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Direct hard photon emissions from incoherent proton-neutron bremsstrahlung in collisions of the neutron-rich
projectile *°Ca with '2C and *°Ca targets are simulated in the framework of the isospin-dependent quantum
molecular dynamics (IQMD) model. By adjusting the diffuseness parameter of neutron density in the droplet
model to obtain different neutron skin thicknesses for °Ca, the effects of neutron skin thickness on direct
hard photon emission are investigated via several probes. The results show that more direct hard photons are
produced with increasing neutron skin thickness in peripheral collisions. Meanwhile, we find that the multiplicity

yield ratio R.,(0, ) between central collisions and peripheral collisions as well as the rapidity dependence of
multiplicity for direct hard photons are sensitive to neutron skin thickness. The results indicate that direct hard
photon emission can be taken as an experimental observable to extract information on neutron skin thickness.
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I. INTRODUCTION

The neutron skin of a nucleus, an important fundamental
property, has attracted much attention in low-intermediate en-
ergy heavy-ion physics and nuclear astrophysics [1-5]. Very
recently the significance of the neutron skin was also recog-
nized in the relativistic heavy-ion collision community [6-9].
The neutron skin is usually defined as the difference between
the root-mean-squared (rms) radii of neutrons and protons,
ie., 8y = (r,%)l/2 — (rﬁ)l/z, and its formation in a nucleus
depends on the balance between the inward pressure of the
surface tension on excess neutrons on the edge of the nucleus
and outward degeneracy pressure from excess neutrons within
the core of the nucleus. Physically, it is closely related to
the nuclear equation of state (EOS), especially for the sym-
metry energy [Egym(p)] term [4,10-12]. A large amount of
theoretical studies based on mean-field theories [12—-14] and
droplet-type models [15,16] have pointed out that the neutron
skin thicknesses of neutron-rich nuclei correlates linearly with
slope parameter of Egyp, () at saturation density. Great efforts
using different experimental probes, including proton elastic
scattering [17], x-ray emission from antiprotonic atoms [18],
parity-violating electron scattering [19], isovector spin-dipole
resonances [20], and pygmy dipole resonances [21], to mea-
sure the neutron skin of a neutron-rich nucleus have been
done. Therefore, to extract the information of neutron skin
thickness with higher accuracy is of crucial importance for
enriching our knowledge of neutron-rich matter and explor-
ing the EOS to a higher nucleon density, which helps us to
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understand many important properties of compressed nuclear
matter and even of neutron stars.

Experimentally, proton rms radius can be probed to a very
high accuracy with electromagnetic interaction [22]. In con-
trast, it is considerably difficult to perform measurements of
the neutron (weak charge) density distribution with enough
precision and to make detailed comparison with that of pro-
tons [23,24]. Recent high-precision measurements of neutron
skin thickness for 2°Pb by the PREX experiment [25,26] and
“8Ca by the CREX experiment [27] make it possible to carry
out a precise measurement of the neutron radius. But one-part-
per-million parity-violating asymmetry hinders the precise
measurement of the neutron radius for short-lived isotopes
[28]. Therefore, more indirect experimental observables that
are sensitive to neutron skin thickness are still very welcome.

Using the isospin-dependent quantum molecular dynamics
(IQMD) model with the different neutron and proton density
distributions in the phase-space initialization, Refs. [29,30]
proposed that the yield ratios of neutron to proton [R(n/p)]
can be taken as an experimental observable to extract the
neutron skin thickness. Then Ref. [31] indicated that the yield
ratios of *H to *He [R(¢/>He)] could be treated as another
possible experimental observable to extract the proton skin
thickness. Recently, Refs. [32,33] have also supported that
the two above probes are sensitive to neutron skin thick-
ness. Additionally, it was proposed to extract the proton rms
radii R, [34] and then deduce the neutron skin from charge-
changing cross sections [35]. Moreover, Ref. [36] pointed out
that both the isoscaling parameter o and the mean value of
N/Z [N (Z) is neutron (proton) number] of projectile-like
fragments (PLFs) have a linear dependence on neutron skin
thickness. However, compared to nucleons, light fragments,
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and PLFs produced in the reaction, hard photons have a
considerable advantage since they are not being disturbed by
the final-state interactions. Therefore, hard photons provide a
clean probe of the reaction dynamics and deliver an unper-
turbed picture of the emitting source [37-44].

