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The matter distribution is systematically studied for neutron-rich carbon isotopes with N = 6-16 from the
available measured reaction cross sections with '>C reaction target, using the finite-range Glauber model with
Coulomb correction. We have first studied the energy dependence of the '>C - '2C reaction cross sections in
a wide range of incident energies from 30-950 MeV /nucleon. A good agreement with the experimental data
measured at low and high incident energy is obtained by considering the nuclear density distribution of two Fermi
(2pF) parameters, where the two optimized parameters are the size parameter r,,r and the diffusivity parameter
as,r. We have therefore extracted the necessary parameters of the proton, neutron, and matter distributions for
the whole range of '272022C isotopes. With a set of calculations of four freely adjustable parameters (proton:
Tapr,p» G2pr,p) and (neutron: rypr,,, dzpr,,), We present for the first time an accurate determination of the neutron
radii together with the proton radii, which are in excellent agreement with the charge radii directly extracted from
the measured charge-changing cross sections. The evolution of the central density and diffuseness is studied as
a function of the number of neutrons and shows the persistence of the N = 8 shell closure for '*C. However,
an anomalous halo structure is studied for the '®1%22C isotopes, where the effect of proton-neutron nuclear
interaction could be manifested by the decrease of the central density with large expansion at large distance,

leading to a sharp increase of the radii with respect to the neighboring nuclei.

DOI: 10.1103/PhysRevC.109.054330

I. INTRODUCTION

The new radioactive nuclear beam facilities have provided
excellent opportunities to study the structure of short-lived
neutron-rich exotic nuclei [1], with the aim of extracting the
necessary information about the nuclear matter distribution
and nuclear size. Many experimental observables became ac-
cessible, including various inclusive cross sections, such as
reaction or interaction cross sections, nucleon-removal cross
sections, Coulomb breakup cross sections, and momentum
distributions of a produced fragment [2,3]. These quantities
allow us to reveal the anomalous structure, in particular the
halo and skin when approaching the neutron drip line [2]. The
neutron skin describes an excess of neutrons at the nuclear
surface, whereas in the neutron halo the valence neutron can
tunnel into the classical forbidden region due to its weak
binding energy, forming the spatially extended wave func-
tion beyond the nuclear core potential. The first indication of
halo nuclei was observed from the large matter root-mean-
square of the 1 radius (R, = 3.27 + 0.24 fm), derived
from the interaction cross section at an incident energy of
790 MeV /nucleon [4]. The same indication described as an
extended low-density distribution of valence neutrons sur-
rounding a compact nuclear core is also observed in the elastic
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scattering of protons from the helium isotopes of ®He and
8He at energies close to 700 MeV /nucleon. These nuclei are
therefore observed to have root-mean-square radii of R, =
2.30 =+ 0.07 fm and R,, = 2.45 £+ 0.07 fm, and a thickness
of R, =R, =0.61 £0.21 fmand R, — R, = 1.12 £ 0.17 fm,
respectively [5—7]. Since then, many halo and skin nuclei have
been discovered, and their unusual structure is discussed in
detail by the authors of Refs. [8—10].

Recently, the structure of carbon isotopes has attracted
much attention since most of them, such as 2161922 have
been suggested to have a halo structure based on some theoret-
ical and experimental works [3,11-17]. The structure of 2¢c
has been studied with a subshell closure of N = 16, which is
proposed as a candidate for a new magic number [18]. In the
framework of the three-body model the authors of Ref. [11]
assumed that the 2>C has a Borromean character (core plus
two neutron halo), where neither the 2°C-n nor the n-n subsys-
tems are bound. This anomalous structure was experimentally
demonstrated in the work of Tanaka et al. [13] by measuring
a large reaction cross section (og = 1.338 &+ 0.274 barn) on a
proton target at 40 MeV /nucleon, which is associated with a
relatively large uncertainty of the radius-mean-squared matter
Ry, =54 £ 09 fm. In the recent work of Togano et al.
[12], the interaction cross section of 22C on a carbon target
is observed to be larger than that of its neighboring isotopes
1920 and is measured to be o = 1.280 %+ 0.023 barn at an
incident energy of 235 MeV /nucleon. And the rms matter

©2024 American Physical Society
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radius (R, = 3.44 £ 0.04 fm) derived from the four-body
Glauber model analysis, was in good agreement with the
theoretical predictions [11] based on ?2C three-body model
wave functions, supporting a two neutron halo structure of
22C. Further evidence for the anomalous nature of this nucleus
is summarized in Ref. [14], where a narrow momentum dis-
tribution is observed from the measured two-neutron removal
cross section of 22C at energy (around 240 MeV /nucleon).

