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Based on the isospin-dependent Boltzmann-Uehling-Uhlenbeck transport model, in-medium nucleon-nucleon
inelastic scattering (which is dominated by pion production at low and intermediate energies) is explored. It is
found that the in-medium modification of nucleon-nucleon inelastic scatterings appears to reduce the neutron-to-
proton ratio n/p at higher kinetic energies. Although the in-medium modification of nucleon-nucleon inelastic
scatterings, as expected, affects the value of 7~ /7" ratio, considering a series of undetermined properties of
delta resonance and 7 in medium, the energetic neutron-to-proton ratio n/p is more suitable to be used to probe
the in-medium correction of nucleon-nucleon inelastic scatterings.

DOLI: 10.1103/PhysRevC.103.034615

I. INTRODUCTION

Dynamical w production in heavy-ion collisions at inter-
mediate energies has been included into transport models
for more than three decades [1-7]. In the models, 7’s are
usually treated via resonance decay while the resonance ex-
periences formation and reabsorption in the whole collision
process [8—12]. The channels relating to resonance or pion
productions are usually implemented in free space because
the in-medium correction of nucleon-nucleon inelastic cross
section is still undetermined [13—-22]. Uncertainties of the in-
medium nucleon-nucleon inelastic cross section in heavy-ion
collisions surely affect 7~ /7 ratio [19,21], an observable
which may be used to constrain the high-density symmetry
energy [23-25]. The latter has been considered to play crucial
role in many aspects including nuclear physics and astro-
physics [26].

The reduction of the in-medium elastic cross section of
nucleon-nucleon scattering has currently been relatively well
determined, see, e.g., Refs. [18,27-33]. Although great efforts
have been made to find experimental observables constrain-
ing the density dependence of the symmetry energy, little
work has been done so far to probe the in-medium effects
of nucleon or resonance inelastic scattering cross sections,
especially in isospin asymmetric nuclear matter. Because the
in-medium reductions of baryon-baryon scattering cross sec-
tion are not only momentum and density dependent but also
isospin dependent [18-20,22], the double ratio of 7~ /7™
from neutron-rich and neutron-deficient reactions with the
same isotopes thus cannot cancel out uncertainties of the
in-medium effects of the baryon-baryon scattering cross sec-
tion [34]. Moreover, for heavy systems, such as the Au+Au
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system, the counterpart system with the same isotopes is not
easy to find. Therefore, it is meaningful to find a way to
probe and constrain the in-medium baryon-baryon inelastic
scattering cross section. Unfortunately, until now there have
been few studies on this subject. 7 production in heavy-ion
collisions is thought to be affected by not only the in-medium
nucleon-nucleon inelastic scattering cross section but also the
unconstrained symmetry energy [35]. The m production in
heavy-ion collisions is related to a series of undetermined
properties of delta resonance and pion in medium (such as
delta potential, delta mass and width in medium, pion poten-
tial and its momentum, asymmetry, and density dependence),
which complicates the question. So the straightforward and
good way is to use nucleon observable. In heavy-ion col-
lisions at intermediate energies, most energetic nucleons in
fact experience the inelastic process, such process may shed
interesting light on the exploration of the nucleon-nucleon
inelastic scattering cross section in medium. In this study, the
in-medium effects of nucleon-nucleon inelastic cross section
on the neutron-to-proton ratio n/p at higher kinetic energies
are investigated. It is shown that the energetic n/p ratio is
indeed sensitive to the in-medium effects of nucleon-nucleon
inelastic cross section. If only the in-medium correction of
nucleon-nucleon inelastic cross section is pinned down at
several science-based facilities, one could possibly to better
constrain the density-dependent symmetry energy by using
the 7~ /7 ratio [23-25] as those have been done at FOPI/GSI
[36] and SwRIT/Radioactive Isotope Beam Facility (RIBF)
[37].

II. MODEL DESCRIPTION

In the present study, the isospin-dependent Boltzmann-
Uehling-Uhlenbeck (IBUU) transport model used includes
nucleon-proton short-range correlations, isospin-dependent
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in-medium elastic and free/in-medium inelastic baryon-
baryon cross sections, as well as the momentum-dependent
isoscalar and isovector pion potentials [38—40]. The isospin-
and momentum-dependent single-nucleon potential reads
[41-43]
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where po stands for saturation density, 7, v’ = 1/2(—1/2)
for neutron (proton), and § is the isospin asymmetry of the
medium. Detailed parameter values can be found in Ref. [42].
The symmetry energy’s stiffness parameter x is optional and
can be used to mimic different forms of the symmetry energy
predicted by various many-body theories without changing
any property of the symmetric nuclear matter and the symme-
try energy at normal density. In this study, we fix x = 1 [42]
since the effects of the symmetry energy are not the question
we focus on here.

