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Background: Foster et al. measured total neutron cross sections σT of n+208Pb scattering at Elab = 14.137 MeV. We tested
the Kyushu (chira)l g-matrix folding model for reaction cross sections σR on p+208Pb scattering in 20<˜Elab

<˜ 180 MeV and
found that our folding model is reliable. As for 12C+12C scattering, we tested the Kyushu g-matrix folding model and found
that the folding model is reliable for σR in 30<˜Elab

<˜ 100 MeV/u and 250<˜Elab
<˜ 400 MeV/u. Ozawa et al. accumulated the

measured values of interaction cross sections σI and the extracted matter radii rm from 4He to 32Mg. Bagchi et al. determined
proton radii rp(CC) for 14,15,17–22N by measuring the charge-changing (CC) cross sections, and found a signal of 22N being
a halo nucleus. Kanungo et al. measured the CC cross sections and extracted rp(CC) for 12–19C. Kaur et al. made a similar
measurement and determined rp(CC) for 16,18–24O.

Purposes: Our 1st aim is to extract neutron tkin thickness r208skin from the the σT of n+208Pb scattering at Elab = 14.137 MeV.
Our 2nd aim is to test the Kyushu g-matrix folding model for 4He+208Pb scattering in 30<˜Elab

<˜ 180 MeV. 0ur 3rd aim is to
find stable nuclei having nuclei having large rskin.

Results: We extract r208skin = 0.309 ± 0.057 fm from the σT. We find that rskin = 0.267 ± 0.056 fm for 14N and rskin =
0.197± 0.067 fm for 17O.

Conclusion: The value r208skin = 0.309± 0.057 fm agrees with r208skin(PREX2).

I. INTRODUCTION

Horowitz et al. [1] proposed a direct measurement for neu-
tron skin thickness rskin = rn − rp, where rn and rp are the
root-mean-square radii of neutrons and protons, respectively.

The PREX collaboration has reported [2]

r208skin(PREX2) = 0.283± 0.071 = 0.212–0.354 fm. (1)

The CREX group has presented [3]

r48skin(CREX) = 0.121± 0.026 (exp)± 0.024 (model) fm.(2)

The PREX2 and CREX values are reliable for 208Pb and 48Ca,
respectively. Using the rp deduced from the electron scatter-
ing of Refs. [4, 5], one can obtain rn and matter radii rm for
PREX2 and CREX, as shown in Table I.

TABLE I. Values of rm(exp), rn(exp), rskin(exp) together with
rp(exp) deduced from the electron scattering [4, 5]. The radii are
shown in units of fm.

. rp(exp) rm(exp) rn(exp) rskin(exp)

PREX2 5.444 5.617± 0.044 5.727± 0.071 0.283± 0.071

CREX 3.385 3.456± 0.030 3.506± 0.050 0.121± 0.050

In Ref. [6], we extracted r208skin = 0.278 ± 0.035 fm from
reaction cross sections σR on p+208Pb scattering, using the
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chiral (Kyushu) g-matrix folding model [7, 8] with the den-
sities calculated with Gogny-D1S HFB (D1S-GHFB) with
angular momentum projection (AMP). The central value al-
most agrees with that of r208skin(PREX2). In this paper, we
try to find nucleus having thick skin-value in order to support
r208skin(PREX2).

In Ref. [9], we tested the Kyushu g-matrix folding model
for σR on p+208Pb scattering in 20<˜Elab

<˜ 180 MeV and find
that our folding model is reliable there, using the σR(PREX2)
calculated with the folding model with the neutron density
scaled to r208n (PREX2); note that the r208p calculated with
D1S-GHFB+AMP agrees with the r208p (PREX2) of Ref. [5]
In the paper, we extracted rskin and rm from the data σR

for 208Pb, 58Ni, 48,40Ca , 12C targets, using the Kyushu g-
matrix folding model with the densities calculated with D1S-
GHFB+AMP. As a way of a fine-tuning factor f , we proposed
the ESP-f (experimental scaling procedure). The ESP-f is a re-
liable way for 208Pb, 58Ni, 40,48Ca, 12C. As for 12C, the ESP-f
is nothing but a method from interaction cross sections rm(σI)
to rm(σR).