In addition, a neutron halo structure has been suggested
for °C by measuring the intermediate energy reaction cross
section as well as the longitudinal momentum distribution of
the '#C fragment from the breakup of 1°C at 83 MeV /nucleon
[3,15]. However, there is no evidence for such a halo structure
from the interaction cross section measurements at relativistic
energy [19]. Recently, Rashdan et al. [16] studied the ex-
otic structure of >C with '>C and 2’ Al reaction targets as
a one-neutron halo nucleus by calculating the reaction cross
section at the intermediate energy (20-300 MeV /nucleon) of
15,16 4 12 using the microscopic complex optical potential.
Zheng et al. [20] have measured the reaction cross sections for
12160 4 120 4t 83 MeV /nucleon; the results showed a large
enhancement of the 'C reaction cross section. These data
were analyzed in the framework of the finite-range Glauber
model and showed a large extension of the neutron density
distribution, far from the center of the nucleus, suggesting
the formation of a neutron halo in the '°C nucleus. Another
anomalous structure has been investigated in '°C by Kanungo
et al. [17], where a halo structure is proposed when the proton
distribution of isotopes '>~'°C radii is derived from the mea-
surements of charge-changing cross sections with a carbon
target at 900 MeV /nucleon.

The density distribution of unstable nuclei is not easily
determined by the elastic scattering experiment used for sta-
ble nuclei: the short-lived nature of unstable nuclei does not
allow them to be shaped into a target. The measurement of
the reaction cross section from elastic scattering in inverse
kinematics is a powerful tool to extract the density distribution
of unstable nuclei using the Glauber model. At high energies,
this model is well established for reproducing the measured
reaction cross section. However, at low and intermediate ener-
gies, the standard (zero range) Glauber model underestimates
the cross section [19]. To overcome this discrepancy, some
modifications such as the profile function (finite range) and the
Coulomb repulsion effect on the incident particle trajectory
have been taken into account.

In the present work, we used the finite-range modified
Coulomb Glauber model for large-scale investigation of the
matter distribution of '2720:22C isotopes. As one of the
necessary required input data, we used the two-parameter
Fermi functional form (2pf density) for the nuclear den-
sity distribution. We also used the analytical slope-range
parametrization and the total nucleon-nucleon cross section.
From a set of available experimental data measured with the
12C reaction target, we theoretically reproduced the energy
dependence of the reaction cross sections, using the best fit
of x2, in a wide range of incident interaction energies from
30-950 MeV /nucleon. We then extracted the two parame-
ters of diffuseness a,,r and reduced radius r;,r from the
two parameters of Fermi density, and then calculated the

root-mean-square (rms) radii of protons, neutrons, and matter
for the wide range of '272922C isotopes.

In such an optimal context, this paper is organized as fol-
lows. In Sec. II, we presented the formalism of the finite-range
modified Coulomb Glauber model for the calculation of the
reaction cross section. We first studied the energy dependence
of the '>C-'2C reaction cross section by assuming the 2pF-
type density form. With the two optimized parameters, a,r
and r;,r, we were able to determine well the rms radii of
protons, neutrons, and 120 matter in comparison with the
available calculated ones when assuming HO and Gaussian
type densities. As described in Sec. IIl, we have therefore
studied the matter distribution (density and radii of protons,
neutrons, and matter). In the end we conclude this paper with
rich information on the ability of the modified Glauber model
to reproduce well the matter distribution of neutron-rich exotic
nuclei and discussed the skin and halo structure from the
density.