We assume the potential for A resonances is a weighted
average of those for neutrons and protons. The weighted factor
depending on the charge state of the resonance is the square
of the Clebsch-Gordon coefficients for isospin coupling in the
processes A <> N [11], i.e.,

Upr- = U,

Upo = 3U, + 31U,

Up+ = 3U, + 3U,,

Up++ = U,. (2)

The nucleon-nucleon free inelastic isospin decomposition
cross sections
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with I and I’ being the initial state and final state isospins
of two nucleons. The parameters «, 8, mg, and I' as well as
other kinematic quantities can be found in Ref. [44]. The cross
section for the two-body free inverse reaction is calculated by
the modified detailed balance, which takes into account the
finite width of baryon resonance [6,9],
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FIG. 1. Reduction factor Ryegium Of 112, np, and pp colliding pairs
as a function of momentum with different densities (p/py = 0.5, 1.0,
1.5, and 2.0). The asymmetry of nuclear matter is set to be § = 0.2.

We extend the effective mass scaling model for the in-
medium elastic cross sections to the inelastic case in isospin
asymmetric matter [18,42]. Compared with the free-space
baryon-baryon scattering cross section oy, the baryon-
baryon scattering cross section in medium oypegiym 1S reduced
by a factor

Rinedium (0, 8, P) = Omedium/Ofree
= (upp/msp)’, (6)

where ppp and pj, are the reduced masses of the colliding
baryon pairs in free and medium cases, respectively. The
effective mass of baryon in medium reads [45]
5 du
M _ /(1 + @—)
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It was argued that the in-medium reduction of the
baryon-baryon inelastic cross sections is final-state depen-
dent [20,46,47]. The reduction factors connecting with the
effective masses of final state particles, e.g., as proposed in
Refs. [46,47], are both checked in our model. Compared with
our present form used, the 7~ /7 ratio corresponding to the
reduction factor used in Ref. [46] seems too small. But the
7~ /" ratio corresponding to the form used in Ref. [47]
is quite close to the result of our present model calculation.
Based on our single-particle potential assumption, it is also
found that the above two forms of the reduction factor [46,47]
are in fact very insensitive to the final-state outgoing channels.
So in the present study, for different scattering outgoing chan-
nels, we do not consider the splitting of the reduction factor.

Figure 1 shows the reduction factors of the nucleon-
nucleon scattering cross section in medium as a function of
nucleon momentum with different densities. Compared with
the free-space values, it is seen that the in-medium cross sec-
tions are not only reduced, but also that the reduction factors
Riedivm Of nn and pp split. The reduction factor related to
neutron is overall larger than that related to proton. To see
the in-medium effects of the inelastic cross section on some
observables, we in the following make comparative studies of
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FIG. 2. Effects of the in-medium baryon-baryon inelastic scat-
tering cross section on the n/p ratio in the central collision
13281 + 124Sn at beam energies of 400 (a) and 270 (b) MeV /nucleon.
For the in-medium cases, to see the effects of the symmetry energy,
the parameter x in Eq. (1) is switched from x =1 (soft) to x =0

(stiff).

the relevant observables with the free or in-medium baryon-
baryon inelastic cross sections.

III. RESULTS AND DISCUSSIONS

With increase of the baryon-baryon colliding energy, more
and more inelastic scatterings occur in heavy-ion collisions.
The energetic nucleon spectrum should be affected by the
in-medium baryon-baryon inelastic cross sections. Figure 2
shows the effects of the in-medium inelastic scattering cross
section on the n/p ratio in the central collision '32Sn + 24Sn
at beam energies of 400 and 270 MeV /nucleon, respectively.
In the left and right panels of Fig. 2, since the elastic baryon-
baryon scatterings dominate at lower colliding energies, one
can see that at lower kinetic energies, effects of the in-
medium baryon-baryon inelastic scattering cross section on
the neutron-to-proton ratio n/p are less pronounced, while
the n/p ratio of emitted energetic nucleons is clearly affected
by the in-medium inelastic baryon-baryon cross section. With
increase of the nucleon-nucleon colliding energy, the inelastic
scatterings gradually become dominant, and it is thus not sur-
prising to see a larger effect of the in-medium inelastic cross
section on the energetic neutron-to-proton ratio n/p. As we
have the reduction of scattering cross section, fewer nucleons
accumulate more energies through multiscatterings, and thus
the numbers of the energetic nucleons decreases. Compared
with neutrons, positively charged protons suffer more and
direct affections from the Coulomb interactions. The latter,
to some extent, cancel out the reduction of proton-related
scatterings in medium. Therefore the decrease of the number
of energetic neutrons is more evident than that of protons.
So the reduction of the in-medium inelastic cross section
decreases the value of the energetic neutron-to-proton ratio
n/p. From both panels of Fig. 2, it is seen that the effects of the
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FIG. 3. Effects of the in-medium baryon-baryon inelastic scat-
tering cross section on the energetic nucleons (a), resonances (b),
and the ratio of charged resonances at the maximum compression
stage (c) in the central collision '**Sn 4- 12*Sn at the beam energy of
400 MeV /nucleon.

