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Within an isospin- and momentum-dependent transport model for nuclear reactions at intermediate energies,
we investigate the interplay of the nucleon-nucleon short-range correlations (SRCs) and nuclear symmetry
energy Esym(ρ) on hard-photon spectra in collisions of several Ca isotopes on 112Sn and 124Sn targets at a beam
energy of 45 MeV/nucleon. It is found that over the whole spectra of hard photons studied, effects of the
SRCs overwhelm those owing to the Esym(ρ). The energetic photons come mostly from the high-momentum
tails (HMTs) of single-nucleon momentum distributions in the target and projectile. Within the neutron-proton
dominance model of SRCs based on the consideration that the tensor force acts mostly in the isosinglet and
spin-triplet nucleon-nucleon interaction channel, there are equal numbers of neutrons and protons, thus a zero
isospin asymmetry in the HMTs. Therefore, experimental measurements of the energetic photons from heavy-ion
collisions at Fermi energies have the great potential to help us better understand the nature of SRCs without any
appreciable influence by the uncertain Esym(ρ). These measurements will be complementary to but also have
some advantages over the ongoing and planned experiments using hadronic messengers from reactions induced
by high-energy electrons or protons. Because the underlying physics of SRCs and Esym(ρ) are closely correlated,
a better understanding of the SRCs will, in turn, help constrain the nuclear symmetry energy more precisely in a
broad density range.
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I. INTRODUCTION

The study on nucleon-nucleon short-range correlations
(SRCs) in nuclei and nuclear matter has a long and fruitful
history; see, e.g., Refs. [1–10] for reviews. The growing
interests in SRC physics far beyond its traditional field, as
well as new efforts, are strongly motivated by its fundamental
importance for both nuclear physics and astrophysics. The
continuous efforts have been powered by new discoveries in a
series of experiments using proton-nucleus, electron-nucleus,
and photon-nucleus reactions over many years. For example,
proton-removal experiments using high-energy electron or
proton beams showed that about 20% of nucleons in medium-
heavy nuclei are correlated [5,7,11,12] owing to the short-
range tensor interactions predominantly in the isosinglet and
spin-triplet neutron-proton pairs [13,14]. The SRC pairs have
large relative momenta but small center-of-mass (c.m.) mo-
menta [15,16]. They lead to a high-momentum tail (HMT) (and
simultaneously a depletion) in the single-nucleon momentum
distribution above (below) the Fermi surface [1,2,8,17,18].
Moreover, the shape of the HMT is almost identical for
all nuclei from deuteron to very heavier nuclei [19–22].
Furthermore, extensive theoretical and experimental studies
indicate that the HMT varies approximately with momentum
k according to 1/k4 [7,23–25]. Very interestingly, the size
of the HMT was found to be strongly isospin dependent.
More quantitatively, the number of neutron-proton SRC pairs
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was found to be about 18 times that of proton-proton or
neutron-neutron pairs [5,7].

Despite of the interesting discoveries and extensive studies
made so far, there are still many unresolved issues regarding
the nature and impact of SRCs, especially in dense neutron-
rich systems, such as its mass and isospin dependence,
as well as the role of three-body correlations; see, e.g.,
Refs. [26,27]. For example, properties of the short-range tensor
force and ramifications of the HMT on the equation of state
(EOS) of neutron-rich matter [28–32], especially the density
dependence of nuclear symmetry energy Esym(ρ) are still
poorly known. The Esym(ρ) encodes information about the
isospin dependence of nuclear EOS, it is measured in the
so-called parabolic approximation of the EOS by the change
in single nucleonic energy when all protons are replaced by
neutrons [33]. Moreover, a question critical for interpreting all
SRC experiments has concerned the effects of the final-state
interactions (FSIs) suffered by the outgoing nucleons. As
normally the SRC effects are on the order of 20%, even a
small FSI effect may influence what one can learn about the
SRC itself. Compared to the reactions induced by a single
nucleon, electron, and photon, collisions between two heavy
nuclei can make good uses of the two HMTs existing in both
the target and the projectile. More specifically, the c.m. energy
of two colliding nucleons from the two HMTs of the target
and projectile, respectively, will be much higher than those
involving nucleons all from below the Fermi surfaces of the
two colliding nuclei. These higher c.m. energies available will
make subthreshold productions of various particles, such as
high-energy photons, pions, kaons, nucleon-antinucleon pairs,
etc., possible. In particular, the hard-photon production via
the pn → pnγ process in heavy-ion collisions is expected to
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be increased by the SRC. Because photons interact only with
nucleons electromagnetically, it is the most FSI free probe of
the reaction and may thus carry the most reliable information
about the HMT in the initial target and projectile involved in
the reaction.

