/(M1 +
M2), and Ec.m. = εν (A1 − A2)/A1.

3. γ-ray emission

Usually deexcitation codes do not include the γ radiation
as a possible emission channel since particle decay channels
dominate above the particle-emission threshold. However, in
the last deexcitation stage of the evaporation cascade, γ emis-
sion becomes competitive to particle decay for compound
nuclei. Normally, the emission of γ rays is much less prob-
able than the particle decay (about 105 times less favorable).
Since the level density depends on the mass (heavier nuclei
have denser energy levels), the number of levels between the
ground state and the particle separation energy of a heavy
nucleus can be as high as 105 or even exceed this value. If the
excitation energy of the compound nucleus is slightly higher
than its particle separation energy, it can decay only into the
ground state or into the first excited states of the daughter
nucleus (if the daughter nucleus is an even-even nucleus, then
only the ground state is energetically accessible due to the
pairing gap; see, for instance, Ref. [112] for a wider discus-
sion). In this situation, γ -ray emission and particle decay can
thus become two competitive channels.

As the emission of statistical γ rays occurs predominantly
via the giant dipole resonance, the γ -radiation rate can be
calculated according to Ref. [106]. Assuming the power ap-
proximation for the radiative strength function [113] and the
constant-temperature model [106], the γ -radiation rate can be
parameterized as

�γ (T ) = 0.624 × 10−9A1.6T 5,

where A is the mass of a mother nucleus and T is the
nuclear-temperature parameter of the constant-temperature
model. The effects of γ -ray decay are especially visible in
the strength of the even-odd staggering of the final products
as shown in Ref. [112].

4. Fission decay

Fission plays an important role in the decay of heavy
nuclei. At each deexcitation stage, a competition between
fission and other decay channels is calculated. In ABLA, the
fission decay width is described by the Bohr-Wheeler (BW)
transition-state model [114] following the formulation given

by Moretto [115]:

�BW
f = T

2π

ρsp(E − B f , J )

ρgs(E , J )
, (4)

where ρsp(E − B f , J ) and ρgs(E , J ) are the level densities at
the saddle-point and ground-state configurations, respectively,
T is the nuclear temperature, and B f is the fission-barrier
height obtained from the finite-range liquid-drop model of
Sierk [116] taking into account the influence of angular mo-
mentum and considering the ground-state shell effects [95].

The diffussion process above the fission barrier is de-
scribed by the Fokker-Planck equation, where the qua-
sistationary solution of this equation was introduced by
Kramers [117] and provides a reduction of the fission decay
width due to dissipation:

�K
f =

⎡⎣√
1 +

(
β

2ω0

)2

− β

2ω0

⎤⎦�BW
f .

Here β is the dissipation coefficient and ω0 is the frequency
of the harmonic oscillator describing the inverted potential
at the fission barrier, calculated according to the liquid-drop
model [118]. This equation provides the asymptotic value of
the fission decay width, which is modified according to an an-
alytical approximation to the solution of the one-dimensional
Fokker-Planck equation [119] developed by Jurado and col-
laborators in Refs. [120,121] to take into account the time
dependence of the fission-decay width. This description was
modified later to consider the initial quadrupole deformation
of compound nucleus as well, which results in a more realistic
description of fission process in the actinide region [122].
Under this approximation, the time-dependent fission-decay
width is defined as

� f (t ) = Wn(x = xsd; t, β )

Wn(x = xsd; t → ∞, β )
�K

f ,

where W (x; t, β ) is the normalized probability distribution
at the saddle-point deformation xsd, being the saddle-point
deformations calculated according to Ref. [110].

In the case of a nuclear potential approximated by a
parabola, the solution of the Fokker-Planck equation for
the probability distribution W (x; t, β) at the saddle-point
deformation has a Gaussian form with a time-dependent
width [123]. The zero-point motion is taken into account by
shifting the timescale by a certain amount t0, which is the
time needed for the probability distribution to reach the width
of the zero-point motion in deformation space. This time is
calculated as [120]

t0 =
{ 1

β
ln

(
2T

2T −h̄ω1

)
if β � 2ω1

h̄β

4ω1T if β > 2ω1
,

where ω1 describes the curvature of the potential at the ground
state.

