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Proton-neutron, neutron-neutron, and proton-proton momentum-correlation functions (Cp,, C,,, and C,,)
are systematically investigated for '*C and other C-isotope-induced collisions at different entrance channel
conditions within the framework of the isospin-dependent quantum-molecular-dynamics model complemented
by the correlation after burner (CRAB) computation code. '’C is a prime exotic nucleus candidate due to the
weakly bound valence neutron coupling with closed-neutron-shell nucleus '*C. To study density dependence
of the correlation function by removing the isospin effect, the initialized '*C projectiles are sampled from two
kinds of density distribution from the relativistic mean-field (RMF) model in which the valence neutron of '3C
is populated in both 1d5/2 and 2s1/2 states, respectively. The results show that the density distributions of
the valence neutron significantly influence the nucleon-nucleon momentum-correlation function at large impact
parameters and high incident energies. The extended density distribution of the valence neutron largely weakens
the strength of the correlation function. The size of the emission source is extracted by fitting the correlation
function by using the Gaussian source method. The emission source size as well as the size of the final-state
phase space are larger for projectile samplings from more extended density distributions of the valence neutron,
which corresponds to the 2s1/2 state in the RMF model. Therefore, the nucleon-nucleon momentum-correlation
function can be considered as a potentially valuable tool to diagnose exotic nuclear structures, such as the skin

and halo.
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I. INTRODUCTION

The intensity interferometry method, developed by Han-
bury Brown and Twiss (HBT) in the 1950s [1], was originally
used to measure astronomical objects, such as the angular
diameter of stars. The method was later introduced into sub-
atomic physics by Goldhaber et al., who extracted the spatial
extent of an annihilation fireball in proton-antiproton reactions
by two-pion correlations [2]. Then, the method was widely
applied in exploring the nuclear reactions from low energy
to relativistic energy [3—10]. Recently, it has been extended
to other fields, for instance, the analogous correlations that
describe the fermionic statics of elections [11,12].

In heavy-ion collisions (HICs) at intermediate energy,
the HBT method is widely used to extract the space-time
properties, such as the source size and emission time of
fragments by two-particle correlation functions [13,14]. The
dependences of the momentum-correlation function on the
impact parameter [15,16], the total momentum of nucleon
pairs [16,17], the isospin of the emitting source [18], the
nuclear symmetry energy [19], and the nuclear equation of
state (EOS) [16] are also explored by experiment and theory.

Besides the applications of two-particle momentum-
correlation functions to investigate the heavy-ion collision
process, the HBT method is also extended to study the exotic
structure of nuclei far from the p-stability line due to the
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rapid development of radioactive nuclear beams. The neutron-
neutron correlation functions (C,,,,) of Borromean halo nuclei,
such as ®He, ''Li, and '“Be are constructed to extract the
size of separation between the two halo neutrons [20-25].
In addition, Ma et al. [16] and Wei et al. [26,27] found
that the strength of the proton-neutron momentum-correlation
functions at small relative momentum has a linear dependence
on the binding energy per nucleon or single-neutron separation
energy for light isotope chains. The analogous suppressed
proton-proton correlation function is also suggested as another
potential tool to diagnose proton-halo nuclei [28] besides the
conventional methods, such as total reaction cross section
and momentum distribution width measurements [29,30]. Ma
et al. [31,32] have carried out an experiment on the Rikagaku
Kenkyusho (RIKEN) Projectile Fragment Separator at RIKEN
to measure the proton-proton momentum-correlation function
for revealing the exotic structure of the proton-rich nucleus
2 Al. Therefore, it is very interesting to investigate how the
exotic structure affects the nucleon-nucleon (NN) momentum-
correlation function, which can serve as a potential observable
to extract information about anomalous structures in a nuclei.