II. THEORETICAL FORMALISM

Theoretically, the reaction cross section is intensively stud-
ied to predict the matter distribution and transparency of
nuclei. Within the standard Glauber model [21], under the
optical limit approximation [22], the nucleus-nucleus reaction
cross section is well reproduced at high incident energy, and
is smoothly corrected for lower energy, where the effect of
Coulomb repulsion between projectile and target is more sig-
nificant [23,24]. The reaction cross section is then expressed,

GR=271<1 —EV" )/bdb[l —T®), (1)
where V. and E_., are the Coulomb barrier and the inci-
dent energy at the center of mass, respectively. T'(b) is the
transparency function with a given incident parameter b. This
function T () is defined as the probability of nonreactions or
at least one nucleon-nucleon reaction occurring in the over-
lapping region of the projectile and the target. It is calculated
by assuming a single nucleon-nucleon collision,

NN
T (b) = exp (—opy x(b)). 2)
The total free nucleon-nucleon cross section ohN is
averaged over the experimental proton-proton, op,, proton-

neutron, op,, and neutron-neutron cross sections, op, and is
then calculated using the expression [25,26]

NN ZpZropp + NpNrow, + (NpZr + ZpNr1 )0y
Ot = (3)
ApAr

where Ap, Ar, Zp, Zr, and Np, Nr are the mass, charge and
neutron numbers for the projectile and the target, subscripted
P and T, respectively. x (D) is the nuclear phase shift which,
in the optical limit approximation, can be expressed over the
overlapping integrated densities as follows [26],

x(b) = / / &b, / / s f(1b1 — baol (b1)p (b2 — b,
4
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FIG. 1. Energy dependence of the calculated '>C + '*C reaction
cross sections with the Coulomb-modified Glauber model (red line)
and the standard Glauber model (black dashed line) in compari-
son with the available experimental data (blue solid circles) from
Refs. [20,23,27,28].

where p*T(b) is the thickness density, expressed along the z
coordinate, the beam direction and the impact parameter b as,

+0o0
PP (b) = f dzppr (V02 +22) ©)
and f(|b; — by]) is the profile function that makes the Glauber
model work reasonably well from the low- to the high-energy
range [25]. Within the finite range of this formalism, this
function is usually parameterized in the Gaussian form [22]:

1 —ia v
b)) = ——— - 6
1@ 47T81%IN eXP( 281%1N> ©

where exy is the range parameter and i« is the ratio of the
real to the imaginary part of the forward scattering amplitude,
which we assumed to be zero in the calculation of oy in the
optical limit approximation [20,29]. The values of the range
parameter enn are difficult to find accurately, especially at
lower energies where the matter distribution is very sensitive
to a large tail such as halo and skin. In the literature, we
found different values of &y, and &,y [30], which could be the
source of large uncertainties in the calculation of the reaction
cross section [22]. However, the range parameter is assumed
to depend smoothly on the incident energy and to be the
same for all combinations of neutrons and protons. We then
used the new range parameter parametrization of Zheng [20],
obtained by fitting the '>C 4 '?C reaction cross section from
30 MeV /nucleon to 1 GeV /nucleon, as

E
106.679) + 0.089. @)

As shown in Fig. 1, we have numerically calculated the
total reaction cross sections for '2C+'2C collisions using
Egs. (1)—(7). For convenience, we have also plotted the cal-
culations from the standard Glauber model (black dashed
line), which is overestimated by 2-7 % from intermediate
to low energies according to the Coulomb-modified model
(red line). We see that the results of our calculations agree
well, both at high and low energies, are in good agreement

enn = 0.996 exp (—

with the available experimental data from Refs. [20,23,27,28].
The main parameters in these calculations are the densities
of the projectile and target nuclei. The proton-proton op,, and
proton-neutron oy, Cross sections are obtained by smooth in-
terpolation of the experimental values from Ref. [31] using the
nijisiki subroutine, for the entire incident energy range from
10-950 MeV /nucleon. Since the reaction cross section is
known to be very sensitive to the surface part of the density
distribution, namely the tail region [32], the choice of the
density profile must be carefully considered. We then used
the Fermi 2pF type density, which is normally used to study
the medium and heavy nuclei. We have extended the use of
this type of density to the light neutron-rich carbon isotopes,
where the valence neutrons of the surface region are the main
source of skin and halo structures. The density is expressed in
the form of [33,34],

