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The short-range correlation induced by the tensor force in the isosinglet neutron-proton interaction channel
leads to a high-momentum tail (HMT) in the single-nucleon momentum distributions n(k) in nuclei. Owing
to the remaining uncertainties about the tensor force, the shape of the nucleon HMT may be significantly
different from the dilute interacting Fermi gas model prediction n(k) ~ 1/k* similar to the HMT in cold atoms
near the unitary limit. Within an isospin- and momentum-dependent Boltzmann-Uehling-Uhlenbeck transport
model incorporating approximately the nucleon HMT, we investigate hard photon emissions in '*N + '>C and
#8Ca 4 12*Sn reactions at beam energies around the Fermi energy. Imprints of different shapes of the HMT on the
energy spectrum, angular distribution, and transverse momentum spectrum of hard photons are studied. While
the angular distribution does not carry any information about the shape of the nucleon HMT, the energy spectra
and especially the midrapidity transverse momentum spectra of hard photons are found to bare strong imprints

of the shapes of nucleon HMTs in the two colliding nuclei.
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I. INTRODUCTION

The nucleon-nucleon short-range repulsive core (correla-
tions) and tensor force are known to lead to a high (low)
momentum tail (depletion) in the single-nucleon momentum
(k) distribution n(k) above (below) the nucleon Fermi mo-
mentum kg [1-5]. The study on the shape of the nucleon
high momentum tail (HMT) at k > kr has a long history,
see, e.g., Refs. [1,6-11]. The HMT can be derived by ex-
panding quantities of interest in a dilute interacting gas of
hard spheres in terms of the kr - @ where a is the scattering
length or hard-core radius. The asymptotic behavior of n(k)
at high momenta is generally related to the Fourier trans-
form Vyy(k) of the nucleon-nucleon (NN) interaction via
[12-15] n(k) — [k — oo][Vwn(k)/k*]?. Thus, by investigat-
ing the HMT of n(k) one may get invaluable information
about the still poorly known nuclear forces at short distances
especially the tensor force existing mostly in the isosinglet
neutron-proton interaction channel and the resulting nucleon-
nucleon short range correlation (SRC), see, e.g., Ref. [15] for
a historical review and Ref. [16] for a more recent review of
both theoretical and experimental investigations of the HMT
and SRC. Implications of the HMT and SRC on properties
of nuclear matter, such as the density dependence of nuclear
symmetry energy [17], can be found in the recent review
in Ref. [18], while their impacts on properties of neutron
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stars, such as the tidal deformation, cooling and mass-radius
correlation, can be found in Refs. [19-22]. Despite of the
impressive progresses in the field, many interesting questions
regarding the nature, size, range, and shape of the HMT and
SRC need to be more thoroughly studied. For example, within
the neutron-proton dominance model using a contact force,
the nucleon HMT naturally reduces asymptotically to the
n(k) ~ 1/k* as for the ultra cold atoms near the unitary limit
[23], and it is consistent with predictions of dilute Fermi gas
models [10,11,24]. On the other hand, there are indications
from both theories and experiments that the HMT may not
scale as n(k) ~ 1/k*. For example, earlier analyses of scaling
functions, e.g., y scaling and superscaling in the quasielastic
region of inclusive electron-nucleus scatterings [25], found
that the n(k) scales as n(k) ~ 1/k4+’” with m ~ 4-4.5 for
momenta k up to (1.59-1.97)kr with kr = 250 MeV/c. Dif-
ferent powers in the HMT mean different short range behavior
of nuclear forces. For example, the nuclear force from an
inverse Fourier transform for m = 4 and m = 5 behaves as
Vyn(r) ~ 1/r and Vyy(r) ~ (1/r)'/?, respectively. Therefore,
determining the shape of the HMT has important ramifications
for our understanding about the nature of strong interactions
at short distances.