Because of the strong isospin dependence of the HMT, it
was already shown that the SRC affects the density dependence
of Esym(ρ). For example, it has been shown that not only does
the kinetic part of the Esym(ρ) get decreased with respect to the
prediction of the free Fermi gas model in several independent
studies [34–39], its high-density part also gets decreased
[28,29]. Moreover, the SRC can lead to an appreciable
isospin-quartic term [25] in the EOS of neutron-rich matter;
see, e.g., Ref. [40] for a recent review. The SRC-induced
modifications of the Esym(ρ) may manifest themselves in
several observables of heavy-ion reactions [23,41,42]. In fact,
because of its fundamental nature and broad impacts, nuclear
symmetry energy has been extensively studied by both the
nuclear physics and the astrophysics communities; see, e.g.,
Refs. [43–56] for reviews. The study of nuclear symmetry
energy is also one of the major scientific motivations of several
recent experiments at several facilities; see, e.g., Refs. [57–67].
It is thus important to find experimental observables sensitive
to the Esym(ρ). Interestingly, hard photons have been identified
as among the useful probes of the density dependence of
Esym(ρ) and SRCs [31,68–70].

Given the fact that both the symmetry energy and the
SRCs in neutron-rich matter are not completely understood
and they are important for resolving many interesting issues, it
is necessary to explore the interplay of the SRCs and symmetry
energy on hard-photon production in heavy-ion collisions.
Hopefully our theoretical results will help shed new light
on both topics. In fact, there are also interests by several
experimentalists to explore both the Esym(ρ) and the SRCs
using hard photons. To make our calculations useful for the
planned experiments at Texas A&M University [71], in this
work we study hard-photon productions in several reactions
involving Ca and Sn isotopes at 45 MeV/nucleon.

II. A BRIEF DESCRIPTION OF THE UPDATED
ISOSPIN-DEPENDENT BOLTZMANN-UEHLING-

UHLENBECK TRANSPORT MODEL

In the following, we shall first briefly describe how we
incorporate the HMT in initializing nucleons in phase space
and the main inputs of an isospin-dependent Boltzmann-
Uehling-Uhlenbeck transport model used in this work. We
initialize neutrons and protons using their density profiles
predicted by the Skyrme-Hartree-Fock (SHF) calculations
using the Skyrme M∗ force parameters [72]. We divide each
nucleus into many spherical shells centered around its c.m. By
using the local Thomas-Fermi approximation in each shell of
radius r , the local Fermi momenta of neutrons and protons in
each shell are calculated according to

kFn,p
(r) = [3π2h̄3ρ(r)n,p]

1
3 . (1)

In each shell, the nucleon momenta are generated according to
the distributions with HMTs reaching λkFn,p

(r) = 2.75kFn,p
(r)

FIG. 1. Nucleon momentum distribution n(k) of 56
26Fe with nor-

malization condition
∫ λkF

0 n(k)k2dk = 1.