L0,k

r—Ryopr °
1+ exp —=2L

Ak 2pf

Pr2pr(r) = (8)

The subscript k = Z(N) indicates the number of protons
and neutrons, respectively. pg  is the central density, deter-
mined by the normalisation condition as

—1
3k nag ,
POk = 3 (1 t 20 ©)

k.2pf k.2pf

where Ry 2,r = rzpf.Zl/3(0er/3) is the charge radius and
ar2ps 1s the surface diffusivity. By integrating this density
using these two essential parameters, which are optimized
(extracted) from the measured reaction cross section, we then
express, under normalization, the rms radii of the neutron and
proton, respectively, as:

3 Tm2ar

(r, = —Rizpf[l + —2 (10)
5 3R2
3 Tn2a? 20f

(rh, = —Ri’zpf[l + —2”* P (11)
5 3R,

and the charge radius, which can be derived from that of the
proton,

(e = (%), +0.64 fm> (12)
The rms radius of matter is finally expressed as
(P = (Z/A?) ), + (NJAY (). (13)
For convenience, we have defined the rms sizes below as
R, = (r?)}/* for protons, R, = (r?),/* for neutrons, and R,, =
(r*)1/2 for matter.

We have used the best fit between the experimental and the
calculated reaction cross sections according to the formula,

2 _ [or(expt) — og(theo)]
B Z dog(expt)

X (14)

where og(expt) and dog(expt) are the experimental reaction
cross section and its reported uncertainty, and og(theo) is the
calculated reaction cross section. The resulting best fit is made
as a function of he dependent incident energy E from low (10
MeV /nucleon) to high energy (950 MeV /nucleon).
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The results are obtained in the case of 2P set calculations.

TABLE I. Parameters, given in fm, of the 2pF density distributions and the proton, neutron, and matter rms radii of the '>=20-22C isotopes.

Nucleus Tapf.p A2pf.p Fapf.n A2pf.n R, R, R

12 1.114 £ 0.017 0.453 £ 0.004 1.114 £ 0.017 0.453 £ 0.004 2.306 £0.015 2.306 £0.015 2.306 £ 0.021
13 1.071 +£0.010 0.429 + 0.004 1.071 & 0.010 0.429 + 0.004 2.207 £0.012 2.267 £0.015 2.242 +£0.019
14 1.065 +0.014 0.430 £+ 0.004 1.065 +0.014 0.430 £+ 0.004 2.198 +0.013 2.299 +0.013 2.259 +0.018
15 1.075 £ 0.008 0.488 £0.012 1.075 £ 0.008 0.488 £0.012 2.360 £ 0.020 2.512 £0.027 2.450 £0.033
16 1.092 +0.011 0.539 +0.008 1.092 +0.011 0.539 +0.008 2.520 +£0.010 2.718 £0.014 2.651 £0.017
17 1.096 £0.011 0.545 £ 0.004 1.096 + 0.011 0.545 £ 0.004 2.537 +0.007 2.767 £ 0.025 2.677 +0.026
18 1.087 £ 0.013 0.557 £0.007 1.087 £ 0.013 0.557 £0.007 2.585+£0.010 2.851 £0.026 2.780 £ 0.030
19 1.168 + 0.020 0.619 £0.010 1.168 &+ 0.020 0.619 +£0.010 2.817 £0.025 3.126 = 0.067 3.049 +0.071
20 1.164 £ 0.031 0.576 £ 0.024 1.164 + 0.031 0.576 £ 0.024 2.692 +£0.034 3.043 +0.073 2.963 £+ 0.080
22 1.197 £ 0.040 0.665 £ 0.020 1.197 + 0.040 0.665 £+ 0.020 2.986 £+ 0.050 3.408 + 0.077 3.298 +0.091