It is well known that observables of heavy-ion collisions
from low to relativistic energies are sensitive to the initial
phase space distributions of nucleons or quarks and gluons
in the colliding nuclei. For examples, several observables in
ultrarelativistic heavy-ion collisions have been used or pro-
posed to probe the deformations and neutron skins of heavy
nuclei, see, e.g., Refs. [26-29]. It is also well known that
among all observables of heavy-ion reactions, photons are
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among the most clean and undistorted messengers of the
earlier stage of nuclear reactions because they only interact
with nuclear matter electromagnetically unlike hadrons which
suffer from strong final state interactions on their way to
the detector. While the electromagnetic field created during
heavy-ion collisions was recently found to affect appreciably
the collectivity of photons, its effects on the photon yields
and spectra are relatively small [30]. Moreover, hard pho-
tons (with energies above 30 MeV distinctly different from
photons emitted from giant dipole resonances [31]) from
heavy-ion collisions are known to be sensitive to the HMT
of single nucleon momentum distributions in the colliding
nuclei [32-35]. This is mainly because theoretical studies
have consistently indicated hard photons are emitted mainly
from incoherent proton-neutron bremsstrahlung p +n — p +
n + y processes, during the early stage of heavy-ion colli-
sions. Indeed, various theoretical studies incorporating this
hard photon production mechanism indicate that hard photons
are good probes of the nucleon momentum distributions in
the collision zone during the earlier stage of the reaction
[36-49]. In heavy-ion collisions at beam energies around
the Fermi energy, hard photons are mostly from the first
chance neutron-proton bremsstrahlungs. They are thus use-
ful for probing the initial HMT in the two colliding nuclei.
While it was speculated in earlier studies that the HMT
would be important for hard photon productions, it was not
considered until recently [50-52] thanks to the quantitative
information about the size and isospin dependence of the SRC
from the new electron-nucleus scattering experiments [16].
However, only the n(k) ~ 1/k* HMT was used in the studies
so far. Compared to ongoing and planned experiments using
electron/nucleon-nucleus scatterings to probe the nature of
SRC and the resulting HMT, heavy-ion collisions can use
constructively HMT effects in the two colliding nuclei, may
thus lead to enhanced SRC/HMT effects.

There are some interests to investigate effects of the shape
of the nucleon HMT on hard photon production in heavy-ion
reactions at Fermi energies [53,54]. Besides the theoreti-
cal importance of knowing the shape of the nucleon HMT
mentioned earlier, one of the goals of this work is to pro-
vide theoretical inputs and motivations for future heavy-ion
reaction experiments. Within an isospin- and momentum-
dependent Boltzmann-Uehling-Uhlenbeck (IBUUO0O4) trans-
port model [55-58] incorporating approximately the nucleon
HMT induced by the SRC in colliding nuclei [47,50-52],
we investigate hard photon emissions in N+ '2C and
#8Ca + !24Sn reactions around the Fermi energy. Effects of
different shapes of the HMT on the energy spectrum, angular
distribution and transverse momentum spectrum of hard pho-
tons are studied in **Ca + '**Sn at beam energies of E;, = 30,
45, and 60 MeV /nucleon. The transverse momentum spectra
of hard photons are found to be most sensitive to the shape
of HMT.

The rest of the paper is organized as follows. In the next
section, we shall summarize the most relevant components of
the IBUUO4 transport model for simulating heavy-ion reac-
tions at intermediate energies, the modeling of initial nucleon
momentum distributions with HMTs and the elementary cross
section for the p+n — p+n+ y process. We then study

effects of the HMT on the photon production dynamics, an-
gular and energy spectrum as well as the impact parameter
and beam energy dependence of hard photon production with
n(k) ~ 1/k*. We also try to get a felling about the reliability
of the model by comparing our calculations with the old and
minimum bias photon spectra from '*N + !2C reactions at
beam energies of £, = 20, 30, and 40 MeV /nucleon. After-
wards, we investigate effects of the shape of HMT on the
energy spectrum, angular, and transverse momentum distri-
butions of hard photons in **Ca + '>*Sn reactions at beam
energies of Ej, = 30, 45, and 60 MeV /nucleon using n(k) ~
1/k*, 1/k®, and 1/k°, respectively. Finally, we summarize our
main findings.