This then leads to the following analytical approximation
to the solution of the Fokker-Planck equation for the time-
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dependent fission width:

� f (t ) = KBT

μω2
1σ

2

e− (xsd−xm )2

2σ2

e− μω2
1x2

sd
2KBT

�K
f ,

with σ 2 given as

σ 2 = KBT

μω2
1

[
1 − e−β(t+t0 )

(
2β2

β2
1

sinh2(0.5β1(t + t0))

+ β

β1
sinh(β1(t + t0) + 1)

)]
,

where KB is Boltzmann’s constant, μ is the reduced mass asso-
ciated to the deformation degree of freedom, and β1 = (β2 −
4ω2

1 )1/2. The dissipation coefficient β is fixed to 4.5 × 10−21

s−1 since this value was constrained in many works [122,124–
126]. Finally, the mean deformation xm of the system is ob-
tained as

xm =
{

Xicos[0.5β2(t − t0)]e−β(t−t0 ) if β � 2ω1

Xie−0.5(β−β1 )(t−t0 ) if β > 2ω1
,

being the initial deformation Xi calculated according to
Ref. [101].

In the case of low-energy fission, the double-humped struc-
ture in the fission barrier as a function of elongation and the
symmetry classes at different saddle points are of importance
for a proper description of the process. These effects have also
been included in the ABLA model [57], following the ideas
developed in Refs. [127–129].

For the deexcitation of hyperremnants by fission, we do not
expect any change either in the nuclear level density properties
or in the fission mechanism for two reasons: The number
of hyperons absorbed by the remnants is about one and the
hyperremnants are produced with excitation energies above
50 MeV, where the hypercompound system can be consid-
ered as a Fermi gas. Therefore, fission of hypercompound
systems is described as for normal nuclei, taking into account
the hyperenergy released in the process that will contribute
mainly to the fission barrier height. Similar to the SMM ap-
proach [87,130], in the case of hypercompound systems the
hyperenergy contribution �Bhyp

f released during the fission
process due to the attractive Y N force is added to B f in
Eq. (4). This hyperenergy �Bhyp

f is parametrized according
to the description given by Ion and collaborators [131] as
follows:

�Bhyp
f = 0.51(m� − mn + Sn − S�)/A2/3,

where m� (S�) and mn (Sn) are the � and neutron masses
(separation energies), respectively, and A is the mass number
of the hypercompound nucleus. This equation leads to small
increases in the fission barrier height up to �B f ≈ 1 MeV that
are, for instance, compatible with the results obtained from
more sophisticated calculations based on Skyrme-Hartree-
Fock approaches [132].

5. Fission fragment distribution

Properties of fission fragments, i.e., masses, atomic num-
bers, and excitation and kinetic energies, are calculated based

on the macro-microscopic approach and the separability of
compound nucleus and fragment properties along the fis-
sion path [133]. The original technical description of the
fission fragment properties was published in Refs. [134,135],
in which we assume that the different splits in mass are
basically determined by the number of available transition
states above the potential energy surface behind the outer
saddle point. The macroscopic properties of the potential-
energy landscape of the fissioning system are attributed to
the strongly deformed fissioning system, which are deduced
from mass distributions at high excitation energy [136] and
Langevin calculations [137]. At high excitation energies,
the fission process is dominated by the symmetric fission,
the so-called superlong fission channel, which can be ex-
plained by the macroscopic properties of the potential-energy
landscape of the fissioning nucleus at the saddle point. In
particular, the stiffness of the macroscopic potential along
the mass-asymmetry degree of freedom is obtained from the
systematics of the width of mass distributions measured in
Ref. [136]. The neutron-to-proton ratio (N/Z) of the fission
fragments is assumed to be given by the unchanged-charge
distribution (UCD). This N/Z ratio is then modified by the
charge polarization effect calculated in terms of the liquid-
drop model (LDM) by assuming a configuration of two
touching spheres at the scission point [138] and by the evap-
oration of particles during the descent from the saddle to
scission configuration [139]. On the other hand, the micro-
scopic properties of the potential-energy landscape of the
fissioning system are given by the qualitative features of the
shell structure in the nascent fragments. They are determined
from the observed features of the fission channels [140] ac-
cording to the procedure described in Ref. [135].