As for 4He scattering, we determined r208skin = 0.416±0.146
fm for 208Pb in 30 <˜ Elab

<˜ 50 MeV/u with the Kyushu
g-matrix folding model with the D1S-GHFB+AMP proton
and neutron densities, and extracted rskin and rm for 40Ca
and Sn isotopes [10]. In this paper, we test the Kyushu
g-matrix folding model for σR on 4He+208Pb scattering in
30<˜Elab

<˜ 180 MeV with the D1S-GHFB+AMP proton and
neutron densities, using the ESP-f, that is, we extracted r208skin
as the σR(PREX2) as a reference (reliable) value.

Foster et al. measured total neutron cross sections σT of
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n+208Pb scattering at Elab = 14.137 MeV [11]. Our aim is to
extract r208skin from the the σT

The measured values of σI and the extracted matter radii
rm(σI) are accumulated from 4He to 32Mg in Ref. [12]; see
Table 1 of Ref. [12] for the σI and see Table 3 (Glauber model
in the optical limit) for the rm(σI).

Bagchi et al. measured charge-changing (CC) cross sec-
tions around 900 MeV/u at GSI and determined the proton
radii rp(CC) for 14,15,17–22N [13]. As for 14,15N, the rp(e

−)
are obtainable with the isotope shift based on electron scatter-
ing [4]. As for A = 14, 15, the rp(CC) are consistent with
those of electron scattering. They extracted matter radii rm
and neutron skin thickness rskin from interaction cross sec-
tions σI [12] for 14,15,17–22N, using the Glauber model where
the rp(CC) were used and the neutron radius rn were eval-
uated with the harmonic oscillator density. They mentioned
that an increase in rm from 21N to 22N is a signal of 22N be-
ing a halo nucleus.

Kaur et al. measured charge-changing (CC) cross sections
and σI for 16,18–24O+12C scattering at around 900A MeV and
presented the values of the rp(CC) and the rm for 16,18–24O,
using the Glauber model [14]; see Table I of Ref. [14]. As for
A = 16, 18, the rp(CC) are consistent with the rp(e

−). They
also extracted rskin from the rp(CC) and the rm for 16,18–24O.

Kanungo et al. measured the CC cross sections for
12,14–19C+12C scattering to determine the rp(CC) [15]. Their
values are consistent with those of electron scattering for
A = 12, 14.

Dobrovolsky et al. measured the absolute differential cross
sections for small-angle elastic scattering of on 12,14–17C on
a proton target at energies near 700 MeV/u and determined
rm for 12,14–17C by using the Glauber model. [16]. Using
rp(e

−) for 12,14C and the rp(CC) of Ref. [15] for 15,16,17C,
they extracted rskin; see Table 2 of Ref. [16].

Reaction cross sections σR, interaction cross sections σI

for charged projectiles and σI for neutron are standard ob-
servable of determining rskin, when the rp(exp) is calculated
with the isotope shift method based on the electron scatter-
ing [4]. Good data on σR for p+48Ca scattering are available
in Ref. [17].

As for 12C+12C scattering, we tested the Kyushu g-matrix
folding model and found that the folding model [7] is reliable
for σR in 30<˜Elab

<˜100 MeV and 250<˜Elab
<˜400 MeV [18].

Tanaka et al measured interaction cross sections σI for
42–51Ca + 12C scattering at 280 MeV/nucleon and determined
rskin for 42–51Ca [19]. As for 48Ca, Tanaka et al. extracted
r48skin = 0.146±0.06 fm, using the Glauber model (the optical
limit) with the Woods-Saxon proton and neutron densities.

In Ref. [20], we reanalyzed the data, using the Kyushu
g-matrix folding model with the D1S-GHFB densities for
43,45,47,49,51Ca and the D1S-GHFB+AMP densities for
42,44,46,48,50Ca. Their skin values almost agree with ours, ex-
cept for 48Ca. D1S is thus reliable for 42–47,49–51Ca. There is
non-negligible difference between our value r48skin = 0.105 ±
0.06 fm and theirs r48skin = 0.146±0.06 fm. The fact indicates
that we carefully choose proton and neutron densities in order
to construct proton and neutron densities for 48Ca.