II. THEORETICAL FRAMEWORK

For completeness and ease of our discussions, we summa-
rize here the most relevant components of our approach. For
simulating the reaction dynamics, we use the updated IBUUO4
transport model incorporating approximately the HMT in the
colliding nuclei. Details of the IBUU0O4 transport model can
be found in Refs. [55-58] while the method used to incorpo-
rate the HMT can be found in Refs. [47,50-52].

The initial density distributions of nucleons in the projec-
tile and target are obtained from the Skyrme-Hartree-Fork
calculations with the Skyrme M* parameter set [59]. The
nucleon momentum distribution is modeled according to
[17,60,61]

_ ]G, k < kr,
(k) = {cz/k4+m, ke < k < Mkp, M

where kr is the Fermi momentum obtained from the local
density using the Thomas-Fermi approximation and A = 2 is
the high-momentum cutoff. The parameters C; and C, are
determined by the normalization condition of n(k) as well as
a specified fraction of neutrons and protons in their respective
HMTs. Here, 20% of total nucleons are distributed in the
HMT according to the experimental findings [62,63]. We also
adopt the n-p dominance model [63] where equal numbers
of neutrons and protons are required to be in the HMT. In
this model, the HMT and SRC are caused completely by the
tensor force between the isosinglet neutron-proton pairs. We
use m = 0, 2, and 5 to model different shapes of HMT. Shown
in Fig. 1(a) are the momentum distributions of neutrons and
protons in 35Ca with a HMT in the form of 1/k* For a
comparison, the nucleon momentum distributions using the
Thomas-Fermi approximation without considering the HMT
as one normally do in transport model simulations of heavy-
ion collisions are also shown. To illustrate the different HMT
shapes considered in this work, shown in Fig. 1(b) are the
momentum distributions of protons using n(k) ~ 1/k*, 1/kS,
and 1/k°, respectively. It is seen that the HMTs are different
mainly at k > 1.5 fm~! (corresponding to about 300 MeV /c
in momentum p).

In the IBUUO4 transport model, an isospin- and
momentum-dependent mean field single-nucleon potential is
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FIG. 1. Left: Nucleon momentum distributions n(k) in 3:Ca with
a HMT in the shape of n(k) ~ 1/k*. The distributions without the
HMT are also shown for a comparison. Right: Momentum distribu-
tions for protons with HMT in the form of n(k) ~ 1/k*, 1/k°, and
1/k°, respectively.

used [64], i.e.,
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where T = 1/2 (—1/2) for neutrons (protons), § = (p, —
0p)/(pn + pp) is the isospin asymmetry, and p,, p, denote
neutron and proton densities, respectively. Considering the
HMT, the parameters A,(x), A;(x), B, C;, C;.v o, and
A are readjusted by fitting empirical properties of nuclear
matte including the saturation density py = 0.16 fm~—>, the
binding energy Ey = —16MeV, the incompressibility Ky =
230 MeV, and the isoscalar effective mass M} = 0.7M, where
M is the average mass of nucleons in free space, see Ref. [61]
for more details. The f;(r, p) is the phase-space distribution
function of nucleons at coordinate r and momentum p. Dif-
ferent x parameters can be used to mimic different density
dependences of nuclear symmetry energy predicted by various
nuclear many-body theories without changing any property of
symmetric nuclear matter and the symmetry energy at normal
density pg [65]. In this work, we choose the symmetry energy
parameter x = 1 which is the original Gogny-Hartree-Fock
prediction [64]. For nucleon-nucleon scattering cross sections,
the isospin-dependent reduced in-medium nucleon-nucleon
cross sections [51,57,66] are adopted.