According to the statistical model [141], the widths of
the mass and atomic-number distributions of the fission frag-
ments, σA and σZ respectively are related to the temperature at
the saddle point according to the equations

σ 2
A = A2

fissTsad

16d2V/dν2
and σ 2

Z = Z2
fissTsad

16d2V/dν2
,

where d2V/dν2 is the second derivative of the potential with
respect to the mass-asymmetry degree of freedom at the
saddle point ν = (4/Afiss)/(M − Afiss/2). Afiss and Zfiss cor-
respond to the mass and atomic numbers of the fissioning
nucleus, respectively, and M represents the mass number of
the corresponding fragment. Due to the higher probability of
neutron evaporation compared to proton emission beyond the
saddle-point configuration, the width of the atomic-number
distribution of the fission fragments (σZ ) is more suitable to
constrain the temperature at the saddle point. In this sense,
many experimental investigations have been performed at
the GSI facility in the past decade with stable and exotic
nuclei to measure the charge distributions of the fission frag-
ments [120,122,124,125] and validate this approach.

The kinetic energies of the fission fragments are then cal-
culated according to the semistatistical scission point model
of Wilkins and collaborators [142]. The main contribution to
the total kinetic energies released in the fission process comes
from the Coulomb repulsion of the two fission fragments at
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FIG. 5. Probability of producing hyperfission fragments as a fun-
tion of the reduced mass A1/(A1 + A2) assuming initial fissioning
systems with a mass of A = 200, excitation energy of 50 MeV,
and a single � hyperon inside the nuclear system according to the
expected experimental conditions given in Ref. [146]. ABLA predic-
tions (open circles) are also compared to experimental data [144,145]
(dotted line) and model calculations based on the sudden approxima-
tion [146] (solid line).

the scission point and, therefore, this total kinetic energy is
given by

TKE ∼ Z1Z2

D
,

where Z1 and Z2 refer to the atomic number of the two fission
fragments, and D is the distance between the two uniformly
charged spheroids representing the fission fragments. This
distance is parametrized as

D = r0A∗1/3
1

(
1 + 2β1

3

)
+ r0A∗1/3

2

(
1 + 2β2

3

)
+ d,

where A∗
1 and A∗

2 refer to the mass number of the two fission
fragments at the scission point, β1 and β2 are their quadrupole
deformations at the scission point, r0 is the Fermi radius, and
d is the distance between the tips of the two fission fragments.
This distance d is fixed to 2 fm according to Ref. [143].

Finally, the two fission fragments are characterized by their
atomic numbers Z1,2, mass numbers A1,2, kinetic energies
E1,2

kin , excitation energies E∗
1,2, and angular momenta J1,2 at

the scission point. After this, their corresponding deexcitation
chains are followed until their excitation energies fall below
the lowest particle-emission threshold. In the case of dealing
with hyperfragments, these are also characterized by their
strangeness numbers l1,2

S .
If a hyperremnant enters the fission decay, the � particle

is treated as a neutron and thus the probability of attaching
to a fission fragment is considered to be proportional to its
number of neutrons. This means that we randomly choose
the fission fragment that contains the � particle as a function
of its neutron number. The results of this assumption for the
average � attaching probability are displayed in Fig. 5 as
a function of the reduced mass A1/(A1 + A2). Additionally,
we also compare our calculations to the experimental data

obtained by Armstrong and collaborators [144,145] for hyper-
nuclei formed in antiproton annihilation on 238U nuclei and to
calculations based on the sudden approximation [146]. As can
be observed, the � particle predominantly sticks to the heavier
fission fragment, validating our assumption. Moreover, our
calculations clearly provide a reasonable description of the
experimental data and are also compatible with the sudden
approximation, although in our case the calculations are based
on a Monte Carlo technique.