Pioneering experimental works [45,46] extended the in-
tensity interferometry method to hard photons in heavy-ion
collisions at intermediate energies and it was clearly found in
a model independent way that the hard photons come from
a very small and transient sources [46], whose space-time
characteristic is consistent with the incoherent first-channel
nucleon-nucleon collisions in the projectile-target overlap
zone. So far, many experimental [47-52] and theoretical
[53-60] works have been done to understand the hard photon
production mechanism in heavy-ion collisions. Nice reviews
of hard-photon production are given by Refs. [61,62], where
energetic particles as probes of the first stage of the reaction
are deeply discussed. Based on these studies, it has been
pointed out that hard photons are emitted from two distinct
sources, i.e., direct hard photon and thermal hard photon
sources, in space and time according to experimental evidence
and Boltzmann-Uehling-Ulenbeck model calculations [63].
Direct hard photons stem from the first compression phase
in the early stage of the reaction, which accounts for the
dominant contribution. Thermal photons are produced from
a thermalized source during the later stage of the reaction.

In the present work, the IQMD model takes into account
the in-medium effects by introducing the in-medium nucleon-
nucleon cross section in the process of two-body collisions.
A channel of incoherent proton-neutron bremsstrahlung col-
lisions is embedded into the model. In recent calculations,
we performed a comparison with experimental data and con-
firmed reliability of the method and model [64]. Moreover,
considering that direct hard photons originating from the ear-
lier stage of the reaction may retain some evidence of the
initial projectile, here we shall focus on the effects of neutron
skin thickness on direct hard photons emission from a reaction
induced by the neutron-rich projectile *°Ca.

The paper is arranged as follows: In Sec. II, a brief re-
view of the IQMD model and the formula of hard photon
production probability are given. Results and discussion are
described in Sec. III, where the sensitivities of several probes
of neutron skin thickness are checked and discussed via direct
hard photons, including yield and yield ratio, and rapidity
dependence of the multiplicity of direct hard photons. Finally,
Sec. IV gives a summary.

II. MODEL AND FORMALISM
A. Brief review of the IQMD model

The isospin-dependent quantum molecular dynamics
model is a many-body theory which was developed from
the standard QMD model by introducing isospin degrees of
freedom into three components of the dynamics in heavy-ion
collisions at intermediate energy, namely, the mean field, two-
body collisions, and Pauli blocking [29,31-33,36,65-72]. In
the model, each nucleon state is represented by a Gaussian
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FIG. 1. The proton and neutron density distributions of °Ca
computed from the droplet model. The correlation between §,,, and
f, of 3°Ca is in the inset plot.

wave function with width L = 2.16 fm?2,
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where R; and P; are the centers of position and momentum of
the ith wave packet, respectively. For a N-nucleon system, the
total wave function ®(r,7) that evolves with time ¢ is given
by a direct product of these nucleons’ wave functions,

N
o(r,0) =[x, 0). )

In the phase space initialization of the projectile and tar-
get in the present IQMD model, the density distributions of
protons and neutrons are distinguished from each other. The
proton and neutron density distributions for the initial projec-
tile and target nuclei are taken from the droplet model. By
adjusting the diffuseness parameter of neutron density in the
droplet model for the projectile, we can get different skin size
in density distributions [29,31,36,73],

p?