One critical input for calculating hard photon productions
perturbatively in heavy-ion reactions at intermediate energy

is the elementary cross section for the p+n — p+n+y
process [38,45,67,68]. This cross section is still somewhat
model dependent. It is partially responsible for the fact that
while the available experimental data [69—72] can be qualita-
tively well described by various transport models, some of the
models mentioned earlier can reproduce quantitatively very
well the data but others underpredicted the data by a factor
as large as 5. Nevertheless, there is a strong consensus that
the dominating mechanism for hard photon productions in
heavy-ion collisions at intermediate energies is the incoherent
neutron-proton bremsstrahlung [33]. Therefore, the focus of
our exploratory work here is more on finding out qualitatively
if any observables of hard photons may carry useful informa-
tion about the shapes of the HMT rather than using existing
data (actually not at high enough energy) to distinguish the
shapes of the HMT (will be the goal of future experiments).
Since only relative effects of the different shapes of the HMT
are important for the purposes of this study, the remaining
uncertainties and model dependences of the elementary cross
section for the p +n — p+ n + y process should not affect
our conclusions qualitatively. We thus adopt the following
probability of hard photon production from the neutral scalar
o meson exchange model [45]:

3

where y = E, /Enax, o = 0.7319 — 0.58988;, E, is the en-
ergy of the emitted photon, Ey,,y is the total energy available
in the proton-neutron center of mass (c.m.) system, while g;
is the nucleon initial velocity. In the IBUUO4 code, effects of
the Pauli blocking in the final state of the p+n — p+n+y
process are also taken into account as done in Ref. [39]. More-
over, photons are assumed to be emitted isotropically in the
proton-neutron c.m. frame. Therefore, one obtains the single
differential elementary production probability p, = ;TNY by
simply dividing the Eq. (3) by 4.

To avoid causing confusions, it is worth emphasizing sev-
eral physical and technical points of our approach: (1) All
nucleons including those in the HMT we distributed accord-
ing to the momentum distribution of Eq. (1) are on-shell as
guided by the derivations done using both the dilute interact-
ing Fermi gas model, see, e.g., Eq. (5.24) in Ref. [73] or the
last Eq. on p. 2 of Ref. [9] as well as the microscopic nuclear
many-body theories, see, e.g., Eq. (43) of Ref. [24] within
the self-consistent Greens functions approach or the Eq. (11)
in Ref. [74] within the extended Brueckner-Hartree-Fock ap-
proach. Such momentum distributions in nuclei have been
explored using several different probes including electrons,
photons, nucleons, and nuclei and the results are consistent,
see, e.g., examples given in Ref. [15]. (2) The photon pro-
duction in heavy-ion collisions is calculated perturbatively
by folding the time-dependent phase space distribution func-
tions of single neutrons and protons given by the IBUU0O4
transport model with the elementary hard-photon production
probability given above. As argued in several earlier papers,
see, e.g., Ref. [44], since the hard photon production is so rare
in heavy-ion reactions at Fermi energies and photons suffer
no final state strong interaction, a perturbative approach is
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FIG. 2. Time evolutions of the multiplicity (a) and production rates (b) of hard photons with an energy of E, = 50 MeV in head-on
collisions of **Ca 4 12*Sn at a beam energy of 45 MeV /nucleon with and without considering the HMT.

sufficient. As such, however, the total energy of the whole
reaction system is inherently not conserved as the nuclear
reaction dynamics is not affected by the photon emission.
(3) The IBUUO4 transport model we use here has no cluster
in the reaction process, there is thus no collision between
nucleons and clusters. All photons are only from incoherent
neutron-proton bremsstrahlungs. Moreover, the first collisions
among nucleons in the same nucleus are forbidden by design
to better satisfy the Pauli principle and keep the individual
nucleus stable. Thus, essentially all hard photons are from
collisions between protons (neutrons) from one nucleus with
neutrons (protons) in the other nucleus. (4) The cascade model
calculation in Ref. [36] indicates that while for low-energy
photons (<30 MeV) in reactions with heavy nuclei, there is a
clear collective quadrupole bremsstrahlung, for higher energy
photons or lighter nuclei, there is a large background coming
from the incoherent dipole component of the bremsstrahlung.
To our best knowledge, all available high-energy photon data
(=50MeV) from intermediate energy heavy-ion reactions
have been reasonably well explained using only the incoher-
ent n + p bremsstrahlung, see, e.g., the review in Ref. [33].
The incoherent n + p bremsstrahlung is the mechanism we
adopted in this work without considering any collective mech-
anism for the production of high energy photons. All of our
results to be presented next should be understood within this
context and with the cautions mentioned above.