III. RESULTS

The INCL+ABLA model calculations have been evaluated
in several works based on comparisons with nucleon-
induced reactions on different nuclei between carbon and
uranium at incident energies from a few MeVs to 10
GeV, providing a satisfactory description of many observ-
ables such as isotopic distributions of evaporation and
fission residues [58,64,67,125,147–151], double differential
cross sections [43,58,67,68,152], total reaction and fission
cross sections [43,67,68,124,126,153,154], and meson pro-
duction [43,45,69]. Since the ABLA07 deexcitation model
has been translated to C++, it is important to demonstrate
that the new C++ version still provides the same results.
Like in previous publications, we use for benchmarking the
model the reactions p + 136Xe [155], p + 208Pb [156,157],
and p + 238U [147,158] at 1A GeV. As shown in Fig. 6, both
versions of ABLA coupled to INCL provide the same cross
sections for fragment production. More calculations have been
performed to validate the new version of ABLA, although
they are not shown here. Simultaneouly, in Fig. 6 we also
display INCL+SMM model calculations in which one can see
that the de-excitation model SMM underestimates the cross
sections of medium-mass fragments produced via fission and
multifragmentation reactions on projectiles of 208Pb and 238U.
This was also pointed out by the benchmarks performed by
the IAEA Collaboration some years ago and clearly explains
why we have decided to extend the deexcitation model ABLA
to the strange sector including the formation of � hypernuclei.

At the beginning, it is important to demonstrate that the
different deexcitation mechanisms, such as evaporation, mul-
tifragmentation, and fission, are connected with each other in
real disintegration processes for normal and hyperremnants.
This can be done by comparing the probabilities of evapo-
ration and fission processes since these observables can be
easily obtained experimentally and are often used for vali-
dating model calculations. In Figs. 7(a) and 8(a), we display
the evolution of these probabilities for 209Bi and 238U com-
pound nuclei with their excitation energy, while in Figs. 7(b)
and 8(b) we represent these probabilities for 209

� Bi and 238
� U

compound hypernuclei, respectively. For normal compound
nuclei, fission means that the nuclei undergo fission during
the deexcitation process, while the label evaporation residue
means that only emission of light nucleons and clusters took
place during the de-excitation process. In the case of hy-
percompound nuclei, hyperfission means that at least one of
the final fission fragments contains a � particle, � residues
correspond to evaporation residues containing a � particle,
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FIG. 6. Comparison of INCL+ABLA07 (dashed lines),
INCL+ABLA (dash-dotted lines), and INCL+SMM (dotted
lines) model calculations to nuclei production (solid circles) in
proton-induced reactions on 136Xe [155] (a), 208Pb [156,157] (b),
and 238U [147,158] (c) at 1A GeV.

and the label evaporation of � particles means that the �

particle was emitted during the deexcitation process.
Our model calculations are compared to SMM predictions,

providing similar results, although one can see some clear
differences in the evolution of normal fission probabilities
with the excitation energy. At low excitation energies, ABLA
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FIG. 7. (a) Probability of nuclear fission (circles) and evapora-
tion residues surviving to the emission of light particles (squares)
calculated with ABLA and SMM models for 209Bi compound nuclei
as a function of the excitation energy per baryon. (b) Probabil-
ity of the hypernuclear fission (circles) and surviving hypernucleus
(squares) for 209

� Bi compound hypernuclei as a function of the exci-
tation energy per baryon. The triangles represent the probability for
emission of single � particles. Note that open symbols are for this
work and solid ones are for SMM model calculations [87].

provides higher probabilities than the SMM model, and at
high excitation energies, the fission probabilities decrease
with respect to SMM predictions. This trend can be explained
by a better description of the fission process at low excitation
energies and the account of transient time effects at high
excitation energies (E∗ > 1.5 MeV/A) that reduce the fission
probabilities as already demonstrated in different works with
normal nuclear systems [121,122,124,125]. Similar trends are
observed for hyperfission probabilities.