Only as for 48Ca, we then choose D1M [21] in stead of

D1S, since the D1M-GHFB+AMP calculation yields better
agreement with the total energy than the D1S-GHFB+AMP
one [22]. The further reason why we take D1M is shown in
Sec. III C 1.

We determined rm(σR) for 12C, as shown in Table II. Our
result rm(σR) of Ref. [9] based on p+ 12C scattering almost
agree with that of Ref. [23] based on 12C+12C scattering each
other. Note that there is no fine-tuning factor for 12C+12C
scattering and we used the ESP-f for p+12C scattering.

TABLE II. Values of rm(σR) and rm(σI). The two values rm(σI) are
taken from the accumulation paper of Ref. [12]. The first rm(σR) are
determined from the σR of p scattering in Ref. [9], whereas the 2nd
rm(σR) is extracted from the σR of 12C+12C scattering in Ref. [23].
The radii are shown in units of fm.

rm(σR) rm(σR) rm(σI) rm(σI)
12C 2.340± 0.009 2.352± 0.013 2.31± 0.02 2.35± 0.02

The chiral nucleon-nucleon (NN) forces used in the Kyushu
g-matrix folding model has a cutoff of 550 MeV. For this
reason, the model is applicable for Elab

<˜ 410 MeV. At
Elab

>˜ 500 MeV, in fact, we extracted rskin and rm for 208Pb
by using the folding model [24] based on the Love-Franey
(LF) t-matrix [25] model. Our rskin values, 0.325± 0.076 fm
for D1S+AMP and 0.333±0.076 fm for D1M+AMP, are con-
sistent with r208skin(PREX2). Note that the former value is very
close to the latter.

Our first aim is to extract r208skin from the the σT of Ref. [11]
of n+208Pb scattering at Elab = 14.137 MeV. Our 2nd aim
is to test the Kyushu g-matrix folding model for 4He+208Pb
scattering in 30<˜Elab

<˜ 180 MeV with σR(PREX2). 0ur 3rd
aim is to find stable nuclei having nuclei having large rskin.

Our model is formulated in Sec. II, and our results is shown
in Sec. III. Section V is devoted to a summary.

II. MEHOD

The g-matrix folding model [7, 26–34] is a standard way of
determining rskin and/or rm from σR and σI. In the model, the
potential is obtained by folding the g-matrix with projectile
and target densities.

Applying the folding model based on the Melbourne g-
matrix [27] for σR of Mg isotopes, we deduced the rm for
Mg isotopes [32], and discovered that 31Ne is a halo nucleus
with large deformation [29].

Kohno calculated the g matrix for the symmetric nuclear
matter, using the Brueckner-Hartree-Fock method with chiral
N3LO 2NFs and NNLO 3NFs [35]. He set cD = −2.5 and
cE = 0.25 so that the energy per nucleon can become mini-
mum at ρ = ρ0 [7].

Toyokawa et al. localized the non-local chiral g matrix into
three-range Gaussian forms by using the localization method
proposed by the Melbourne group [27, 36, 37]. The resulting
local g matrix is called “Kyushu g-matrix”.

The Kyushu g-matrix folding model is successful in repro-
ducing the differential cross sections dσ/dΩ and the vector
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analyzing power Ay for polarized proton scattering on various
targets at Elab = 65 MeV [33], and dσ/dΩ for 4He scattering
at Elab = 72 MeV per nucleon [34]. This is true for σR of
4He scattering in Elab = 30 ∼ 200 MeV per nucleon [7].

In this paper, we use the Kyushu g-matrix folding model [7]
for lower energies and the LF folding model for higher ener-
gies.

In the the Kyushu g-matrix folding model, the potential U
consists of the direct part (UDR) and the exchange part (UEX)
defined by

UDR(R)=
∑
µ,ν

∫
ρµP(rP)ρ

ν
T(rT)g

DR
µν (s)drPdrT, (3)

UEX(R)=
∑
µ,ν

∫
ρµP(rP, rP − s)ρνT(rT, rT + s)

× gEX
µν (s) exp [−iK(R) · s/M ]drPdrT, (4)

where s = rP − rT + R for the coordinate R between a
projectile (P) and a target (T). The coordinate rP (rT) de-
notes the location for the interacting nucleon measured from
the center-of-mass of P (T) and M = AAT/(A + AT) for
the mass number A (AT) of P (T). Each of µ and ν stands for
the z-component of isospin; 1/2 means neutron and −1/2 does
proton.

