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Experimental studies of nuclear fission induced by fusion, transfer, spallation, fragmentation, and
electromagnetic reactions in combination with state-of-the-art calculations are successful to investigate the
nuclear dissipation mechanism in normal nuclear matter, containing only nucleons. The dissipation
mechanism has been widely studied by the use of many different fission observables and nowadays the
dissipation coefficients involved in transport theories are well constrained. However, the existence of
hypernuclei and the possible presence of hyperons in neutron stars make it necessary to extend the
investigation of the nuclear dissipation coefficient to the strangeness sector. In this Letter, we use fission
reactions of hypernuclei to constrain for the first time the dissipation coefficient in hypernuclear matter,
observing that this coefficient increases a factor of 6 in the presence of a single A hyperon with respect to

normal nuclear matter.
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Introduction.—Dissipation mechanisms play an impor-
tant role in nuclear physics and astrophysics to describe the
dynamics of nuclei and neutron stars (NSs), respectively. In
nuclear physics one of the most intensively investigated
nuclear dynamics mechanism involving dissipation is the
fission process, in which a heavy nuclear system is
deformed until it splits into two lighter fragments with
similar masses [1,2]. The general picture of this decay
process naturally leads to the fission description in terms of
a nuclear potential-energy surface as a function of the
nuclear shape [3], but its complete modeling also requires
the knowledge of dynamic properties of the fissioning
system, namely, the static nuclear configurations out of
equilibrium, the coupling between collective and intrinsic
degrees of freedom, and the dynamics of large amplitude
collective motion. The dynamical evolution through the
nuclear potential-energy landscape is dominated by the
exchange of energy between the collective and intrinsic
degrees of freedom, in which the transfer of energy is
described as a dissipative process. According to a semi-
classical picture, the most complete transport treatment is
provided by approaches of motion based on the Langevin
[4,5] or Fokker-Planck equation (FPE) [6], where the
viscosity coefficient appears as a free parameter. The
collective coordinates usually exhibit a Brownian-like
motion that can be simulated numerically as a random
walk [7,8]. The simplicity of this approach together with its
remarkable agreement with known data make it suitable for
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global studies of fission probabilities and other fission
observables [9-11].

The presence of hyperons (baryons with strange content)
in finite and infinite nuclear systems, such as hypernuclei
and neutron stars, makes it necessary to extend the
investigation of the nuclear dissipation coefficient to the
strangeness sector. Hypernuclei, bound systems composed
of nucleons and hyperons, can be produced by several
reactions (see, e.g., Ref. [12]) where hyperons can be
captured by nuclei since their lifetimes (~ hundreds of ps)
are longer than the characteristic reaction times (~1072* s)
[13]. The study of hypernuclei and their properties provides
the opportunity to study baryon-baryon interactions
[14-20] from an enlarged perspective and to extend, in
this way, our present knowledge of conventional nuclear
physics to the SU(3)-flavor sector [21].

In astrophysics the dissipation mechanisms also play a
crucial role in the understanding of the oscillation modes of
NSs, which have attracted interest for a considerable time.
Significant effort has been aimed at understanding whether
gravitational-wave emission sets the upper rotational fre-
quency limit for pulsars, e.g., via the r-mode instability
discovered by Andersson et al., [22,23] in 1998. This
possibility is of particular interest since » modes can lead to
the emission of detectable gravitational waves in hot and
rapidly rotating NSs. » modes are predominantly toroidal
oscillations (i.e., oscillations with a divergenceless velocity
field and a suppressed radial component of the velocity) of