For a further benchmark, we also compare our model cal-
culations to experimental data. The production of � residues
can be validated, for instance, with single strangeness-
exchanging (π+, K+) cross sections measured by the KEK
Collaboration at Japan [159,160] (dots), which are displayed
in Fig. 9 as a function of the target mass number (A).
We also include the data measured by the Brookhaven Na-
tional Laboratory (BNL) [161] (open circles) and Compact
Muon Solenoid (CMS) [159] (open squares) Collaborations
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FIG. 8. The same as Fig. 7, but for 238U and 238
� U compound
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FIG. 10. Fission cross sections of normal remnants (squares) and
hyperremnants (dots) produced in proton-induced fission reactions
on 209Bi (a) and 238U (b) as a function of the projectile kinetic
energy. Experimental data taken from Refs. [162–164] are compared
to INCL+ABLA calculations for normal nuclear fission (solid lines)
and hyperfission (dashed lines).

to show the experimental discrepancies that these cross sec-
tions present in the region of light nuclei, which can reach
a factor of 10. These experimental data are compared to
INCL calculations considering only the production of single
strangeness-exchanging hyperremnants (dashed line) and to
INCL+ABLA calculations (dashed area), which account for
the emission of � particles from the hot hyperremnants. Note
that the width of the dashed area represents the statistical
uncertainty. One can see that there is a factor of 10–100
between both model calculations, as well as the evaporation
of � particles is essential to describe the experimental cross
sections. This result also demonstrates that the evaporation of
� particles is well described in ABLA.

Another interesting deexcitation process that we can use
for the benchmark is the hyperfission cross section. In
Figs. 10(a) and 10(b), we display the experimental cross
sections obtained for normal fission and hyperfission of
209Bi and 238U, respectively. The hyperfission of these nuclei
was measured at the COSY-Jülich facility using the recoil
shadow method [163,164]. As demonstrated in Ref. [151],
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FIG. 11. �-hypernuclei probability (dots) as a function of the
hypernuclei mass number (A) for proton-induced reactions on 238U at
1.5A GeV (a), 3.0A GeV (b), and 6.0A GeV (c). The shadowed his-
tograms represent the contributions from different decay processes,
such as particle emission or evaporation, multifragmentation, and
fission.

INCL+ABLA calculations (solid lines) provide a satisfactory
description for the fission cross sections of normal nuclei as
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FIG. 12. Two-dimensional cluster plot of the isotopic production
cross sections of � hypernuclei in μb shown as a chart of nuclides
for proton-induced reactions on 238U at 1.5A GeV (a), 3.0A GeV (b),
and 6.0A GeV (c). Open squares correspond to normal stable nuclei.

a function of the projectile kinetic energy for both nuclear
systems. The same calculations for hypernuclei (dashed lines)
also result in a reasonable description of the measured hyper-
fission cross sections. We would like to remark here that in
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both cases we only have one experimental data point and, thus,
more measurements have to be performed to complete the
evolution of the hyperfission cross sections with the projectile
kinetic energy.

This new version of ABLA also allows for investigating
other observables such as the mass distribution of hypernuclei
produced in spallation reactions. This observable is shown in
Fig. 11 for projectile kinetic energies of 1.5A [Fig. 11(a)],
3A [Fig. 11(b)], and 6A [Fig. 11(c)] GeV. At energies of
1.5A GeV, the more important decay processes are clearly the
evaporation of light particles and hyperfission, while higher
kinetic energies open the possibility of multifragmentation
processes.