In this paper, we calculated ’C + '2C collisions with the
isospin-dependent quantum-molecular-dynamics (IDQMD)
model. °C is a one-neutron-halo candidate because of its small
neutron separation energy: S, = 1.218 MeV [33], closed-
neutron-shell core: '*C, narrower momentum distribution of
the '*C fragment from the breakup of '°C [34,35], and a larger
s-wave spectroscopic factor of the >C ground state [36] by
the '*C(d, p)">C reaction measurement. However, a consistent
picture has not been obtained in the reaction cross-sectional
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measurement. The interaction cross section (o) does not have
a peculiarity compared with neighbor isotopes at an incident
energy of 740 MeV /nucleon [37]. However, the reaction cross
section (og), more or less, shows enhancement at intermediate
energies, and there is also a large difference factor (d) for
o [35,38], which is defined as [39]: d = 22D where
or(exp) represents intermediate-energy experimental oy and
og(G) is the o calculated by the Glauber model at the same
bombarding energy with HO-type density distribution, which
is obtained by fitting experimental og at high energy. The
s-wave spectroscopic factor extracted from oy is also different
from the value obtained from the transfer reaction. Fang
et al. found that the s-wave component is dominant in the
ground state of ’C by simultaneous measurement of oz and
momentum distribution [35]. However, the fitted results by the
Glauber model are deviated from the experimental data at low
energies for og. Therefore, new probes are needed to estimate
the density distribution of the valence neutron in '>C and other
analogous neutron-rich exotic nucleus candidates.

The initialized '>C projectiles are sampled from densities
calculated by the relativistic mean-field (RMF) model to
study how density distributions of the outer neutron affect
the nucleon-nucleon momentum-correlation function. In the
RMF model, the last neutron of '3C is populated in both 1d5/2
and 2s1/2 states, respectively. Because the isospin degree of
freedom is removed, the relationship between the momentum-
correlation function and the structure of the exotic nuclei, such
as skin can be more directly explored by comparing different
collisions induced by different configured '>C projectiles.

The rest of this paper is organized as follows: In Sec. II, we
briefly describe the HBT technique and the IDQMD model;
the initialization of '>C projectiles and the nucleon-nucleon
momentum-correlation function of different configured C-
isotope-induced collisions are discussed in Sec. III; the
summary is presented in Sec. IV.

II. HBT TECHNIQUE AND IDQMD MODEL
A. HBT technique

It is known that the final-state interaction (FSI) and
quantum-statistical symmetry (QSS) affect the wave function
of the relative motion of light identical particles when they are
emitted in a close region in phase space and time, which is
the principle of intensity interferometry, i.e., the HBT method.
The correlation function of two particles can be obtained by
convolution of the emission function g(p, x) in the standard
Koonin-Pratt equation [3-5],

Jd*x1d*xg(P/2, x1)g(P/2, x2)|$(q, 1)

CP,q = [ d*x18(P/2, x1) [ d*x28(P/2, x2)

QY]

where P(= p; + p2) and q[= (p; — p2)/2] are the total and
relative momenta of the particle pair, respectively, g(p, x) is
the probability of emitting a particle with momentum p at
the space-time point x(r, t), and ¢(q, r) is the two-particle
relative wave function with relative distance r = (r, — ry) —
FO V(1 — ).
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In a specific application of the Koonin-Pratt formula, the
reliable single-particle phase-space distribution at the freeze-
out stage is needed [15]. In this paper, the IDQMD model is
used as the event generator. It is a widely used transport model
in intermediate-energy HICs and has been successfully applied
to HBT studies for neutron-rich nuclei-induced reactions by
Ma et al. [16,28], and Wei et al. [26,27]. The phase space of
the emitted particles is used as the input of Pratt’s correlation
after burner (CRAB) code [40], which takes the FSI and QSS
effects into account for remedying the disadvantage of the
semiclassical transport model.

B. IDQMD model

The quantum-molecular-dynamics (QMD) approach is a
many-body theory that can describe HICs from intermediate to
relativistic energies [41—43]. The main advantage of the QMD
model is that it can explicitly treat the many-body state of the
collision system, so it contains correlation effects for all orders.
Therefore, the QMD model provides valuable information
about both the collision dynamics and the fragmentation
process. The model also has excellent extensibility due to
its microscopic treatment of the collision process. It mainly
consists of several parts: initialization of the projectile and
the target nucleons, propagation of nucleons in the effective
potential, NN collisions in a nuclear medium, Pauli blocking,
and the numerical test.