We optimized the dependence of the experimental and
calculated '>C + '>C reaction cross sections with parame-
ters 1y, = 1.117 £0.020 fm and as,f = 0.453 £ 0.005 fm,
which are considered to be the same for both proton and
neutron densities, since the '2C nucleus has the same number
of protons and neutrons. We then calculated the corresponding
effective radii: R, = 2.305 + 0.020 fm, R, = 2.305 £ 0.020
fm, and R,, = 2.305 & 0.020 fm. We therefore found that our
calculated results compare well with the majority of previous
theoretical and experimental work that assumed a density
distribution for '2C that is either Gaussian or Harmonic oscil-
lator (HO) [35-40]. Furthermore, in the framework of Fermi
model, Farid et al. [41] calculated the rms of matter R,, =
2.298 fm for '2C from the Fermi parameters, das,r = 0.425
fm and 5,y = 1.185 fm. Using the double-folding formalism
for the a-nucleus optical potential, Khoa [42] obtained the
ground-state density distribution parameters for 12C, ay,; =
0.425 fm and rp,y = 1.218 fm, with the corresponding rms
radius R,, = 2.332 fm. Otherwise, under the optical Glauber
model, Rashdan [43] reproduced the rms radius R, = 2.450
fm from the adjusted reduced radius, r;,; = 1.211 fm, and
diffuseness, a»,r = 0.475 fm, when fitting the experimental
data of the '2C + '?C reaction cross section as a function of
incident energy between 100 and 1000 MeV /nucleon. We
then see that the rms radius value obtained from Ref. [43]
is smaller than our calculated rms radius; this shows how
important the reliable information on nuclear densities and
radii is when studying the energy dependence of the reaction
cross section. However, the configuration of the medium as
a function of the charge distribution in the center and the
diffusivity in the surface is likely to be more influential in the
structure of both stable and exotic nuclei.

Experimentally, the charge radius of '>C is simultaneously
evaluated to be (r?)!/* =2.470 £ 0.02 fm by the two ex-
perimental methods including electron scattering and muonic
atom x rays [44]. Within the framework of the relativistic
mean field (RMF) and its extension based on the field theory
motivated effective Lagrangian approach, known as E-RMF,
Shuckla et al. [45] calculated the charge radius R, = 2.466
fm with RMF and R, = 2.497 fm with E-RMF formalisms.
Under the assumption that the considered nucleus could be
treated as a nucleus plus one or two valence neutrons, a
simple theoretical model was used by Abu-Ibrahim et al. [46]

to calculate the nuclear radii of '>C with R, = 2.330 fm,
R, = 2.300 fm, and R, = 2.310 fm; which are in good agree-
ment with our calculated results.

Consequently, the density parameters, ry,r and as,r, are
well tuned for the '?C target. We have further investigated
the energy dependence of the reaction cross sections for the
12-20220 12 gystems.

III. RESULTS and DISCUSSION

We have calculated the reaction cross sections of
12-2022¢_12C reacting systems, depending on the avail-
able experimental data from Refs. [3,12,15,20,23,27,28,47—
50] over a wide range of incident energies (30-950
MeV /nucleon). We performed the best-fit procedure using
Eq. (14), under two sets of calculations considered. We
treated the reacting projectile density as a problem of two ad-
justable parameters (denoted 2P) with, rypr , = raprn = ropr
and aspr,p = arpr,n = aopr. And we also considered the re-
acting projectile density as a problem of four free parameters
(denoted 4P) with, ry,r ), # rapra and azpr,, # a2pF,,. For
some nuclei, especially the short-lived ones, the number of
available measured reaction cross sections does not allow us
to firmly divide between the optimized parameters of the den-
sities. To overcome this limitation, we started the calculations
with initial values of rypr,, and rypr, from Refs. [51,52] and
set aspr,p and aspr,, up to 0.2 fm. Step by step of 0.1 fm, we
obtained the centroid of optimized values of 2pF densities as
listed in Tables I and II, respectively, for the two sets of calcu-
lations of 2P and 4P. We derived, as tabulated together, using
Egs. (10), (11), (13) the reliable information about the nuclear
radii, called root-mean-square (rms) radii, R, for proton, R,
for neutron, and R,, for matter; which are considered as the
main objective of the present study.