Finally, in Fig. 12 we display the isotope composition
of hypernuclei produced by evaporation, multifragmentation,
and fission processes on 238U at the same projectile kinetic
energies indicated in Fig. 11. The production of hypernuclei
is represented as a function of the proton and neutron number
of each hyperfragment because this allows us for the overview
and selection of what reaction and energy will be better for
studying a specific hypernuclei. For instance, at kinetic en-
ergies of 1.5A GeV, Fig. 12(a), one could produce heavy
neutron-deficient hypernuclei (70 < Z < 89) close to the pro-
ton drip line through spallation reactions and neutron-rich
hypernuclei (25 < Z < 60) through fission reactions. Simul-
taneously, we could produce a lot of hypernuclei around the
valley of stability. This would be the expected hypernuclei
production at the future GSI-FAIR facility. Higher energies
could also help to produce more neutron-deficient hyper-
nuclear systems in the region of medium-mass and heavy
hypernuclei (50 < Z < 89) as shown in Figs. 12(b) and 12(c).

IV. CONCLUSIONS

The deexcitation model ABLA originally written in FOR-
TRAN has been translated to C++ and extended to the
strangeness sector, including the binding energies of � par-
ticles and its propagation through decay processes such as
particle evaporation, multifragmentation, and fission. This im-
provement opens the possibllity of investigating the formation
of cold light, intermediate-mass, and heavy hypernuclei far
from the stability region of normal nuclei. In particular, we
have studied in this work the production of � hypernuclei
in spallation reactions by coupling the deexcitation model
ABLA to the version 6.0 of the Liège intranuclear cascade
model INCL, which has also been extended recently to the
strangeness sector.

The binding energies of � particles have been imple-
mented in ABLA by including a parametrization of experi-
mental data obtained from strangeness-exchanging (π+, K+)
reactions. Then the propagation of the � particle through the

possible decay processes, such as particle evaporation, multi-
fragmentation, and fission, is described according to statistical
assumptions considering that the � particle acts inside the
nucleus as a neutron. In fact, this is a good approximation
since the � particle interaction within nuclear matter is of
the same order as the nucleon one. We clearly demonstrate
that hypernuclei can be produced in evaporation, multifrag-
mentation, and fission processes similar to normal nuclei.
Our calculations are able to describe the cross sections of
hypernuclei produced in single strangeness-exchanging (π+,
K+) reactions covering a large range of target nuclei. In addi-
tion, these calculations also provide a reasonable description
of hyperfission processes of heavy nuclei, such as bismuth
and uranium, which are clearly responsible for the produc-
tion of very neutron-rich and neutron deficient medium-mass
hypernuclei being more relevant at projectile kinetic energies
between 1.5A and 3A GeV. At higher energies, the dominant
decay channels for the production of hypernuclei are the mul-
tifragmentation and evaporation processes.

Finally, the ABLA model has also been implemented in the
GEANT4 software package [54] for the simulation of future
experiments aiming at the investigation of very neutron-rich
and neutron-deficient hypernuclei with relativistic radioactive
ion beams at worldwide nuclear physics facilities. Such state-
of-the-art experiments may, thus, provide for the first time
information on the isospin dependence of binding energies
and decay lifetimes of hyperons in exotic nuclear matter, as
well as the variation of fission-barrier heights in the presence
of strange particles. These investigations would be carried out
using state-of-the-art time projection chambers (TPC) like the
one developed for the SAMURAI spectrometer at the RIKEN
facility [165], which allows for the tracking of many charged
particles and fragments simultaneously inside an intense mag-
netic field. Since for these studies one needs exotic beams at
high kinetic energies (�1.5A GeV), the best place to perform
these experiments is the future FAIR facility [35] at Darm-
stadt (Germany), inserting, for instance, a TPC detector inside
the large superconducting magnet GLAD [166]. In addition,
neutron multiplicites would be measured with the highly
segmented NeuLAND detector [167], allowing for complete
kinematics measurements of all the reaction products.
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