The IDQMD model is based on the QMD model and
affiliates the isospin factors in mean-field, two-body NN
collisions, and Pauli blocking [16,26,44-47]. In addition,
the phase-space sampling of neutrons and protons in the
initialization should be separately treated because of the large
difference between neutron and proton density distributions
for nuclei far from the 8-stability line. To properly incorporate
nuclear structure effects into microscopic simulations, stable
initialized '>C with and without a neutron-halo structure have
been sampled.

In the IDQMD model, each nucleon is represented by a
Gaussian wave packet with width VL (here, L = 2.16 fm?)
centered around the mean position 7;(¢) and the mean momen-
tum p; (1),

) R
Yi(F 1) = [r —ri(®)] ]exp[lV'Pi(f)}

Qm Ly P [ T 4L 7
()

Then, all nucleons interact via mean-field and NN collisions.
The nuclear mean field is parametrized by

Y
U@ana(ﬁ>+ﬁ(ﬁ>-+hl—nwz
£o o 2

Pn — Pp
Po

+ Csym T, + UY™, 3)

with py = 0.16 fm~ (the normal nuclear matter density).
P, pn, and p, are the total, neutron, and proton densities,
respectively. 7, is the zth component of the isospin degree
of freedom, which equals 1 or —1 for neutrons or protons,
respectively. The coefficients o, 8, and y are parameters of

044620-2



NUCLEON-NUCLEON MOMENTUM-CORRELATION FUNCTION ...

the nuclear EOS. Cyyyy, is the symmetry-energy strength due to
the difference between the neutron and the proton, which takes
the value of 32 MeV. In this paper, « = —356, g = 303 MeV,
and y =7/6 are taken, which correspond to the so-called soft
EOS with Ref. [42]. V, is the Coulomb potential, and U Yuk jg
the Yukawa (surface) potential, which has the following form:

V. 1
yyk — 2 Z —exp(Lmz)[exp(—mrii,-)

2m vy rij
x erfe(v/Lm — rij//4L) — exp(mr;})
x erfc(v/Lm + rij /N4L)], “)

with V, = —0.0074 GeV, m = 1.25 fm™", and r;; = |r; —
rj| is the relative distance between two nucleons. The ex-
perimental parametrized NN cross section, which is energy
and isospin dependent, is used.

The Pauli-blocking effect in the IDQMD model is also
isospin dependent. The blocking of neutrons and protons
is separately treated as follows: Each nucleon occupies a
six-dimensional sphere with a volume of 7%/2 in the phase
space (by considering the spin degree of freedom), and
we calculate the phase-space volume (V) of the scattered
nucleons, which are occupied by the rest of the nucleons
with the same isospin as that of the scattered ones. We then
compare 2V /A with a random number and decide whether
the collision is blocked or not.

The time evolution of the colliding system is given by the
generalized variational principle. Nuclear clusters are con-
structed by a coalescence model in which particles with relative
momentum smaller than Py and relative distance smaller than
Ry are considered to belong to one cluster. The parameter set:
Py =300 MeV/c and Ry = 3.5 fm is taken here.

III. THE INITIALIZATION OF C PROJECTILES AND
SYSTEMATICAL HBT RESULTS

In IDQMD, the initialization of the projectiles targets
distinct protons from neutrons. We sample the nucleon’s
coordinates from density distributions of protons and neutrons,
which are calculated by the RMF method. Figure 1 shows
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FIG. 1. (Color online) The proton, neutron, valence neutron, and
total density distributions of °C for the valence neutron in the 1d5/2
and 2s1/2 states, respectively, by RMF calculations.
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the proton, neutron, valence neutron, and total density dis-
tributions for two different configured '>C projectiles, whose
valence neutron is assigned to both 1d5/2 and 2s1/2 states,
respectively. It can be seen that the valence neutronin the 2s1/2
state has a longer tail than that in the 1d5/2 state, whereas,
the proton almost has the same density distributions for the
two cases. The effect of the more extended valence neutron
density distribution can be reflected by the nucleon-nucleon
momentum-correlation function as shown below.