© 2023 American Physical Society
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rotating stars restored by the Coriolis force [24], acting
similar to Rossby waves in Earth’s atmosphere and oceans. It
is of great importance to understand whether internal fluid
dissipation allows the instability to develop in such systems
or whether it suppresses the r modes completely. There are
many mechanisms in real NSs that compete with the
gravitational wave driving of the r mode. The instability
can only develop when the gravitational radiation growth
timescale is shorter than the damping timescales due to the
various viscosity mechanisms, such as exotic bulk viscosity
due to the presence of hyperons or quark matter [25,26], and
enhanced mutual-friction dissipation [27]. This defines a
region in the spin-temperature parameter space where the
r-mode instability is active. If the instability occurs, the star
rapidly radiates its angular momentum via gravitational
waves until the rotation frequency reaches the critical value,
at which the r modes become stable. This rapid process is
accompanied by the NS reheating [28]. Therefore, the
dissipation process suppresses this instability and makes
cold and hot NSs effectively stabilized by shear and bulk
viscosities [25,29,30], respectively. Unfortunately, direct
measurements of the shear and bulk viscosities in NSs do not
exist yet.

In this Letter, we propose to investigate the dissipation
coefficient in hypernuclear matter following the method-
ology proposed in pioneering works on nuclear fission, in
which fission cross sections [31,32], charge distribution of
fission fragments [32-34], multiplicity of y rays, neutrons,
and light-charged particles [9,35] were used to obtain the
nuclear dissipation coefficient in normal nuclear matter. For
the present work we take advantage of the data collected
during the hypernuclei experiments [36,37] performed at
the COSY-Jiilich facility (Germany) by comparing the
fission cross sections induced in heavy hypernuclei to
dynamical calculations based on the FPE approach, which
also allows us for the first time to study the dependence of
the dissipation parameter on the number of hyperons that
constitute the nuclear system.

Theoretical framework.—The collision between the
proton and target nuclei, the so-called spallation reaction,
is described with the latest C++ version of the dynamical
Liege intranuclear-cascade model (INCL) [38] coupled to
the ablation model ABLA [39], which are based on Monte
Carlo techniques obeying all conservation laws throughout
each reaction event. INCL describes the spallation reaction
as a sequence of binary collisions between the nucleons
(hadrons) present in the system. Nucleons move along
straight trajectories until they undergo a collision with
another nucleon or until they reach the surface, where they
could possibly escape. The latest version of the INCL also
includes isospin- and energy-dependent nucleus potentials
calculated according to optical models [40], isospin-
dependent pion potentials [41]. INCL has been recently
extended toward high energies (~20 GeV) including new
interaction processes, such as multipion production [42],
production of 7 and @ mesons [43], and strange particles

[44-46], such as kaons and hyperons. Therefore this new
version of INCL allows us to predict the formation of hot
hyperremnants and their characterization in atomic (Z) and
mass (A) numbers, strangeness number, excitation energy,
and angular momentum. We remark that the good agree-
ment of INCL calculations with experimental kaon produc-
tion cross sections obtained from proton-induced reactions
on light, medium-mass, and heavy nuclei at energies
of few GeV [46], as well as the reasonable description
of hypernuclei production cross sections through strange-
ness-exchange reactions (z*,K™*) [45], allow us to
guarantee a correct prediction of the excitation energy
gained by the hyperremnants after the proton-nucleus
collision.

The hyperremnants enter then the deexcitation stage that
is modeled by the code ABLA. This model describes the
deexcitation of a nuclear system through the emission of y
rays, neutrons, A hyperons, light-charged particles, and
intermediate-mass fragments (IMFs) or fission decays in
case of hot and heavy compound nuclei. The particle
emission probabilities are calculated according to the
Weillkopf-Ewing formalism [47], being the separation
energies and the emission barriers for charged particles
calculated according to the atomic mass evaluation from
2016 [48] and the prescription given by Qu and collabo-
rators [49], respectively. The fission decay width is
described by the Bohr-Wheeler transition-state model
[50], following the formulation given by Moretto and
collaborators [51]:

1

WAE_B%SP(E_BJC _e )de, (1)