[24],

n(k) =
{
C1, k � kF ,

C2/k4, kF < k < λkF ,
(2)

where C1 and C2 are constants determined by the total numbers
as well as the specified fractions of neutrons and protons in
their respective HMTs. They are normalized by the condition∫ λkF

0
n(k)k2dk = 1. (3)

Because for medium and heavy nuclei about 20% of
nucleons [5,11,12] are in the HMT, neglecting the detailed
mass dependence and adopting the n-p dominance model
requiring equal numbers of neutrons and protons in the HMT
[7], 10% of the total nucleons are assigned equally as neutrons
or protons and distributed in their respective HMTs. The rest of
them are then distributed in their respective Fermi seas. Thus,
the nucleon momentum distribution in nuclei can be formally
written as

nn,p(k) = 1

N,Z

∫ rmax

0
d3rρn,p(r)n

[
k,kFn,p

(r)
]
, (4)

with N and Z being the total numbers of neutrons and
protons in a nucleus. While the momentum distribution
function nn,p(k) is not experimentally directly measurable,
it can be inferred from model analyses of some experimental
observables, such as cross sections of electron-nucleus scat-
tering. As an illustration of the generated nucleon momentum
distributions, shown in Fig. 1 are the generated nucleon
momentum distributions in 56

26Fe in comparison with that
extracted from analyzing some experimental data by Ciofi
degli Atti et al. [19]. It is clearly seen that our initialization
can reproduce their results quite well. In the calculations,
various HMT fractions are used. In Fig. 2, we plot the nucleon
momentum distribution of Ca isotopes with or without the
HMT. Compared with the ideal gas case, for the neutron-rich
nucleus 48

20Ca, protons have a larger probability than neutrons
to have momenta greater than the nuclear Fermi momentum.
This feature is a consequence of the n-p dominance model
where equal numbers of neutrons and protons are required to
be in the HMT.
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FIG. 2. Nucleon momentum distribution n(k) in (a) 40
20Ca and (b)

48
20Ca. For a comparison, the nucleon Fermi distribution is also shown.

In this study, the following isospin- and momentum-
dependent single-nucleon potential (MDI) is used [32,73],

U (ρ,δ, �p,τ ) = Au(x)
ρτ ′

ρ0
+ Al(x)

ρτ

ρ0

+B

(
ρ

ρ0

)σ

(1 − xδ2) − 8xτ
B

σ + 1

ρσ−1

ρσ
0

δρτ ′

+ 2Cτ,τ

ρ0

∫
d3 �p′ fτ (�r, �p′ )

1 + ( �p − �p′)2/	2

+ 2Cτ,τ ′

ρ0

∫
d3 �p′ fτ ′(�r, �p′ )

1 + ( �p − �p′)2/	2
, (5)

where ρ0 denotes saturation density, τ,τ ′ = 1/2(−1/2) for
neutron (proton) and δ is the isospin asymmetry of the system.
Different symmetry energy stiffness parameters x can be used
in the above single-nucleon potential 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 symmetry energy at normal density.
In this study, we choose x = 1 (default value) and −1 for the
soft and stiff symmetry energies. The corresponding density-
dependent symmetry energy is shown in Fig. 3. By design,
around the saturation density ρ0, the soft symmetry energy
has a small slope [L(ρ0) ≡ 3ρ0dEsym(ρ)/dρ] compared with
the stiff symmetry energy. The stability of initial nuclei when
HMT is incorporated was studied in Ref. [32] in the case
of distributing all nucleons in a share sphere. It was found
that about 5% and 3% nucleons are artificially emitted by
10 fm/c. In the present study using the SHF-predicted density
profiles for neutrons and protons, only nucleons in the interior

FIG. 3. The corresponding density-dependent symmetry energy
in Eq. (5). x = −1,1 are for the stiff and soft symmetry energies,
respectively.

have relatively high local Fermi momentum. We thus expect
to have less spurious nucleon emissions compared to that
found in Ref. [32]. As we are focusing on hard photons
mostly from the first chance neutron-proton scatterings, the
level of instability does not pose a serious problem. For
nucleon-nucleon collisions, the isospin-dependent reduced
nucleon-nucleon scattering cross sections in medium are used
[32,74].