A. RMS radii of protons, neutrons, and matter

For N = 6-16 neutron-rich carbon isotopes, Abu-Ibrahim
et al. [46], when studying the reaction cross sections, showed
a rapid change in the radii of '°C and ??>C, which were esti-
mated to be one- and two-neutron halos, respectively. They
pointed out that the major contribution to the reaction cross
section comes from the surface region, especially at lower
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TABLE II. Parameters, given in fm, of the 2pF density distributions and the proton, neutron and matter rms radii of the '>=20-22C isotopes.
The results are obtained in the case of 4P set calculations.

Nucleus pf.p A2pf.p T2pfn A2pf.n Rp R,, Rm

12 1.117 £ 0.020 0.453 £ 0.005 1.117 £ 0.020 0.453 £0.005 2.305 £ 0.020 2.305 £ 0.020 2.305 £0.03
13 1.146 £ 0.015 0.424 £+ 0.004 1.137 £0.014 0.389 £+ 0.009 2.272 +£0.017 2.239 £ 0.010 2.250 £ 0.020
14 1.161 £0.019 0.433 £ 0.007 1.134 £0.016 0.377 £0.011 2.307 £ 0.031 2.250 £ 0.030 2.278 £0.043
15 1.117 £0.008 0.468 £0.012 1.128 £0.015 0.475 £0.002 2.363 £0.023 2.543 £0.019 2.464 £+ 0.030
16 1.127 £ 0.010 0.488 +0.022 1.163 £ 0.021 0.539 £+ 0.004 2.404 £+ 0.055 2.783 £ 0.036 2.649 £+ 0.066
17 1.115 £ 0.007 0.499 £+ 0.022 1.145 £ 0.019 0.543 £+ 0.003 2.413 +£0.056 2.832 +£0.031 2.692 £+ 0.064
18 1.121 £ 0.007 0.476 = 0.030 1.179 £ 0.026 0.561 £+ 0.002 2.376 £ 0.078 2.950 £0.033 2.782 £ 0.084
19 1.176 £ 0.020 0.482 + 0.067 1.267 £ 0.035 0.612+0.014 2.438 +£0.124 3.264 £ 0.058 3.021 £0.137
20 1.116 £ 0.022 0.473 £0.103 1.206 + 0.040 0.594 +£0.011 2.369 £ 0.156 3.153 £0.082 2.938 £0.175
22 1.220 £+ 0.056 0.466 + 0.090 1.357 £ 0.050 0.642 +0.038 2.452 +£0.091 3.565 +£0.084 3.296 +£0.123

incident energies. The same behavior was shown by Kanungo
et al. [17] from the charge-changing cross section measure-
ments. A thick neutron surface is shown in ’C and '°C,
previously observed with large halo radii. They determined
for the first time the point-proton distributions and the skin
effect as a function of the neutron surface distribution. This
structural effect was first discovered by Yamaguchi et al. [53],
where the density distribution of protons in the nuclei was
found to be tightly bounded. In Fig. 2, we have plotted our
calculated rms point-proton and point-neutron radii against
those available in Refs. [17,27,35,40,46,47,54], as a function
of N = 6-16. The closed blue and black circles are the results
of our 2P and 4P set calculations, respectively; the connecting
lines are shown to show their evolution. In the case of the
4P set where the number of data is insufficient (more than
four measured reaction cross sections), the calculated rms
radii are presented with a larger uncertainty (error bar), but
the ratio between the two matter radii from 2P and 4P is
observed to be close to unity, whereas the 2P set calculations
greatly overestimate the rms point-proton radii. As shown in
this figure and within the error bar, we see that the results of
the 4P set calculations are more in agreement with the results

32
3
2.8
2.6
24
2.2

2
1.8
1.6

R,(fm)

of the point-proton and point-neutron distributions determined
experimentally from the charge-changing (exchange) cross
sections [17,27,55]. The behavior of the rms radii increases
with neutron number, the same as observed in the calcula-
tions of Abu-Ibrahim et al. [46] and Suhel et al. [40], where
the harmonic oscillator density is considered for the reacting
projectile. We have pointed out here the usefulness of the
2pF density to study the matter distribution in the surface
region, where the neutron distribution may influence the point
charge distribution. Therefore, in Fig. 3, we defined the neu-
tron skin thickness as the difference of the point-neutron (R,,)
and point-proton (R),) radii from the 4P calculation set. The
black closed circles are, respectively, our calculation results,
which compare well with the determined experimental results
(red closed circles) from Ref. [17]. We then see a gradual
increase in the neutron skin thickness, which evolves from
0-1.1 fm as the neutron-proton asymmetry increases. This
nuclear surface effect is associated with the large Fermi level
difference between neutrons and protons as the nuclei become
highly neutron rich [17].