—_— i=n,p, 3)
1 +exp ( f;-r,./ile)

oi(r) =

where p? is the normalization constant which can ensure that
the integration of the density distribution is equal to the num-
ber of protons (i = p) or neutrons (i = n), C; is half the density
radius of the proton or neutron density distribution, and f; is
introduced to adjust the diffuseness parameter 7;. More details
can be found in Refs. [29-31,36,74]. In this work, f, = 1.0 is
used in Eq. (3) for the proton density distribution, while we
take f, = 1.0, 1.2, 1.4, 1.6 in Eq. (3) for the neutron density
distributions in order to obtain different values of §,,. In
Fig. 1, we plot the proton and neutron density distributions of
30Ca computed from the droplet model. The related §,, p» values
of *°Ca are also included in the inset. It can be found that,
with the increase of f;;, the neutron density distribution is more
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extended. Using these density distributions, the initial coordi-
nates of nucleons in projectile and target nuclei are sampled
via the Monte Carlo method. After IQMD initialization, the
candidates of projectile and target nuclei are strictly selected
by checking the stability of the sampled nuclei in the mean
field.

Two-body collision as one of three important components
in intermediate-energy heavy-ion collisions; it is well known
that in-medium effects cannot be ignored in this process, espe-
cially in the Fermi-energy range [69,70,75,76]. To date, there
are several available forms of the in-medium nucleon-nucleon
cross section (in-medium NNCS) [77-79]. In the IQMD cal-
culations, we take the screened cross section as the in-medium
NNCS instead of the free nucleon-nucleon cross section (free
NNCS) parametrized from experimental measurements [80].
The formula is derived from the geometric reasoning that the
geometric cross section radius cannot exceed the interparticle
distance [78,79],

o™ = o tanh (o)s /00), )
oo =yp *?, y=0.85. ©)

Here p denotes the single-particle density. It can be seen that
ginmedium jg girongly dependent on the density of the scat-
tered nucleons. In Ref. [64], the hard photon energy spectra
from our calculations are compared with the experimental
data, which indicates that the calculated results employing
in-medium NNCS in the IQMD model are in good agreement
with experimental results.

Considering that the procedure of Pauli blocking is another
important component in intermediate-energy heavy-ion colli-
sions and the Pauli blocking effects in most QMD versions
underestimate the blocking probability due to the fluctuations
[81], we performed some box calculations and confirmed that
the Pauli blocking code in the present IQMD model is reason-
able in our recent article [64].

B. Hard photon production probability

Hard photons in intermediate-energy heavy-ion col-
lisions mainly originate from incoherent proton-neutron
bremsstrahlung, i.e., p+n— p+n+y. The elementary
double-differential hard-photon production probability in the
nucleon-nucleon center-of-mass frame employs the hard-
sphere collision limit from Ref. [82] and is modified in
Ref. [59] for energy conservation,

d*pP ez 1
dE,dQ, 1272E,

(287 +3sin’ 6, 87), (6)

where «. is the fine structure constant, E,, is the energy of the
emitted photon, B; and B, are the initial and final velocities of
the proton, and 6, is the angle between the momenta of the
incident proton and the emitted photon.

III. RESULTS AND DISCUSSION

In the present work, the collisions of *°Ca and *°Ca pro-
jectiles with “°Ca and '?C targets, respectively, at incident
energies (Eiy) from 40 to 150 MeV /nucleon are simulated in
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FIG. 2. Total yield of direct hard photons from peripheral colli-
sions of *°Ca and “°Ca projectiles with '2C (a) and “Ca (b) targets
as a function of incident energy. Different lines correspond to the
different neutron-skin thicknesses of the **Ca projectile.