In fact, hard photons in heavy-ion collisions at intermediate
energies have been studied in a number of previous works
[31,69,70,75–78]. For example, the TAPS Collaboration has
done a series of experiments investigating properties of
hot and dense matter using hard photons as messengers
[79–82]. Theoretically, it was concluded that neutron-proton
bremsstrahlungs in the early stage of the reaction are the
main source of high-energy photons [83,84]. It was also
demonstrated that hard-photon productions in heavy-ion col-
lisions can be used to probe the reaction dynamics leading
to the formation of dense matter [85–89]. Although the
elementary cross section for the pn → pnγ process used in
transport simulations is still model dependent [90–95], the
old experimental data can be described reasonably well [78]
by using the following parametrization for the probability of
hard-photon production based on the one boson exchange
model [69,70,93]:

pγ ≡ dN

dεγ

= 2.1 × 10−6 (1 − y2)α

y
. (6)

In the above, y = εγ /Emax, α = 0.7319–0.5898βi , εγ is the
energy of photon emitted, Emax is the energy available, and βi is
the initial velocity of the proton in the colliding proton-neutron
c.m. frame. The Pauli blockings of final-state nucleons in the
pn → pnγ process are also taken into account as in Ref. [88].

III. RESULTS AND DISCUSSION

We focus on investigating the interplay of SRC and
Esym(ρ) effects on hard-photon productions. Unless specified
otherwise, we shall present results obtained by using a 20%
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FIG. 4. (a) HMT effects on hard-photon productions in head-on
40Ca + 112Sn reactions at 45 MeV/nucleon with the default value
of x = 1. (b) The ratio of hard-photon spectra with the HMTs and
without HMT.

HMT fraction. Figure 4(a) shows effects of the HMT on the
hard-photon spectrum. It is clearly seen that, with the HMT,
there is a clear increase of hard-photon production. This is
because the hard photons, especially the most energetic ones,
are mainly from neutron-proton collisions with larger c.m.
energies involving nucleons from the two HMTs in the target
and the projectile. To demonstrate more quantitatively effects
of the HMT, we also did a calculation with a 10% HMT
fraction. From Fig. 4(b), it is seen that with the HMT halved,
the probability of producing photons with energies around
250 MeV is reduced by a factor of about 0.7. Similar results
are shown for the case with a larger impact parameter of
5 fm in Fig. 5. For photons with energies significantly less
than 250 MeV, they are from collisions involving nucleons
from either one HMT and one Fermi sea or two Fermi
seas. Comparing results in Figs. 4 and 5, it is seen that
hard-photon production in calculations including HMT effects
is very similar with impact parameters b = 0 and b = 5 fm.
Our results indicate that nucleon-nucleon collisions involving
HMT nucleons play a major role in producing hard photons
with energies above 50 MeV.

Next, we study the mass dependence of hard-photon
production by comparing results of reactions induced by three
Ca isotopes on the same 112Sn target at 45 MeV/nucleon with
impact parameters of 0 and 5 fm, in Figs. 6 and 7, respectively.
It is seen that the energy spectra of hard photons with different
Ca isotopes are quite similar at both impact parameters. One
can also examine the ratios of hard-photon spectra in reactions
induced by 56Ca, 48Ca over 40Ca. As expected, more photons

FIG. 5. Same as Fig. 4, but with an impact parameter of b = 5 fm.

are produced in the heavier and more neutron-rich reaction
in the whole energy range considered. More quantitatively,
in central collisions the hard-photon production with 48Ca
increases by a factor of about 1.125 compared to that using the
40Ca projectile, while with 56Ca the hard-photon production
increases by a factor of about 1.25. The greater production of
hard photons with increasing neutron number in the projectile
is simply attributable to the more abundant neutron-proton
collisions.