The matter radii of '>=20-22C are shown in Fig. 4 to be in
good agreement with the results of Refs. [17,27], although

R, (fm)

6 8 10 12 14 16

N

FIG. 2. The results of point-proton (left) and point-neutron (right) rms radii for 1>=20-22C isotopes obtained from the two sets of calculations
2P (blue line and closed circles) and 4P (black line and closed circles). The results are compared with the available data from the literature:
green closed up triangle for '>72022C [46], red closed circles for '2~!°C [17], red closed up triangle, for '3C [47], yellow closed down triangle
for '2C [35], black star for >~16C [56], purple star for !”!81°C [57], purple closed down triangle for '>'°C [53], and magenta full cross for

]2,13,14C [58]
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FIG. 3. The surface thickness, defined as the difference between
the neutron and proton rms radii, is plotted as a function of the
neutron number for the carbon isotopes of 12720-22C. The black closed
circles represent the results of the 4P set calculations compared to the
data from Ref. [17], represented by the red closed circles.

less estimated than the results of Refs. [35,40,46,47,54]. We
see a rapid change for 16¢, ¢, and 2C nuclei calculated
with R,, = 2.649 4+ 0.066 fm, 3.021 &+ 0.137 fm, and 3.296
=+ 0.123 fm, respectively, which are in good agreement with
those extracted from measured reaction cross sections, R,, =
2.74 £ 0.03 fm, 3.16 £ 0.03 fm [17], 3.13 £ 0.07 fm
[27], and 3.44 £ 0.08 fm [12]. These nuclei have already
been proposed to have a halo structure due to their large R,
radii and the dominance of the 25/, configuration of the
valence neutrons calculated with empirical separation ener-
gies, S», = 5.468 MeV (°C), S, = 0.16 MeV(*°C) [59], and

So, = 0.56 MeV(?2C) [12]. This suggestion could be deeply
enriched if we consider the thickness of the extended va-
lence neutrons as shown in Fig. 3 with 0.379 fm ('°C), 0.826
fm('°C), and 1.133 fm(?>C). Otherwise, from the increasing
behavior of the skin thickness, we see that the *C has less
effect than the neighboring nuclei, which could be explained
by the persistence of the N = 8 shell closure. Such structural
effects can be further observed from the density distribution
when many more neutrons are added.

B. Proton, neutron, and matter density distributions

Recently, Tanihata et al. [55], when studying the interac-
tion of neutron-rich carbon isotopes with hydrogen, carbon,
and nitrogen reaction targets, reported that the charge ex-
change cross sections increased much more with the carbon
target than the others. The same observation was reported by
Yamaguchi et al. [53] where the density distribution of pro-
tons in nuclei is tightly bound. However, we have plotted the
point-proton, point-neutron, and matter density distributions
as a function of the distance from the center of the nuclei,
as shown in Fig. 5. We see a sensitivity of the point-charge
(center) and point-neutron (surface) distributions when the
density profile is plotted on linear (left side) and logarithmic
(right side) scales.

As can be seen in Fig. 5, the proton density is manifested
by a high central density, which decreases as the neutron
number increases. This change is more pronounced in the
center for the °C, 1°C, and 22C nuclei, but it does not affect
the surface part of the proton distribution, where the scattering
at large distances is less important. This observation could
explain the flatness of the proton rms radii seen in Fig. 2.