In our calculations, the initialization of '>C is carefully
controlled. The stability of the sampled >C projectiles is
strictly checked by the time evolution in the mean field
until 200fm/c at zero temperature according to the average
binding energies, root-mean-square (rms) radii, and density
distributions of the neutron and proton. Eligible initializa-
tion samples should meet the following requirements until
200 fm/c: (a) The average binding energy needs to match
with the experimental data; (b) the rms radius also needs to
be in accordance with the RMF result; (c) the difference in
the neutron tails between two kinds of '3C projectiles should
remain until 200 fm/c. To better imitate the input density
from the RMF calculation and to reflect the structure effect,
thousands of eligible initialized samples are accumulated
for simulating collisions. The initialized samples of other C
isotopes are prepared in a similar way as above.

Even with very elaborate initialization, the tail of the density
in the QMD model cannot be reproduced very well compared
with the RMF model since the wave function in the QMD
model has a Gaussian form. However, the obvious differences
in the neutron tails between two kinds of C projectiles
can remain stable enough, and thus, it can play the role of
skin structure in the collisions. In the following, we present
how the skin structure, expressed by different neutron density
distributions in QMD, affects nucleon-nucleon momentum
correlations.

The proton and neutron phase spaces of the 'SC 4 2C
collisions at the freeze-out time generated by the IDQMD
model is used as the input for the CRAB code. The ob-
tained proton-proton, neutron-neutron, and proton-neutron
momentum-correlation functions are shown in Fig. 2, re-
spectively, where g denotes the relative momentum of the
nucleon pair. As expected, C,, and C,, peak at small g,
whereas, the proton-proton is anticorrelated at small g owing
to the Coulomb potential and antisymmetrization. The peak
of Cp, at 20 MeV/c is due to the s-partial wave of the
proton-proton scattering, which strongly depends on the size
of the emitting source. Our simulations pretty well reproduce
the shape and height of C,,,, C,,,and C,, vs g compared with
the experimental cases [14]. It can be seen that C,,,, and C ,,, are
both largely reduced at small g because of the more extended
neutron density distribution. In Fig. 2, the size of the emission
source is mostly decided by projectilelike remnants since we
adopt the impact parameter b = 7 to 8§ fm and rapidity > 0.
The rms radii of the proton, neutron, valence neutron, l4c
core, and C by the RMF calculation and the experimental
rms charge radius of '*C are shown in Table 1. The rms radii
of initialized '>C projectiles are required to meet the RMF
calculated values. Although there is no available experimental
rms radius of '°C, the rms radius of the '*C core reproduces
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FIG. 2. (Color online) Proton-proton [C,,, panel (a)], neutron-neutron [C,,, panel (b)], and proton-neutron [C,,, panel (c)] momentum-
correlation functions as a function of relative momentum, which are calculated at an incident energy of 800 MeV /nucleon, an impact
parameter of b = 7 to 8 fm, and selected nucleons with rapidity > 0. The circles and squares represent two different kinds of initialized
15C-projectile-induced collisions where '3C projectiles are sampled from two density outputs of the RMF model with valence neutrons in the
1d5/2 and 2s1/2 states, respectively. The dashed line is used to guide the eyes.

the experimental rms charge radius of '*C quite well. The
rms radii of ’C do not have large differences for the two
kinds of '>C projectiles. However, the corresponding rms radii
of the valence neutrons are 3.85 and 5.01 fm. Therefore, the
strength of the momentum-correlation functions can, indeed,
sensitively reflect the fine difference in the neutron density
distribution. Although the density distributions of the proton
for the two configured >C are almost the same (as seen in
Fig. 1), Cp, still has large differences, which demonstrate
that the proton density distribution has changed with proton
emission. The density distributions of the neutrons and protons
are coupling with each other during collisions.

The impact-parameter dependence of C,, at the 800-
MeV /nucleon incident energy for the two different kinds of
initialized '>C projectiles is shown in panel (a) of Fig. 3.
The strength of correlation becomes decreasing with b up to
6.5 fm. In central collisions, emitted nucleons have stronger
correlations between themselves because they come from
one compact hot and dense region, which is consistent with
previous Boltzmann-Uehling-Uhlenbeck [15,49] and IDQMD
[16] results. In peripheral collisions with b > 6.5 fm, the rapid
enhancement of C,, reveals different collision dynamics from
the central collisions. This is due to the fact that there is no
bulk overlap region at the large impact parameter and only

TABLE 1. The rms radii of initialized '>C by RMF theory and
experimental rms charge radius of '*C. The rms radii of '3C projectiles
are initialized to match with the values in this table.