Because the study of nuclear symmetry energy is of
great importance in both nuclear physics and astrophysics,
significant efforts have been made by many people to constrain
its density dependence, which is still poorly known, especially
at suprasaturation densities. One of the major challenges is
that the symmetry energy term Esym(ρ)δ2 is relatively small
compared to the symmetric part of the EOS under conditions
reachable in terrestrial nuclear reactions. Generally speaking,
symmetry energy effects are thus all rather small. Moreover, if
one uses strong-interacting particles as messengers, the already
rather weak signal of symmetry energy may get distorted by
the FSI. Therefore, it is advantageous to have clean probes free
of the FSI. Indeed, it was first shown in Ref. [69] that the hard-
photon production in heavy-ion collisions is a promising one
in this respect. Moreover, it was found that the soft symmetry
energy leads to more hard-photon productions compared to the
stiff symmetry energy in heavy-ion reactions at beam energies
around 50 MeV/nucleon. However, the SRC effects were not
considered at the time. It is thus useful to know whether the
symmetry energy still affects the hard-photon production when
the SRC effects are also considered in the same calculation.
Moreover, at what level can one learn anything about either
or both the SRC and the Esym(ρ) if at all possible from
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FIG. 6. (a) Hard-photon productions in head-on collisions of Ca
isotopes on 112Sn target at 45 MeV/nucleon with the default value
of x = 1. (b) The ratio of hard-photon productions in reactions with
56,48Ca projectiles over that with 40Ca.

hard photons in heavy-ion reactions? Trying to answer these
questions, we show in Fig. 8 effects of the symmetry energy on
the ratio of hard photons in neutron-rich (48Ca + 124Sn) over
neutron-poor 40Ca + 112Sn reactions at an incident energy of
45 MeV/nucleon with a 20% HMT using the soft and stiff
Esym(ρ) functions, respectively. From Figs. 8(a) and 8(b) it
is clearly seen that the symmetry energy affects appreciably
hard-photon production in both the central and the peripheral
collisions. More quantitatively, about 5% more photons are
produced at 100 MeV with the soft symmetry energy compared
to that with the stiff Esym(ρ). This observation is qualitatively
consistent with that obtained in Refs. [69,96]. Moreover,
for peripheral collisions of neutron-rich systems, neutron
skins make the isospin asymmetry larger and the number of
neutron-proton collisions smaller, as well as the SRC weaker;
effects of the symmetry energy on photons are thus stronger.
Considering related studies in Ref. [69], in the present study,
the ratio of hard photons from the two reaction systems still
mainly probes the symmetry energy at densities above nuclear
saturation density. As we discussed earlier, energetic photons
are mostly from colliding neutrons and protons in the HMTs
(where the isospin asymmetry is approximately zero) in the
target and projectile. The Esym(ρ) has little effect on very
energetic photons. We thus show in Fig. 8 only the hard photons
with energies up to 100 MeV.

We now turn to the interplay between the SRC and Esym(ρ)
effects on hard photons. First of all, it is worth emphasizing
that effects of the Esym(ρ) on hard photons depend not only
on the system size but also on the exact fraction of nucleons

FIG. 7. Same as Fig. 6, but with an impact parameter of b = 5 fm.

in the HMT. This is because for specific colliding nuclei at a
given beam energy and impact parameter, different numbers
of neutron-proton pairs in the HMT would lead to different
isospin asymmetries below and above the Fermi momentum.
Because of the isospin- and momentum-dependent single-
nucleon potential, the variation of nucleon isospin-asymmetry
below and above the Fermi momentum then influences the
effects of the Esym(ρ) on the hard-photon spectra as we
analyzed above. However, as we have shown in Figs. 4
and 5, for hard photons with energies below about 150 MeV,
their yield ratio does not change much by varying the HMT
fraction from 10% to 20%. However, the ratio of hard photons
from calculations with as opposed to without the HMT ranges
from about 50% in the peripheral collision to a factor of 3
in head-on collisions. Thus, in the whole energy range of
photons, effects of the SRC overwhelm those owing to the
Esym(ρ). Moreover, for the most energetic photons, they are
all from the HMTs where the nucleon isospin-asymmetry is
about zero. Thus, the high-energy photons can be used to
probe properties of the HMT with little influence from the
Esym(ρ). As we discussed earlier, there are many interesting
issues regarding the size, shape, and isospin dependence of
the HMT. Our findings here indicate that the hard photons
from heavy-ion collisions provide a much more clean means
to probe the HMT free of the FSI of outgoing nucleons in
e-A and p-A reactions. Obviously, until the HMT is better
understood, it is practically impossible to constrain the Esym(ρ)
using hard photons from heavy-ion collisions. We notice that
the neutron-proton effective mass splitting associated with the
momentum-dependent isovector potential is another factor that
is still uncertain and may have some effects on hard-photon
production through both the elementary pn → pnγ cross
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FIG. 8. Effects of the symmetry energy on the ratio of hard-
photon productions in neutron-rich and neutron-deficient reactions at
a beam energy of 45 MeV/nucleon with different impact parameters.