in-medium baryon-baryon inelastic scattering cross section on
the energetic n/p ratio reach about a measurable 15%.

For the two incident beam energies of 400 and
270 MeV /nucleon, since we focus on the same nucleon ki-
netic energy region, i.e., roughly the same 300-450 kinetic
energy range, the colliding energies of two nucleons in the
two reactions are roughly the same. It is thus not surprising
to see almost the same effects of the in-medium reduction of
the baryon-baryon inelastic cross section on the energetic n/p
ratio.

The effects of the in-medium baryon-baryon elastic scat-
tering cross section on the energetic n/p ratio are in fact
also checked. It is found that, with nucleon kinetic energy
above 300 MeV, the maximum effects of the in-medium
baryon-baryon elastic scattering cross section are just about
one half of the effects of the in-medium baryon-baryon in-
elastic scattering cross section, not mentioning the relatively
well determined in-medium baryon-baryon elastic scattering
cross section. We therefore expect the experimental measure-
ments of free neutrons and protons with kinetic energies above
300 MeV, by which one may constrain the in-medium reduc-
tion of the baryon-baryon inelastic scattering cross section.

It is known that the squeezed-out energetic neutron-to-
proton ratio n/p is very sensitive to the density-dependent
symmetry energy [48,49]. To see whether the present analyzed
energetic n/p ratio is sensitive to the symmetry energy or not,
for the in-medium cases in Fig. 2, the symmetry-energy pa-
rameter from x = 1 (soft) to x = 0 (stiff) is switched. One can
clearly see that the symmetry energy really plays negligible
role in the non-squeezed-out energetic neutron-to-proton ratio
n/p.

To further demonstrate the effects of the in-medium
baryon-baryon inelastic scattering cross section on particle
production, we plot in Fig. 3 energetic nucleons, reso-
nances, and the ratio of charged resonances at the maximum
compression stage in the central *2Sn + '2*Sn reactions at
400 MeV /nucleon. As discussed in Fig. 2, it is seen from the
left panel of Fig. 3 that the in-medium baryon-baryon inelastic
scattering cross section decreases the energetic nucleons, es-
pecially the energetic neutrons. One sees that the in-medium
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baryon-baryon inelastic scattering cross section reduces the
ratio of the energetic neutron-to-proton ratio n/p as shown
in Fig. 2. Since the energetic nucleon-nucleon collision pro-
duces A resonance and the proton-proton (neutron-neutron)
collision produces AT (A7), one sees similar effects of the
in-medium baryon-baryon inelastic scattering cross section on
the energetic resonance productions as shown in the middle
panel of Fig. 3. In the right panel of Fig. 3, the effects of the
in-medium baryon-baryon inelastic scattering cross section on
the ratio of A~/A™* are clearly shown. Because the produc-
tions of the energetic A~ or AT directly connect with the
energetic neutron-neutron or proton-proton collisions and the
number of the energetic neutrons reduces more than that of
the energetic protons, the reduction of the in-medium baryon-
baryon inelastic scattering cross section thus decreases the
ratio of the A~/A*T. The energetic nucleons studied here
are not the result of isofractionation but of nucleon-nucleon
scatterings. So the energetic neutron-to-proton ratio n/p is a
direct reflection of the energetic nucleon isospin components
of the dense matter formed in heavy-ion collisions rather than
the other way round.

For energetic nucleon collisions, the produced A reso-
nances possess relatively low kinetic energies. Also at any
time, A resonances experience decays and reabsorptions. The
difference of the number of the very high energy nucleons and
the number of primordial produced low-energy A resonances
is in fact not so large, and thus the A resonances in the
inelastic collisions influence the dynamics of the collisions of
the very high energy nucleons. At 400-500 MeV per nucleon
kinetic energy (the colliding pair has totally 800—-1000 MeV
kinetic energy), the value of the inelastic cross section is in
fact larger than the value of the elastic cross section, and
effects of the inelastic cross section are thus larger than that
of the elastic cross section. In this case, the modification of
the inelastic cross section evidently affects the dynamics of
the collision of the energetic nucleons.