the framework of the IQMD model with the in-medium NNCS
in the process of two-body collisions. To investigate the
neutron skin effects on hard photon emission in intermediate-
energy heavy-ion collisions, we only focus on the central
and peripheral collisions. For central collisions, the collision
centrality takes 0%—10% and peripheral collisions correspond
to 80%—100% centrality. Here, the centrality is defined by
'OO’”’Z, where b denotes impact parameter and bp,x is the

b
summation of the radii of projectile and target nuclei. The
direct hard photons which are emitted from incoherent proton-
neutron bremsstrahlung at the earlier stage of the heavy-ion
reaction should be more sensitive to the neutron skin thickness
than thermal hard photons. That is the reason why we only
check the effects of neutron skin thickness on the direct hard
photon emission in this article. It is important to note that the
time evolution of the dynamical process in our calculation is
simulated until 100 fm/c, which is the separation time (#)
between direct hard photons and thermal hard photons based
on our recent work [64,69].

A. Yield and yield ratio of direct hard photons

Figure 2 first plots the incident energy dependence of the
direct hard photon yields considering the full rapidity range
covered in peripheral collisions of “°Ca and ’Ca projec-
tiles with '>C and “°Ca targets, respectively. It can be seen
that there are more direct hard photons produced with the
increase of Ej; from 40 to 150 MeV /nucleon. The result
is consistent with that in Ref. [64]. A comparison between
reactions induced by *°Ca and °Ca with f, = 1.0 shows
that more direct hard photons are emitted from the reaction
with increasing neutron excess of the projectile. Moreover,
we perform a comparison with the total yield of direct hard
photons produced from the reactions induced by ’Ca with
different f,, which corresponds to different values of neu-
tron skin thickness. With increasing neutron skin thickness,
the total yield of direct hard photons will also increase for
Eiy larger than 100 MeV /nucleon. It indicates that a larger
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FIG. 3. Yield ratios of direct hard photons from two similar re-
actions for centrality 80%—-100% as a function of incident energy
[(a) and (b)] and neutron skin thickness [(c) and (d)].

neutron skin thickness can enhance the opportunity of inco-
herent proton-neutron bremsstrahlung in peripheral collisions
so that more direct hard photons are produced, which is in
accordance with the results in Ref. [83].

In order to cancel out the systematic errors to some extent,
we define the yield ratios of direct hard photons from two
similar reactions to probe the neutron skin thickness by

50 12
o,("Ca+"C)
R50Ca+‘2C/4OCa+‘2C(Gy) = —o'y(40Ca—|— lzc), (7)
50 40
0, ("Ca+""Ca)
Rsocayi0cacatioca(0y) = m, (3)

which was also proposed in Ref. [84]. Note that the reactions
of ¥*Ca+'2C and *°Ca+*Ca are used as referential reac-
tions. Based on Eqs. (7) and (8), the yield ratios of direct hard
photons emitted from the two similar peripheral collisions
as a function of incident energy and neutron skin thickness,
resepctively, are shown in Fig. 3. Comparing with the calcu-
lated results from the reactions induced by the neutron-rich
projectile 0Ca with different f» in Figs. 3(a) and 3(b), we
see that the value of the yield ratio generally keeps rising
with f,, changing from 1.0 to 1.6 when Ej,, is larger than 100
MeV /nucleon, especially for 0Ca + 12C collisions. However,
there appears an interesting phenomenon in the *°Ca +“’Ca
collisions, i.e., the incident energy dependence of yield ra-
tio between f,, = 1.2 and f, = 1.4 has an inversion at about
Eine = 140 MeV/nucleon. The sensitivity of yield ratio to
neutron skin size is reduced, probably by a mixing of dif-
ferent sources and mechanisms at higher incident energies,
which can be disentangled with rapidity dependent analyses
shown in Sec. III B. Furthermore, the neutron skin thickness
dependence of the yield ratio from two similar reactions for
centrality 80%—-100% can be observed clearly in Figs. 3(c)
and 3(d). The yield ratios of direct hard photons from two
similar reactions show a monotonic increase tendency with
the increasing the neutron skin thickness of 0Ca when Eine
is about 120 MeV /nucleon. It indicates that the yield ratio of
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FIG. 4. Yield ratios of direct hard photons from central and
peripheral collisions in the same reaction systems of *°Ca+'2C
[(a) and (c)] and *°Ca + “°Ca [(b) and (d)] as a function of incident
energy [(a) and (b)] and neutron skin thickness [(c) and (d)].

direct hard photons is sensitive to neutron skin thickness at an
incident energy of about 120 MeV /nucleon.