II1I. RESULTS AND DISCUSSIONS
A. SRC effects on the production dynamics of hard photons

In Fig. 2, we show the time evolutions of the multiplicity
(a) and production rate (b) of hard photons with an energy
of E, = 50MeV in head-on collisions of **Ca+ '**Sn at a
beam energy of 45 MeV /nucleon with and without consid-
ering the HMT. Here, the 1/k* shape of HMT is used. It is
clearly seen that the HMT leads to an obvious increase of
both the production rate and final multiplicity of hard photons.
Without the HMT, the production of hard photons stopped
and the multiplicity saturated after about 40 fm/c. With the
HMT, however, the production lasts significantly longer and
produce more hard photons. This is what one expects as not
only collisions between two HMT nucleons from the target

and projectile, but also collisions involving one HMT nucleon
and one nucleon below the Fermi surface in either one of the
two colliding nuclei may be energetic enough to produce high
energy photons. It also takes more collisions to slow down
HMT nucleons, therefore not only the first chance but also
secondary or third collisions involving HMT nucleons may
contribute to the production of high energy photons.

Figure 3 shows the angular distributions of hard photons
with energy E, = 50 MeV in the c.m. frame of the colliding
nuclei at time ¢ = 10, 20, 30, and 40 fm/c in head-on colli-
sions of ¥Ca + '>*Sn at a beam energy of 45 MeV /nucleon.
It is interesting to see that while at the earlier stage of the
reaction around ¢ = 10 fm/c, the photon angular distribution
is almost isotropic, it gradually peaks around 6 = 90°. This
is due to the reaction dynamics. As mentioned earlier, the
elementary photon production cross section is isotropic in the
neutron-proton c.m. frame. The first chance neutron-proton
collisions are mostly those involving one nucleon from the
target and another from the projectile. Their centers of mass
are approximately at rest in the c.m. frame of the colliding
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FIG. 3. Angular distributions of hard photons of energy 50 MeV
in the c.m. frame of the two colliding nuclei at time ¢ = 10, 20, 30,
and 40 fm/c in head-on **Ca + '*Sn reactions at a beam energy of
E, = 45MeV /nucleon.
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FIG. 4. Time evolutions of transverse and longitudinal kinetic
energy of nucleons in head-on **Ca 4 '2*Sn reactions at a beam
energy of Ej, = 45 MeV /nucleon.

nuclei (similar to SRC neutron-proton pairs having a small
c.m momentum but a large relative momentum), therefore
the resulting photon angular distribution is approximately
isotropic in the c.m. frame of the colliding nuclei. However, as
the reaction evolves the nucleon momentum distribution gets
modified in a way that nucleons (thus neutron-proton c.m. mo-
menta) move preferentially vertical to the beam direction due
to the well-known transverse flow and/or squeeze-out phe-
nomena. Since some of these predominantly vertical moving
nucleons may be energetic enough to produce hard photons
(thus, the photon source directions), hard photons develop a
peak around 6 = 90°. This picture is more clearly seen by
examining the evolution of the nucleon kinetic energies in
the longitudinal and transverse directions in Fig. 4. It is seen
that the total transverse kinetic energy of nucleons increases
continuously up to bout 30 fm/c, while the longitudinal ki-
netic energy first increases for a short time due to the initial
attractive nuclear force then decreases continuously as ener-
gies are being transferred to the vertical direction. This is a
reflection of the nuclear stopping process and the development
of some collectivity in the transverse direction. Consequently,
collisions between nucleons moving in the vertical direction
increase gradually, leading eventually to more photon emis-
sions around 90 degrees in the c.m. frame of the two colliding
nuclei.