Since At (A7) decays into t (™), it is expected that
the reduction of the inelastic baryon-baryon scattering cross
section in medium also decreases the ratio of the energetic
7~ /nt ratio. Figure 4 shows the Kinetic energy distribu-
tion of the energetic 7~ /7™ ratio in the central reaction
13281 4 124Sn at 400 MeV /nucleon incident beam energy with
free or in-medium baryon-baryon inelastic scattering cross
sections. It is seen that the ratio of the energetic 7~ /™ ratio
reduces about 15% when the in-medium inelastic baryon-
baryon scattering cross section is employed.

In inelastic process with isospin-dependent potential, col-
lision threshold modification related to resonance and pion
production is not considered here [21,47]. The reason is that
an inelastic process is a high-energy process relative to the
potential difference of ingoing and outgoing channels. If one
considers an inelastic process as an instant process and the
potential difference can be remedied by surrounding matter,
then one may neglect the collision threshold modification
since for all the inelastic scattering processes the total energy
is conserved.

Although the 7~ /7™ ratio is frequently mentioned while
probing the high-density symmetry energy, its kinetic dis-
tribution at high energies is not sensitive to the symmetry
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FIG. 4. Effects of the in-medium baryon-baryon inelastic scat-
tering cross section on the kinetic energy distribution of the 7~ /7 *
ratio in the central collision '**Sn+ '**Sn at the beam energy of
400 MeV /nucleon. For the in-medium case, to see the effects of the
symmetry energy, the parameter x in Eq. (1) is switched from x = 1
(soft) to x = O (stiff).

energy. This result in fact does not conflict with that shown
in Ref. [50]. The latter is for squeezed-out pion emission,
whereas our present analysis is for general pion emission. As
mentioned, pion production in heavy-ion collisions relates to a
series of undetermined properties of delta resonance (such as
delta potential, delta mass, and width in medium) and pion in
medium (such as pion potential, its momentum, asymmetry,
and density dependence), thus it is not suitable to probe the
in-medium baryon-baryon inelastic scattering cross section by
pion production.

IV. CONCLUSIONS

In summary, based on the transport model IBUU, effects
of the in-medium baryon-baryon inelastic scattering cross sec-
tion on the energetic nucleons, delta resonances, and pions are
studied. It is found that in '3>Sn 4 '?*Sn reaction at intermedi-
ate energies the in-medium baryon-baryon inelastic scattering
cross section reduces the emitting numbers of energetic nucle-
ons, especially energetic neutrons. Therefore the in-medium
baryon-baryon inelastic scattering cross section decreases the
energetic neutron-to-proton ratio n/p. As the energetic nu-
cleons in the reaction directly relate to the energetic delta
resonance productions, the resonance yields and their ratio
are also sensitive to the in-medium baryon-baryon inelastic
scattering cross section. Because pion production is closely
connected with the delta resonance, the ratio of 7~ /7" is
expectedly sensitive to the in-medium baryon-baryon inelastic
scattering cross section, too. In the study, it is also seen that,
due to the non-squeezed-out emissions, both the energetic
neutron-to-proton ratio n/p and the energetic charged pion
ratio 7~ /zt are not sensitive to the symmetry energy. Since
the pion production in heavy-ion collisions relates to a series
of undetermined properties of delta and pion in medium, the
energetic neutron-to-proton ratio n/p is more suitable than
the energetic 7~ /7 T ratio to be used to probe the in-medium
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baryon-baryon inelastic scattering cross section. The present
studies can be conducted at, for example, the GSI Facility for
Antiproton and Ion Research in Germany [51], the Cooling
Storage Ring on the Heavy Ion Research Facility at IMP
in China [52], the Facility for Rare Isotope Beams in the
Untied States [53], the RIBF at RIKEN in Japan [54-56], and
the Rare Isotope Science Project in Korea [57]. After this,
it then could be possible to constrain the density-dependent
symmetry energy by using the 7~ /7" ratio [23-25] because
the double ratio of the 7~/ from the neutron-rich and

neutron-deficient reactions with the same isotopes only can-
cels out a fraction of uncertainties of the in-medium effects of
the baryon-baryon inelastic scatterings [34].
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