V4 N  Valence N '“Ccore C "Cexp.(2)
(fm) (fm) (fm) (fm) (fm) [48] (fm)
2.50
5c 240 2.76 3.85 2.51 2.62
(1d5/2)
Rl 2.39 296 5.01 2.51 2.75
(251/2)

the outer nucleons of '>C are scraped. They keep more initial
structure information of the projectile. Thus, there exists a
strong correlation among these nucleons. The difference in
15C in the neutron density distribution, such as skin structure
can be well revealed in peripheral collisions, whereas, the
small difference in density is wiped away in the violent central
and semiperipheral collisions.

How incident energy affects C,, is represented in panel
(b) of Fig. 3. The correlations for both cases increase from
very low incident energy and then almost reach saturation
above 300 MeV /nucleon. This is understandable due to the
fact that increasing incident energies lead to more rapid
collision processes, and there is a smaller space and time
interval among emitting nucleons [16,49], which leads to
stronger correlation. The apparent differences in C),,, exist for
the two kinds of ’C-induced collisions above the saturation
energy. The saturation of C,, at high incident energies and the
large differences provide us with the proper entrance channel

4.5F T T T T T T T A
(a)

Incident energy:800MeV/u |
Y/ >0

Cpn

2.5 b 2.4 b
Impact parameter:7~8fm
L ] b 2.2 YIY, >0 .
2 1 ! ! | ! ! ! 1 ! ! ! !
0 1 2 3 4 5 6 7 8 0 200 400 600 800

Impact parameter (fm) Incident energy (MeV/nucleon)

FIG. 3. (Color online) (a) C,, strength at 5 MeV/c as a function
of the impact parameter, which is calculated at an incident energy
of 800 MeV /nucleon and selected nucleons with rapidity >0; (b)
C,, strength at 5 MeV /c as a function of the incident energy, which
is calculated at an impact parameter of b = 7 to 8 fm and selected
nucleons with rapidity >0. The symbols in both panels (a) and (b)
have the same convention as in Fig. 2.
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FIG. 4. (Color online) The same as Fig. 3 but for C,,,,.

conditions to explore the relation between the initial structure
and the final effect.

The impact-parameter and incident-energy dependences of
C,.», are shown in panels (a) and (b) of Fig. 4, respectively. The
tendency of C,, is similar to C ), for both impact parameter and
energy dependences. The analogous results are also obtained
for C,, shown in Fig. 5.

The strength of C,,, Cy,, and C),, is mainly decided by the
distance in phase space at the freeze-out time. Under specific
entrance channel conditions (high energy and large impact
parameter), the size of the phase space in the final state is
consistent with the initial size of the 'C projectile, which
largely depends on the neutron-skin structure. This can be seen
from Fig. 6, which shows the impact-parameter dependences
of the rms radii in coordinate and momentum space. The
size of the phase space decreases with the increase in impact
parameter. The more extended neutron skin leads to larger rms
radii of the coordinate and momentum in the final state for
peripheral collisions at 800 MeV /nucleon, which results in a
smaller correlation in the HBT method. However, rms radii
do not have differences between the two kinds of !>C-induced
reactions in the central and semiperipheral collisions because
the only difference in the outer neutron is covered in the violent
collisions. Therefore, the physical picture of the phase-space
size is consistent with the impact-parameter dependences of
Cpns Cun, and C,,. The excitation function of the rms radii
of the phase space in peripheral collisions shown in Fig. 7
gradually become saturated at high incident energies, which
can explain the saturation of the correlations in panel (b) of
Figs. 3-5.