B. Impact parameter and beam energy dependence
of hard photon productions

In order to understand completely the dynamics of hard
photon productions in heavy-ion collisions, it is necessary to
study systematically the impact parameter and beam energy
dependences of hard photon productions. The results should
be particularly useful for planning future experiments [53].
For this purpose, shown in Fig. 5 is a comparison of the
single differential probability of hard photons with energies
between 50 and 250 MeV in head-on (b = 0 fm) and midcen-
tral (b = 5fm) collisions of **Ca+ '>*Sn at a beam energy
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FIG. 5. Comparison of angular distributions of hard photons with
energies between 50 and 250 MeV in the c.m. frame of the colliding
nuclei in the head-on (b = 0 fm) and midcentral (b = 5 fm) collisions
of ¥Ca + '24Sn with HMTs (~1/k*).

of E;, = 45MeV /nucleon with HMTs (~1 /k4). It is seen that
the single differential probability dN/d<2, in the head-on col-
lision is lager by a factor of about 1.5 at & = 90° compared to
the midcentral reaction with an impact parameter of » = 5 fm.
This is simply because of the more abundant proton-neutron
collisions in the head-on reaction.

Shown in Fig. 6 is the beam energy dependence of
hard photon productions. Here, the angular distributions
of the single differential probability of hard photons with
energies between 50 and 250 MeV in **Ca+ '?*Sn reac-
tions with HMTs (~1/k*) at beam energies of 30, 45, and
60 MeV /nucleon are compared. As expected, more photons
are produced in reactions at higher beam energies over the
whole angular range considered. More quantitatively, the sin-
gle differential probability at £, = 60 MeV /nucleon increases
by a factor of about 1.2 compared to E, = 45 MeV /nucleon,
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FIG. 6. Angular distributions of hard photons with energies be-
tween 50 and 250 MeV in the c.m. frame of the colliding nuclei with
HMTs (~1/k*) for head-on *8Ca 4 '**Sn reactions at beam energies
of 30, 45, and 60 MeV /nucleon, respectively.
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FIG. 7. Photon energy spectra from N+ !2C reactions at
a beam energy of E, =20 (blue), 30 (red), and 40 (black)
MeV /nucleon, respectively. The step lines in (a) are the results
without the HMT, while the step lines in (b) are results with the
HMT (~1/k*) in the IBUUO4 model. The solid symbols represent
the experimental data taken from Ref. [70].

and 1.6 to E, = 30MeV/nucleon at 6 = 90°. Apparently,
the higher beam energy makes the colliding nucleons more
energetic, leading to more emissions of hard photons from the
n+ p— n+ p-+ y processes.

C. Gauging the model with the old data

As mentioned earlier, there were some interesting data
of hard photons from intermediate energy heavy-ion reac-
tions in the earlier 1980s [69-72]. Although not all the data
are fully compatible, they stimulated many theoretical stud-
ies. Generally, the data can be understood qualitatively as
due to mainly p+n — p+n+y processes. The level of
quantitative agreements between model calculations and the
experimental data has been model dependent. While some
models can well reproduce the data, others miss significantly
both the multiplicities and the angular distributions of hard
photons.

As indicated earlier, while our main goal is not to
re-analyze quantitatively the old data but to study more qual-
itatively if the shapes of the HMT leave any imprint on any
observable of hard photons, it is interesting and useful to get
an orientation by comparing our model calculations with some
of the old experimental data. For this purpose, shown in Fig. 7
are comparisons of the calculated energy spectra of hard pho-
tons and the experimental data at 6., & 90° from Ref. [70] for
minimum bias '*N + '2C reactions at a beam energy of Ej, =
20 (blue), 30 (red), and 40 (black) MeV /nucleon, respectively.
The results calculated without considering the HMT are plot-
ted in panel (a) while those with the HMTs (~1/ k*) in panel
(b). The experimental energy spectrum shows an exponential
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FIG. 8. Angular distributions of photons with energies of 40 &= 3
(black), 60 &3 (red), and 80 £ 3 (blue) MeV, respectively, from
the minimum bias '“N + '2C reactions at a beam energy of E, =
40 MeV /nucleon in the laboratory frame. The lines with open mark-
ers in (a) are the results without considering the HMT, while the lines
with open markers in (b) are the results with HMTs in the IBUU04
model. The solid symbols represent the experimental data taken from
Ref. [70].

fall-off with increasing hard photon energies. Without the
HMT, the calculations underpredict significantly the yields
of hard photons at all beam energies considered. Apparently,
with the HMT, the calculations can better describe the data.
While the calculations with the HMT can not quantitatively
reproduce all spectra in the whole photon energy range, over-
all, the calculations with the HMT are much more closer to
the data compared to the ones without considering the HMT,
indicating that the latter plays a significant role.