FBW —
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f

where pgg and pgp are the level densities at the ground state
and the fission saddle point, respectively, E is the excitation
energy, J represents the angular momentum, and By is the
fission-barrier height obtained from the finite-range liquid-
drop model of Sierk [52] taking into account the influence
of angular momentum and considering the ground-state
shell effects [53]. In the case of hypercompound systems,

the hyperenergy contribution AB;yp released during the
fission process due to the attractive YN force is added to B
in Eq. (1). This hyperenergy AB?YP is parametrized
according to the description given by Ion and collaborators
[54] as follows:

ABPP = 0.51(my — m, + S, — S,)/AY>,

where m, (S,) and m,, (S,) are the A 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 AB o~ 1 MeV that are, for instance, compatible with the
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results obtained from more sophisticated calculations based
on Skyrme-Hartree-Fock approaches [55].

The slowing effects of nuclear dissipation are included
by using the Kramers-modified Bohr-Wheeler model [56]

as follows:
PN P | sw
1 e I b A 2
* <2a)0 2600 ! ( )

where f is the nuclear dissipation coefficient and w is the
frequency of the harmonic oscillator describing the inverted
potential at the fission barrier, calculated according to the
liquid-drop model [57]. This equation provides the asymp-
totic value of the fission decay width, which is modified
according to an analytical approximation to the solution of
the one-dimensional Fokker-Planck equation [6], devel-
oped by Jurado and collaborators in Refs. [58,59], to take
into account the time dependence of the fission-decay
width. The Eq. (2) was modified later to consider the initial
quadrupole deformation of a compound nucleus, which
provides a more realistic description of fission yields in the
actinide region [34]. Under this approximation, the time-
dependent fission-decay width is given as

T =

W = ot
() = e i),
W,,(x = Xgp, I — 007ﬁ)

where W(x; ¢, f8) is the normalized probability distribution
at the saddle-point deformation xgp, being the saddle-point
deformations calculated according to Ref. [60].

Application to proton-induced fission reactions on
hypernuclei.—In the 1990s an experimental campaign
was carried out at the COSY-liilich facility to measure
the lifetime of A hyperons in the nuclear medium using
fission reactions of heavy hypernuclei as a tool to recon-
struct the A-hyperon decay vertex. The measurements were
performed by using the recoil shadow method [36,37],
which also allowed for the first time to determine the
hypernuclear fission cross sections for two nuclear systems:
238U and 2"Bi.

In Figs. 1(a) and 1(b) we display the experimental cross
sections obtained for hypernuclear fission reactions indu-
ced in 238U and 2%Bi nuclei, respectively, as a function of the
proton kinetic energy. These data are compared to INCL +
ABLA calculations in which we have assumed different
values for the dissipation parameter f3: 4.5 (solid line), 20
(short-dashed line), and 40 (long-dashed line) x 10?! s~
We can see that the hypernuclear fission cross sections
decrease when increasing the value of the viscosity param-
eter, which is expected since the nuclear system evolves
more slowly, needing more time to reach the saddle point
configuration. This fact favors the cooling of the nuclear
system by particle emission reducing the fission probabil-
ities. In these calculations we also take into account the
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FIG. 1. Hypernuclear fission cross section (dots) as a function

of the projectile kinetic energy per nucleon for target nuclei of
238U (a) and 2%Bi (b). The lines correspond to dynamical fission
calculations for different values of the dissipation coefficient /.
Dashed areas represent the uncertainties (see text for details).

uncertainties in the nuclear level densities and fission barrier
heights, which are displayed in the figures with dashed
areas. These uncertainties do not exceed 18% of the total
hypernuclear fission cross section, being the 16% of this
uncertainty attributed to the fission barrier height. The
comparison allows us to constrain the value of the viscosity
coefficient for both nuclear systems, resulting in the values
given in Table I, where the uncertainties were calculated by
propagating the uncertainty of each experimental fission
cross section. The values are also compared to that obtained
from spallation and fragmentation reactions of normal
nuclei inducing fission.