The space-time extent of the emission source for different
particles can be extracted from the shape and height of
Cpp> Cun,and C,, for I5C projectiles with and without neutron
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FIG. 5. (Color online) The same as Fig. 3 but for C,,,.
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FIG. 6. (Color online) Root-mean square of coordinate- [panels
(a) and (c)] and momentum- [panels (b) and (d)] space distributions
in the center-of-mass reference frame as a function of the impact
parameter at an incident energy of 800 MeV /nucleon and rapidity
>0 for the neutrons [panels (a) and (b)] and protons [panels (c) and
(d)], respectively. The solid (empty) circles, squares, and triangles
represent transverse, parallel, and total rms radii, respectively, for
15C-projectile-induced collisions, where '3C projectiles are sampled
from two density outputs of the RMF model with valence neutrons
in the 1d5/2 and 2s1/2 states, respectively.

skins. The angle-averaged Koonin-Pratt formula can be written
as [4,50]

R(q) = 4 / r2dr K(q, r)S(r), (3)

where S(r) is the isotropic source function, which stands for
the probability distribution of emitting a pair of nucleons
at relative distance r. K(gq, r) is the angle-averaged kernel
function obtained from the radial part of the two-nucleon
relative wave function. If we assume S(r) has a simple
Gaussian form

Sy = — r 6
(r)= n s XP < - Tﬂ)’ (6)

where o describes the spatial distribution of the nucleons’
emitting location and the rms radius of the Gaussian emission
source equals +/30. The Gaussian source method is used
to fit the correlation functions (C,,, C,,, and C,,) for two
kinds of '>C-induced collisions. Panel (d) of Fig. 8 represents
the variance between the IDQMD and the Gaussian source
correlations as a function of the rms radius of the Gaussian
source. Then, the best fitting is judged by the variance, and the
rms radii obtained are shown in panels (a)—(c), respectively.
We get the same Gaussian source size from C,, and C,,. The
emission source size of projectiles with skin structures is about
20% larger than that of projectiles without skin structures for
Cy and C,,,. The source size from C ,, is smaller than that from
Cyn and C,, for both kinds of '°C projectiles. By comparing
with the initialized neutron distribution shown in Fig. 1 and
Table I, we can conclude that the initial structure information of
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FIG. 7. (Color online) Root-mean square of coordinate- [panels
(a) and (c)] and momentum- [panels (b) and (d)] space distributions
in the center-of-mass reference frame as a function of the incident
energy with an impact parameter of b = 7 to 8 fm and rapidity >0
for the neutrons [panels (a) and (b)] and protons [panels (c) and (d)],
respectively. The symbols have the same convention as in Fig. 6.

the neutron skin and the size of the projectile are kept until the
final state. The size of the proton emission source is different
for the two kinds of '>C projectiles, although the initial density
distribution of the proton is the same. The size is about 15%
larger for projectiles with the neutron skin, which proves that

1.4F

—— R o o e |
@4 (b)

12F 1 F 5C(narmwouterneu!rondensny) ]

“ ] 5? A' C(extended outer neutron density) |

1 s Gaussian source fitting, R = 6.41 fm]
| 4’ AGaussian source fitting, Rn"S =7.80 fr)

& o.sE 1 & s
0.6 b [
e 5(: (narrow outer neutron density) q 2; |
0_47 A C (extended outer neutron density) r
[ | ®Gaussian source fitting, R,,; = 5.72 fm] L
0_2; AGaussian source fitting, R ms = 6.58 fm] 1 —
N U IR B P | B ooy
%20 a0 60 80 100 %20 a0 60 80 100
q (MeV/c) q (MeV/c)

o
304 (C) 1
L ='Sc (narrow outer neutron density)

L a'c (extended outer neutron density) ]
2.5} & Gaussian source fitting, R,,= 6.41 fm]
[ |\A Gaussian source fitting, erﬁ 7.80 fm|

q (MeV/c)

FIG. 8. (Color online) Gaussian source fitting for C,,, [panel (a)],
C, [panel (b)], C,,, [panel (c)], and the variance between the IDQMD
+ CRAB correlation and the Gaussian source correlation as a function
of the rms radius of the Gaussian source [panel (d)]. The entrance
channel conditions at the 800-MeV /nucleon bombarding energy and
the impact parameter with b = 7 to 8 fm are used, and the nucleons
with rapidity > 0O in the final state are chosen.
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the proton density distribution is disturbed through interaction
with neutrons even in very peripheral collisions.