The direct and exchange parts, gDR
µν and gEX

µν , of the g ma-
trix are described by

gDR
µν (s) =

1

4

∑
S

Ŝ2gS1
µν (s) for µ+ ν = ±1, (5)

gDR
µν (s) =

1

8

∑
S,T

Ŝ2gST
µν (s) for µ+ ν = 0, (6)

gEX
µν (s) =

1

4

∑
S

(−1)S+1Ŝ2gS1
µν (s) for µ+ ν = ±1, (7)

gEX
µν (s) =

1

8

∑
S,T

(−1)S+T Ŝ2gST
µν (s) for µ+ ν = 0, (8)

where Ŝ =
√
2S + 1 and gST

µν are the spin-isospin compo-
nents of the g-matrix interaction. The Kyushu g-matrix [7]
is constructed from the chiral 2NFs and 3NFs interaction with
the cutoff 550 MeV. In the LF t-matrix folding model, the chi-
ral g-matrix is placed by the LF t-matrix. [25] The formulation
for proton+nucleus scattering is shown in Ref. [31].

As for a 12C target, we use the phenomenological density of
Ref. [38]. We use the Gogny-D1S Hartree-Fock-Bogoliubov
(D1S-GHFB) method for O-isotope densities, since effects
of angular momentum projection (AMP) are negligible for
spherical nuclei such as O isotopes. As C isotopes, we use
the D1S+GHFB+AMP densities for A = 14, 16, 18 and the
phenomenological one for A = 12. As odd nuclei such as N
isotopes, the D1S+GHFB+AMP method is not feasible; this
point is explained in Ref. [18]. We use SLy7 [10, 39, 40]
that is an improved version of SLy4. The SLy7 were used for
4He+208Pb scattering in order to extract r208skin = 0.416±0.146
fm [10]. As for 208Pb, the SLy7 yields the same rm as D1S-
GHFB+AMP. This is true for N isotopes.

The scaled density ρscaling(r) is obtained from the original
projectile density ρ(r) as

ρscaling(r) =
1

α3
ρ(r/α) (9)

with a scaling factor

α =

√
⟨r2⟩scaling

⟨r2⟩
. (10)

In order to extract the rm from the measured σI and σR,
we scale the proton and neutron densities so as to reproduce
the σI under the condition that rp,scaling = rp(exp), where
rp(exp) stands for either rp(e−) or rp(CC); note that Ar2m =
Zr2p +Nr2n.

A. Relation between the Kyushu t-matrix folding model and
the LF t-matrix folding model

Now, we compare the LF t-matrix folding model with the
Kyushu t-matrix folding model for 12C+12C scattering at
30<˜Elab

<˜ 950 MeV/u. The difference between the results of
the Kyushu g-matrix folding model and those of the Kyushu
t-matrix folding model is small at Elab = 372 MeV. Since the
chiral t-matrix has a cutoff of 550 MeV, the results of the chi-
ral t-matrix folding model are reliable in Elab

<˜ 410 MeV/u,
where we use the phenomenological projectile and target den-
sities for both the models. The results of the Kyushu t-matrix
folding model agree with those of the LF t-matrix folding
model FσLF

R with F = 0.93766 at Elab = 410 MeV/u.

As shown in Fig. 1, the fine-tuning factor F satisfies
σI(exp) = FσR(LF) for 12C+12C scattering at 790 and
950 MeV/nucleon, as shown in Fig. 1. In 350 <˜ Elab

<˜ 400
MeV/nucleon, the results of Kyushu t-matrix folding model
almost agree with FσLF

R with F = 0.93766, where σLF
R is the

σR calculated with the LF t-matrix folding model.

The F is used for scattering of C, N, O isotopes on a 12C
target.
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FIG. 1. Elab dependence of σR and σI for 12C+12C scattering. Open
circles stand for the results of the Kyushu t-matrix folding model
with the phenomenological projectile and target densities. Closed
circles correspond to the FσR(LF) with F = 0.93766. The data are
taken from Refs. [12, 41–43].