The results of Table I are also displayed in Fig. 2 to
illustrate the evolution with the presence of A hyperons in
the nuclear system. Here we believe the nuclear dissipation
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TABLE 1. Results obtained for the dissipation parameter on
normal and hypernuclear matter.

Reaction £ 107 s71]
Spallation and fragmentation of normal nuclei 45+20
p(*”Bi, hypernuclei) 16 £7
p(**U, hypernuclei) 40 £ 10

coefficient is well constrained for normal nuclear matter
taking into account the large number of nuclear fission
experiments performed in the last decades, so the value of
(4.542.0) x 10?! s7! is quite robust [31,32,32-35,61,62].
Applying the same calculations to hypernuclear matter we
find that the value of the dissipation coefficient increases
roughly a factor of 6 due to the presence of a A hyperon and
the linear extrapolation of our findings to a larger number
of A hyperons leads to higher dissipation coefficients, for
instance, = 75 x 10?! s7! for hypernuclei containing
three A hyperons.

We therefore conclude that the dissipation coefficient
increases with the presence of hyperons, but we would like
to remark here that for the nuclei used in this Letter there is
only a single experimental data point and, thus, more
measurements have to be performed to complete the
evolution of the hypernuclei fission cross sections with
the proton kinetic energy.

Summary and conclusions.—The hypernuclei fission
cross sections measured at the COSY-Jiilich facility with
high energetic protons impinging onto target nuclei of 2*’Bi
and 23U are used for the first time to investigate the nuclear
dissipation coefficient in the presence of hypernuclear
matter. The experimental data were compared to a state-
of-the art dynamical model that describes the proton-
nucleus collision and the subsequent deexcitations through
particle and cluster emission as well as nuclear fission. The
comparison allowed us to constrain the dissipation param-
eter in fission of hypernuclear matter, resulting in an
average value of (28 £ 12) x 10*! s~ [63]. This finding
is 6 times larger than that obtained for normal nuclear
matter [10,31,32,35,61,62], which implies that in the
presence of hyperons the conversion of intrinsic energy
into collective motion goes much slower.

We also conclude with this Letter that more experimental
data are required to confirm the present results. This lack
may be overcome with the construction of new facilities,
such as the Facility for Antiproton and Ion Research (FAIR)
[64] at Darmstadt (Germany) and the High Intensity
Heavy-ion Accelerator Facility (HIAF) [65] at Huizhou
(China), together with the design of state-of-the art detec-
tors for hypernuclear matter research and the increase of
luminosity for the production of relativistic radioactive
beams. The forthcoming experiments could provide unique
opportunities to study hypernuclear matter in a large range
of atomic numbers, from light to heavy nuclei, and to
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FIG. 2. Dissipation coefficient as a function of the number of A
hyperons presented in the nuclear system. The values for a single
A hyperon (dots) are extracted from the constraints displayed in
Fig. 1. We also display the average dissipation coefficient for
hypernuclear matter with a A hyperon (square). The dashed area
indicates the expected region for the dissipation coefficient at
larger A-hyperon multiplicities, where the red dashed line
indicates the linear extrapolation of the average values obtained
for normal nuclear matter and hypernuclear matter with a single A
hyperon.

investigate hypernuclei in extreme proton-neutron asym-
metry conditions far away from the stability valley.

Measurement of other fission observables, such as the
charge and mass distributions of the fission fragments as
well as the multiplicity of emitted particles, in combination
with relativistic proton-nucleus and nucleus-nucleus [66]
collisions in inverse kinematics might shed light on the
dependence of the dissipation parameter with the nuclear
density and nuclear deformations, as already investigated
with normal nuclei [33-35,62]. Moreover, the measure-
ment of double-A hypernuclei fission reactions could be
used to constrain the dissipation coefficient at a larger
number of A hyperons and to better understand the
tendency shown in the Fig. 2. Therefore these kinds of
experimental measurements could be helpful to extrapolate
the values of the dissipation coefficient to hyperon matter in
neutron stars.
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