Similar information about the importance of HMT can
be obtained from comparing the calculated and measured
angular distributions. Figure 8 shows the angular distribu-
tions of hard photons with energies of 40 & 3 (black), 60 &+ 3
(red), and 80 % 3 (blue) MeV, respectively, from the min-
imum bias '“N + '2C reaction at a beam energy of Ej, =
40 MeV /nucleon in the laboratory frame. The lines with open
markers in panel (a) are the results without the HMT, while
the lines with open markers in panel (b) are the results with
HMTs in the IBUUO4 model. The solid symbols represent
the experimental data taken from Ref. [70]. It is seen that the
angular distributions are all slightly forward peaked. This is
because for this approximately symmetric reaction, the c.m. of
the colliding nuclei is moving forward with a half of the beam
velocity. While the photon spectra peak around 90° in the c.m.
of the colliding nuclei, they become slightly forward peaked
in the laboratory frame. Comparing Figs. 8(a) and 8(b), we
can also see that our calculations are in better agreement
with the experimental data when the HMTs are considered.
Again, it indicates that the HMT plays an important role
in hard photon production in intermediate energy heavy-ion
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FIG. 9. Angular distributions of photons with energies of E, =
50, 100, 150, 200, and 250 MeV in the c.m. frame of the colliding
nuclei from the head-on **Ca + >*Sn reaction at a beam energy of
E, = 45MeV /nucleon with different HMT shapes.

collisions. Hence, the energy spectra and angular distributions
of hard photons may carry some useful information about the
shape of the HMTs in nucleon momentum distributions in the
colliding nuclei. All indications from the above comparisons
thus further call for a study about effects of different shapes
of HMT on the production of hard photons.

D. Probing the shape of HMT with the angular distribution,
energy and transverse momentum spectra of hard photons

We now turn to examine effects of different shapes of
HMT on hard photon production. Shown in Fig. 9 are the
angular distributions of photons with energies of E, = 50,
100, 150, 200, and 250 MeV in the c.m. frame of the collid-
ing nuclei from the head-on **Ca 4 '2#Sn reaction at a beam
energy of E, = 45MeV /nucleon with different HMT shapes.
Compared to the results without considering the HMT, while
the yields of hard photons obviously increases with all three
shapes n(k) ~ 1/k*, 1/k°, and 1/k° as one expects, the sym-
metric feature of the angular distribution remains the same.
This is understandable as in our model the angular distribution
depends only on the energy of the colliding neutron-proton
pairs according to Eq. (3). The shape of HMT has no effect
on the angular distributions of the produced photons. The
yields of high energy photons decreases exponentially with
increasing photon energy as expected and this feature is con-
sistent with the findings in Refs. [39,42,50]. Therefore, we can
conclude that the angular distributions of hard photons will
not help probe the shapes of HMTs in the colliding nuclei.

Next we examine the energy spectra of hard photons. Since
hard photons are most abundant around 6 = 90° in the c.m.
frame of colliding nuclei as shown above, we thus further
study the energy spectra of these hard photons near 90°.
Shown in Fig. 10 are the energy spectra of hard photons
emitted within the polar angle range of 85° < 6 < 95° in
the head-on **Ca 4 '?*Sn reactions at a beam energy of 45
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FIG. 10. Effects of different shapes of HMT on the energy spec-
trum of hard photons emitted within the polar angular range of
85° < 0 < 95° in the c.m frame of the head-on **Ca + '>*Sn reaction
with a beam energy of 45 MeV /nucleon.