Similarly to the yield ratio of direct hard photons from the
two similar reactions, we also check the effect of neutron skin
thickness on direct hard photon production using the yield
ratio of direct hard photons from the central and peripheral
collisions in the same reaction system by the following for-
mula:

o, (central coll.)
ch(o'y) = L

o, (peripheral coll.)’ ©)
In the above equation, the numerator is evaluated for 0%—10%
centrality and the denominator is computed for 80%—100%
centrality in our calculations. The incident energy and neu-
tron skin thickness dependence of R, in Ca +?C and
Ca +%Ca collisions is shown in Fig. 4. It is clear that
the value of R., has a tendency to decrease with increasing
fn except at lower incident energy because more direct hard
photons are emitted from the peripheral collision induced by
0Ca with a larger neutron skin size. Meanwhile, we find that
the R, of direct hard photons originating from Oca+"2¢
collisions is more sensitive to neutron skin thickness.

B. Rapidity dependence of the direct hard photon multiplicity

Based on the discussion in Sec. III A, the energy of about
120 MeV /nucleon for incident nucleus *°Ca is a good reaction
condition to probe the neutron skin effect on direct hard pho-
ton production. So Fig. 5 only shows the rapidity distributions
of the multiplicity of direct hard photons in collisions of *’Ca
projectiles with '2C and *°Ca at an incident energy of 120
MeV /nucleon and for centrality 80%—100%. We find that
the rapidity distributions of the multiplicity for direct hard
photons are appreciably sensitive to the neutron skin thick-
ness. Meanwhile, we find that the multiplicities of direct hard
photon show an increasing trend with the increase of neutron
skin thickness of the neutron-rich projectile *°Ca, especially
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FIG. 5. Multiplicity of direct hard photons as a function of
the reduced c.m. rapidity in the reactions of *°Ca+ '>C (a) and
0Ca 4 *Ca (b) for centrality 80%-100% and at a beam energy of
120 MeV /nucleon. Different lines correspond to *°Ca projectiles
with different f,,.

at midrapidity from the participant region. The results also
confirm that there are more direct hard photons emitted from
the peripheral collisions induced by a projectile with a larger
neutron skin size.

To cancel out the errors inside the reaction systems, we also
employ the multiplicity ratio of direct hard photons emitted
from central and peripheral collisions in the same reaction
system, which reads

dNy /d(y/Ybeam )e.m.(central coll.)
dN, /d(y/Ybeam )e.m.(peripheral coll.) ’

where the collision centrality in the numerator and denomina-
tor is the same as that in Eq. (9). Figure 6 shows the calculated
results from the reactions of >°Ca + '>C and *°Ca +*°Ca. We
see that the values of multiplicity ratio tend to decrease with
increasing f,, indicating that the ratio is also greatly sensitive
to the neutron skin thickness. Here it is noted that R.,(N, ) for
two systems behave differently as a function of reduced rapid-
ity, which is because the reaction system °Ca + *°Ca is much

ch(Ny) = (10)

—
[ (@ *Cat?C@120MeV/nucleon | 18 |- (b) **Ca+*Ca@120MeV/nucleon
—*ca(t=1.0) | b
—-=Yca(t=1.2) 1
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--------- Ca(f,=1.4) |
- = "ca(t-1.6) {
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FIG. 6. The ratio of direct hard photon multiplicity from central
and peripheral collisions in the same reaction systems of **Ca 4+ '2C
(a) and *°Ca+*°Ca (b) as a function of the reduced c.m. rapidity.
Different lines correspond to *°Ca projectiles with different f,.

more symmetric than 0Ca + 12, and we then see a peak of
R.p(N,) around y/ypeam = 0 for 0Ca 4+ “°Ca. However, the
peak of the rapidity dependence of R.,(N,) in *Ca+'2C
collisions appears at a larger negative y/ypeam near the target
nucleus side.