3.6

34

32

2.8

R,(fm)

2.6

24

2.2

Matter

FIG. 4. The rms matter radii of '>~2%-22C isotopes are compared with those extracted from the available experimental data of reaction cross
sections: The results of Ref. [46] for 1272022C are shown with green up triangles, '>~'°C [17] with closed red circles, '*C [47] with red closed
up triangles, '2C [35] with yellow closed down triangles and sky blue down triangles from [54], '>=2°C [40] with open black circles, '>=2°C
[27] with the magenta down triangles. The closed blue and black circles are our results with the calculation set 2P and 4P for 2-20:22C,
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FIG. 5. The proton, neutron, and matter density distributions for the '>~2%22C isotopes. On the left side the central charge evolution is
shown in linear scale, on the right side, the surface distribution is shown in logarithmic scale.

For the neutron density, the landscape is shown with a large
spread (diffuseness) in the surface at large distances, as well
as a more pronounced decrease in the central density as the
number of neutrons increases. We see a smooth increase in
the central density from 'C up to '*C with a reduced spread
in the surface region, which could be explained by the per-
sistence of N = 8 magicity in '“C. Thereafter, the neutron
distribution appears to be very sensitive to the proton-neutron
asymmetry. We see a monotonically strong decrease in the
central density coupled with a large diffuseness, leading to a
large tail of nuclei as observed at large neutron rms radii (see
Fig. 2).

The matter distribution is strongly influenced by the neu-
tron distribution in the center as well as in the surface. There
is clear evidence for the nuclei of 10C, 1°C, and 22C where the
central density is less important than the neighboring nuclei
and then the matter rms radii increase suddenly. This sudden
increase could be explained by the dominance of the 25,
configuration of valence neutrons with low centrifugal barrier

[11,60]. Therefore, considering the weak separation energy,
the large rms radii, the weakness of the central density and its
large scattering at the larger distances, we can conclude that
the '°C, 1°C, and 22C show an anomalous structure such as the
neutron halo(s).

As a consequence, the 2pF-type density distribution seems
to describe the proton and neutron distributions better than
the other: HO and Gaussian density distributions since each
has only one size parameter ag and ayo, respectively. The
importance of this form of densities lies in the size parameter
rypr and the diffuseness parameter a,,r, which describe the
surface region. According to the information treated in this
work, the 2pF-type densities allowed us to explain the large
values of the rms matter radius, in contrast to what is claimed
in Ref. [40], where the HO densities can’t predict whether
the larger value of the rms matter radius of a neutron-rich
nucleus near the drip line is due to the thicker neutron skin or
to a halo structure. For loosely bound nuclei, the study of the
density model is extended to the (nucleus + neutron) or (HO
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plus Yukawa square function), which describes the asymptotic
behavior of the wave function (long tail) for the neutron(s)
halo, as has been done in several works [19,20,48,49].

IV. CONCLUSION

The matter distribution of '>72%-22C isotopes is studied us-
ing the finite-range Glauber model with Coulomb correction.
The rms radii of protons, neutrons and matter are extracted
from a set of available experimental data of reaction cross
sections measured with a carbon target over a wide range of
incident energies 30-950 MeV /nucleon. We have used the
2pF density to study the evolution of the matter distribution
as a function of neutron number. Using the two parameters of
diffuseness a,,r and reduced radius r,,r, we defined two sets
of calculations (2P) : pF,p = F2pFn and ApF,p = QA2pFon»

and (4P) . TpFp 75 2pF.n and A2pF,p 5& A2pF n- The 4P
calculations showed an excellent agreement with the proton
rms radii obtained directly from measured charge exchange
cross sections, and then the matter rms radii evolved with the
proton-neutron asymmetry parameter. The 2pF densities and
rms radii of protons, neutrons, and matter of the 12-20.22(~
isotopes have been unambiguously determined for the first
time. The central Coulomb barrier, as a function of the central
charge distribution is shown to weaken with increasing num-
ber of neutrons, except for the '*C nucleus where the magic
of N = 8 is shown to persist with large central charge and less
spread of the neutron distribution in the surface region. With
a low central charge and a large distribution of neutrons in the
surface, we have therefore discussed the halo character of '°C,
19C, and 22C nuclei in terms of their sharp increase in rms radii
and extended densities.
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