MeV /nucleon. Effects of different shapes of HMT on the hard
photon energy spectra are appreciable. Moreover, there is a
clear indication that the HMT shape effect becomes more evi-
dent for more energetic photons. This is because photons with
less energies originate mainly from collisions of nucleons
from either one HMT and one Fermi sea or two Fermi seas.
While the more energetic hard photons are from collisions of
two nucleons both from the HMTs of the target and projectile.
They are thus more sensitive to the shapes of the HMT.

As discussed earlier, the development of the peak around
6 = 90° in the photon angular distribution in the c.m. frame
of colliding nuclei is associated with the transfer of nucleon
momentum from the beam direction to the transverse direction
as the reaction proceeds. It is thus interesting to examine
how the hard photon transverse momentum distribution may
depend on the shape of the HMT. Shown in Fig. 11 are the
transverse momentum distributions of the hard photons spec-
tra, dN/p,;dp, versus p, (p; =~ pi + pg) in the midrapidity
region of —0.4 < yp < 0.4 (o = ¥/Ybeam 18 the ratio of parti-
cle rapidity y over beam rapidity ypeam in the c.m. frame of the
colliding nuclei), for head-on collisions of “*Ca + '**Sn at a
beam energy of E, = 45MeV /nucleon with different shapes
of the nucleon HMT. It is seen that the spectra show typical ex-
ponential shapes for p, > 50 MeV/c with all three shapes of
the HMT considered. Interestingly, effects of the HMT on the
transverse momentum spectrum are more obvious compared
to the HMT effects on the energy spectrum shown in Fig. 10.
Moreover, the shape of the HMT has a more clear imprint on
the transverse momentum spectrum of hard photons, making
the latter a more useful observable for investigating the shape
of the nucleon HMT.

IV. SUMMARY

In summary, motivated by the impressive recent progress
in exploring the nature of nucleon SRC in nuclei using

034603-7



WEN-MEI GUO, BAO-AN LI, AND GAO-CHAN YONG

PHYSICAL REVIEW C 104, 034603 (2021)

:o
>
[0
2
o
ie)
<)
z 107 E =50~250 MeV e - . ]
Eb=45 MeV/nucleon, Leem-- 3
“Ca+'*'Sn, b=0 fm, |y,|<0.4,
10'15 A 1 A 1 A 1 A 1 A 1 A 1 A
60 80 100 120 140 160 180 200
p, (MeVic)

FIG. 11. The transverse momentum dependence of hard photon
spectra in the midrapidity region of —0.4 < yo < 0.4 in the head-on
reaction of ¥Ca + 2*Sn at a beam energy of E, = 45 MeV /nucleon
with different shapes of HMT.

electron/nucleon-nucleus scatterings and the emerging inter-
est to further explore the shape of the nucleon HMT caused by
the SRC, we studied effects of nucleon HMT on hard photon
productions in heavy-ion reactions at beam energies around
the Fermi energy. Our main goal is to look for imprints of
the different shapes of the HMT on experimental observables
of hard photons. The shape of the nucleon HMT is directly re-
lated to the poorly known properties of the short-range nuclear
forces. It has important ramifications in both nuclear physics
and astrophysics.

Within the IBUUO4 transport model incorporating approx-
imately the nucleon HMT induced by the SRC in colliding
nuclei, we investigated hard photon emissions in N + '2C
and “8Ca + '*Sn reactions. Effects of different shapes of
the HMT on the energy spectrum, angular distribution, and
transverse momentum spectrum of hard photons were studied.
While the angular distribution does not carry any information
about the shape of the HMT, the energy spectra and especially
the midrapidity transverse momentum spectra of hard photons
are found to bare strong imprints of the shapes of HMTs in the
two colliding nuclei. This information is expected to be useful
for planning future experiments. We notice that the yields of
very high energy photons from heavy-ion collisions around
the Fermi energy are very low. Thus, the experiments might
be very challenging, but we assume they are not more difficult
than measuring gravitational waves from occasional collisions
of two neutron stars somewhere in space.
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