In the present work, we clearly find that the rapidity
distributions of both multiplicity and multiplicity ratio of di-
rect hard photons emitted from the peripheral collisions, i.e.,
dN, /d(y/Ybeam)e.m. and R, (N, ), are sensitive to the neutron
skin thickness of projectile nucleus *°Ca. Considering that the
density slope parameter L(p) of the nuclear symmetry energy
Egym(p) exhibits a particularly strong positive correlation with
the neutron skin thickness of heavy nuclei [12], it indicates
that direct hard photons may be also a good probe of L(p).
For the sensitivities of photon production to the compress-
ibility and symmetry potentials, Ma et al. have investigated
them for inclusive events covering all collision centralities
in the framework of the Blotzmann-Uehling-Ulenbeck model
and found that direct hard photon production weakly de-
pends on the EOS and symmetry energy since direct hard
photons are produced in the early stage of collisions so that
they do not have enough time to feel the EOS influence
[39]. Actually, photon production dynamics is dominated by
nucleon-nucleon collisions rather than the nuclear mean field,
and effects of the symmetry energy on photons are then ex-
pected to become smaller. However, using the ratio of hard
photon spectra from two reactions of isotopes, they found
that the ratio seems sensitive to the symmetry energy in a
previous study [84]. In the present work, we only focus on
the peripheral collisions to explore the neutron skin thickness
effects on direct hard photon emission. The dependence of
direct hard photons produced from the peripheral collisions
on the EOS and symmetry energy could be stronger than that
from inclusive events, which need to be further studied in the
near future.

From the experimental viewpoint, hard photons induced by
neutron-rich projectiles can be measured by radioactive ion
beam facilities such as RIBF at RIKEN, FRIB at MSU, as
well as HIAF at Huizhou [85,86] in the near future, which
can access neutron-rich nuclei in the middle and heavy mass
region with enough beam intensity. This kind of experiment
can be integrated with experiments that aim to study the prop-
erties of radioactive nuclei and share beam time because the
detectors for hard photons do not need to work in vacuum,
and can be arranged outside the reaction target chamber. The
forward emission of hard photons in the laboratory system can
reduce the requirements for detector solid angle coverage.

IV. SUMMARY

In summary, we have carried out a systematic study of
the effects of neutron skin thickness on direct hard photon
emissions from the reactions of *°Ca + '?C and °Ca +*Ca
in the framework of the IQMD model. By adjusting the dif-
fuseness parameter of neutron density in the droplet model
for the projectile *°Ca to obtain different neutron skin thick-
nesses, the sensitivities of several observable to neutron skin
size are explored. We find that the yield ratio of direct hard
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photons between central and peripheral collisions in the same
reaction system, i.e., R.,(0, ), are more sensitive to neutron
skin thickness than the yield o, and yield ratio between two
similar reactions. We also study on the rapidity distribution of
multiplicity &, and multiplicity ratio R.,(N, ) of direct hard
photons, and discover that both probes display appreciable
sensitivity to neutron skin thickness. Meanwhile, we find that
there are more direct hard photons produced with the increase
of neutron skin thickness in peripheral collisions. These re-
sults indicate that direct hard photons can be treated as an
experimental observable to extract information on neutron
skin thickness.

Finally, we point out that we have not considered the
effects of the o clustering structure of '>C on hard photon
emission in this work, which could play an additional role as
shown in the framework of an extended quantum molecular

dynamics model by Shi and Ma [44], where they found that
collective flows of direct photons are sensitive to the initial
a clustering configuration. A future work in this direction
deserves consideration.
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