The size of the emission source extracted above is under the
hypothesis that the nucleon is expressed by a point particle.
However, in the QMD model, the nucleon wave function
has a Gaussian form in coordinate and momentum space.
The true distribution of the source is the convolution of
the distribution of the wave-packet center with the Gaussian
density distribution of a single nucleon. In Refs. [51,52],
the relation between the rms radius of the freeze-out points
(r(1)®)'/? and the variance of the source and wave function
is obtained by assuming that a chaotic Gaussian source
has formed in the collision without a correlation between
coordinate and momentum space,

V3A+1L), ()

where A is the variance of the chaotic emission source with the
Gaussian form and L is the square of the width of the Gaussian
wave packet in the QMD model with a value of 2.16 fm?* in
our calculations. Now, with a finite width modification of the
Gaussian wave packet, we then get a smaller rms radius of
the emission source: /34 = V/3(02 — L). For example, the
rms radii from C,, are 5.12 and 6.07 fm for 15C projectiles
with and without neutron skins, respectively. The rms radii
from both C,,, and C,,, have the same value: 5.88 and 7.37 fm,
respectively.

We also study the systematical dependence of the momen-
tum correlation on other C-isotope-induced collisions. Figure 9
shows the strength of C,, at 20 MeV/c for '*1°C 4+ 12C
systems. The collisions are compared at the same reduced
parameter range: 0.875-1.0. Four kinds of 'SC projectiles
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FIG. 9. (Color online) Dependence of C,, (strength of C,,
at 20 MeV/c) on C-isotope- ('*7'°C) induced collisions. Different
collision systems are compared with the same reduced impact-
parameter range: 0.875-1.0, and only protons with rapidity >0 are
used to calculate the momentum-correlation function. Nucleons of
12.13.1416C are sampled from the uniform density distribution. We
construct four kinds of '*C projectiles: Two of them are sampled
from the two RMF densities shown in Fig. 1, respectively, and the
other two are sampled from the uniform distribution with two different
sizes, which correspond to the sizes of the 1d5/2 and 2s1/2 states in
the RMF model, respectively.
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are constructed. The other two kinds of '°C projectiles
are sampled from uniform density distributions besides the
sampling from the RMF discussed above. Nucleons also have
uniform distribution in '2C, 13C, *C, and '°C projectiles.
The total systematical tendency of the mass dependence of
C,p is decreasing except for projectiles with neutron-skin
structures, which can be interpreted as follows: Although they
are simulated at the same reduced impact parameter, '>C + 12C
collisions have a smaller emission source as compared with
16C 4+ 12C collisions. The correlation for projectiles with
neutron skins is stronger than in other cases. This is because the
outer density distribution is more extended due to the neutron
skin, and then, it results in a smaller overlap zone between the
projectile and the target for the same reduced impact parameter
at peripheral collisions. Therefore, the proton-protons have a
stronger correlation due to the fact that they come from one
compact projectilelike remnant, which is obviously different
from the case without a skin structure.

IV. SUMMARY

The very small nucleon separation energy of the last
nucleon and the suddenly increased radius compared with
its neighboring isotopes are the two main features of the
exotic halo nucleus. The HBT method has been used to
study the relationship between momentum correlation and
single-nucleon separation energy several years before. In
this paper, we systematically investigated how the density
distribution of the valence neutron in the one-neutron-halo
candidate '°C affected the strength of the nucleon-nucleon
momentum-correlation function. Specifically, two kinds of '>C
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projectiles were sampled from two different density outputs
of the RMF model, respectively. The difference in the outer
neutron density distribution between two kinds of initialized
15C samples can be viewed as a neutron-skin structure in the
IDQMD simulation. The more extended density distribution
due to the outer neutron in the projectile results in the larger and
hot emission source, which leads to a larger size of phase space
in the final state and then corresponds to a weaker correlation.
The energy and impact-parameter dependences show that the
nucleon-nucleon momentum-correlation function is a very
sensitive observable of the density distribution of the valence
neutron at high-energy and peripheral collisions. Therefore,
the momentum-correlation function at the high bombarding
energy and large impact parameter can serve as a new potential
probe to diagnose the exotic structures, such as skin and halo,
besides the traditional measurements of the total reaction cross
section and momentum distribution.
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