III. RESULTS

A. Determination of r208skin from the the total cross sections at
Elab = 14.137 MeV

Figure 2 shows Elab dependence of σT for n+208Pb scat-
tering. Closed circles denote the the total cross sections
σT(PREX2) calculated with the folding model with the neu-
tron density scaled to r208n (PREX2), where the r208p calcu-
lated with D1S-GHFB+AMP agrees with the r208p (PREX2)
of Ref. [5]

FIG. 2. Elab dependence of σT for n+208Pb scattering at Elab =
14.137 MeV. Closed circles denote the the total cross sections
σT(PREX2) calculated with the folding model with the neutron
density scaled to r208n (PREX2), where the r208p calculated with
D1S-GHFB+AMP agrees with the r208p (PREX2) of Ref. [5] The
data are taken from Ref. [11].

Scaling the neutron PREX2 density for 208Pb with the
ESP-f method to the data [11] on the total cross sections at
14.137 MeV, we can obtain r208skin = 0.309 ± 0.057 fm. The
value agrees with r208skin(PREX2).

Figure 3 shows total cross sections σT of n+208Pb scatter-
ing as a function of Elab. An open circle stands for the result
of the Woods-Saxon type neutron density (r WS = 6.59 fm,
a WS = 0.7 fm) fitted to the central value of PREX2 and
the D1S-GHFB+AMP neutron density, and a close circle de-
notes the result of the Woods-Saxon type neutron density
(r WS = 6.81 fm, a WS = 0.6 fm) and the D1S-GHFB+AMP
neutron density. The former (latter) result is near the up-
per (lower) bound of the data [11]. The central value of the
data [11] indicates a WS ≈ 0.65 fm.

FIG. 3. Elab dependence of σT for n+208Pb scattering at Elab =
14.137 MeV. An open circle stands for the result of the Woods-Saxon
type neutron density (r WS = 6.59 fm, a WS = 0.7 fm) fitted to
the central value of PREX2 and the D1S-GHFB+AMP proton den-
sity, and a close circle denotes the result of the Woods-Saxon type
neutron density(r WS = 6.81 fm, a WS = 0.6 fm) and the D1S-
GHFB+AMP proton density. The data are taken from Ref. [11].

B. Test of the Kyushu g-matrix folding model for 4He+208Pb
scattering in 30<˜Elab

<˜ 180 MeV

Figure 4 shows Elab dependence of σR for 4He+208Pb
scattering. Closed circles denote the σR(PREX2) calcu-
lated with the folding model with the neutron density scaled
to r208n (PREX2), where the r208p calculated with D1S-
GHFB+AMP agrees with the r208p (PREX2) of Ref. [5]

The σR(PREX2) reproduce the data [44, 45] at 29.3,
40.975, 48.1 MeV/u. In our previous paper [10], the data
at 29.3, 40.975, 48.1 MeV/u yield r208skin = 0.416±0.146 fm.
Nevertheless, the value is larger than r208skin(PREX2). The
central values of the data should decrease as Elab tends to zero
in the energy range of Elab

<˜ 41 Mev because of the Coulomb
barrier, since σR(PREX2) has such a Elab dependence. How-
ever, the data at at 29.3 MeV/u is larger than that that at
40.975 Mev/u. We should neglect the data at 29.3 MeV/u.
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Scaling the neutron PREX2 density with the ESP-f method
to the data at 40.975, 48.1 MeV/u, we obtain r208skin = 0.241±
0.304 fm that is consistent with r208skin(PREX2).

FIG. 4. Elab dependence of σR for 4He+208Pb scattering in
30 <˜ Elab

<˜ 180 MeV. Closed circles denote the σR(PREX2) cal-
culated with the folding model with the neutron density scaled to
r208n (PREX2), where the r208p calculated with D1S-GHFB+AMP
agrees with the r208p (PREX2) of Ref. [5] The data are taken from
Refs. [44, 45].