section and the reaction dynamics. However, effects of the
former are largely canceled out in the ratios we examined in
this work, while effects of the neutron-proton effective mass
splitting on the reaction dynamics and observables are at most
at the same level as the Esym(ρ) [97]. We thus expect the SRC
effects to remain dominant on hard-photon production. Nev-
ertheless, because the elementary pn → pnγ cross section
is determined by the neutron-proton relative velocity, once
SRC effects are well understood or if one can find proper
observables in single reaction systems, it would be interesting
to investigate if photons can help us extract information about
nucleon effective masses in dense nuclear matter.

It is also worth noting that the ratio of energetic photons
from the neutron-rich system over neutron-deficient system
becomes appreciably larger with increasing impact parameter
as shown in Figs. 6, 7, and 8. This is mainly because we
are taking the ratios of two reactions with different masses.
At the same impact parameter, the participant region of the
lighter and neutron-poor system is smaller. Thus, as the impact
parameter increases from b = 0 to 5 fm, the yield of energetic
photons from the lighter neutron-deficient system decreases
more compared with that of the neutron-rich reaction studied,
leading to the higher ratios at b = 5 fm.

IV. SUMMARY

The new physics underlying both the short-range correla-
tions and symmetry energy in neutron-rich matter is funda-

mentally important for both nuclear physics and astrophysics.
The physics ingredients of the SRC and Esym(ρ) are actually
closely intercorrelated. Significant efforts have been made by
many people to probe both the SRC and the Esym(ρ) using vari-
ous theoretical approaches and experimental methods. Among
the promising probes known, hard photons from heavy-ion
collisions have the special advantages that it is basically free of
the final-state interactions that have been the major sources of
uncertainties in interpreting some experimental findings from
studying hadronic probes. However, so far, not much research
has been done about the interplay of the SRC and Esym(ρ)
effects on hard-photon productions in heavy-ion collisions
at low and intermediate energies neither experimentally nor
theoretically.

Motivated by the fundamental importance of understanding
better both the SRC and the Esym(ρ), as well as the strong
interest of some experimental groups to actually measure hard
photons, we investigated the interplay of the SRC and Esym(ρ)
effects on hard-photon spectra in collisions of several Ca
isotopes on 112Sn and 124Sn targets at a beam energy of 45
MeV/nucleon. We found that over the whole energy range of
hard photons considered, effects of the SRC overwhelm those
owing to the Esym(ρ). The energetic photons come mostly
from the high-momentum tails where the nucleon isospin-
asymmetry is zero within the neutron-proton dominance model
of SRCs. These high-energy photons are very sensitive to the
features of the high-momentum tails with little influence from
the Esym(ρ). Therefore, experimental measurements of the
energetic photons from heavy-ion collisions at Fermi energies
have the potential to help us better understand the nature of
SRCs. These measurements will be complementary to, but
also have some advantages over, the ongoing and planned ex-
periments using hadronic messengers from reactions induced
by high-energy electrons or protons. It is known that the SRC
reduces (enhances) the kinetic (potential) contribution to the
Esym(ρ) and also increase the isospin-quartic term in the EOS
of neutron-rich matter. The SRC also makes the Esym(ρ) more
concave around the saturation density of nuclear matter, thus
affecting the isospin dependence of nuclear incompressibility
currently being studied by measuring various giant resonances
along isotope chains. Thus, a better understanding of the SRC
will also improve our knowledge about the EOS, especially the
Esym(ρ) in neutron-rich matter. We are enthusiastically looking
forward to comparing our calculations with the forthcoming
experimental data.
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