As for 4He, the gaussian expansion method (GEM) [46] as
ab initio calculations is applied for 4He in which the Argonne
V8’ NN interaction (AV8) and the phenomenological three-
nucleon interaction are used [47]. The NNN interaction is
adjusted so as to reproduce the binding energies of 4He. As
for 4He, the matter density of the ground state is shown in
Fig. 2 of Ref. [47].

Using the GEM proton and neutron densities for 4He, we
obtain r208skin = 0.264 ± 0.303 fm. The central value is very
close to that r208skin(PREX2).

C. Reanalyses for 48Ca

1. Comparison between D1S and D1M for 48Ca

Figure 5 shows σR as a function of Elab for p+48Ca scat-
tering. The results of the D1M-GHFB+AMP densities yield
better agreement with the data [17] than those of the D1S-
GHFB+AMP densities. This is true for 48Ca+12C scattering
at 280 MeV/nuleon [19], as shown in Fig. 6.

 800
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 900
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m

b
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data
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FIG. 5. Elab = Ein dependence of reaction cross sections σR for
p+48Ca scattering in Elab = 23–48 MeV. Circles denote results of
the D1S-GHFB+AMP densities, and squares correspond to those of
the D1M-GHFB+AMP densities The data (crosses) are taken from
Ref. [17].

FIG. 6. Interaction cross sections σI for 48Ca+12C scattering at
280 MeV/nucleon. Circles denote results of the D1S-GHFB+AMP
densities, and squares correspond to those of the D1M-GHFB+AMP
densities The data (crosses) are taken from Ref. [19].

D1M is thus better than D1S for both p+48Ca and 48Ca+12C
scattering.

2. 48Ca+12C scattering in Elab = 280 MeV/u

Figure 6 shows σI for 48Ca+12C scattering at
280 MeV/nucleon. Scaling the D1M-GHFB+AMP pro-
ton and neutron densities for 48Ca , we can obtain

r48skin(skin) = 0.180± 0.058 fm. (11)

Since we do not adopt any fine-tuning factor, we use the re-
sulting values of Table III as reference values for 48Ca. We
can obtain rm(CREX) and rn(CREX) from the CREX value
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of Eq. (2) and rp(exp) = 3.385 fm [4] of electron scattering.
Our value on rm(exp) is slightly larger than those of CREX.
As shown in Table III, the rn of D1M-GHFB+AMP is very
close to the result rn(ref) determined from 48Ca+12C scatter-
ing.

TABLE III. Values of rm(exp), rn(exp), rskin(exp) together with
rp(exp) deduced from the electron scattering [4]. The radii are
shown in units of fm.

Ref. rp(exp) rm(exp) rn(exp) rskin(exp)
48Ca CREX 3.385 3.456± 0.030 3.506± 0.050 0.121± 0.050
48Ca ref 3.385 3.491± 0.035 3.565± 0.058 0.180± 0.058
48Ca D1M 3.417 3.504 3.564 0.147

3. p+48Ca scattering in Elab = 23–48 MeV

The σR(ref) calculated with the Kyushu g-matrix fold-
ing model with the proton and neutron densities having
rp(ref) and rn(ref) are compared with the data [17] in
Fig. 7. The fine-tuning factor f is obtained by averag-
ing σR(exp)/σR(ref) over Elab. The resulting value is f =
0.968537. The f σR(ref) are scaled so as to reproduce the
data [17]. This procedure is nothing but ESP-F.
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FIG. 7. Reaction cross sections σR as a function of Elab = Ein

for p+48Ca scattering in Elab = 23–48 MeV. Open circles denote
results of σR(ref). The data (crosses) are taken from Ref. [17].

The resulting skin value is

r48skin(skin) = 0.163± 0.037 fm. (12)

The results are tabulated in Table IV. Our skin value is con-
sistent with r48skin(CREX), as shown in Table IV.

TABLE IV. Values of rm(exp), rn(exp), rskin(exp) together with
rp(exp) deduced from the electron scattering [4]. The radii are
shown in units of fm.

Ref. rp(exp) rm(exp) rn(exp) rskin(exp)
48Ca CREX 3.385 3.456± 0.030 3.506± 0.050 0.121± 0.050
48Ca TW 3.385 3.481± 0.022 3.548± 0.037 0.163± 0.037

D. Analyses of σI

Our rm(σI) values calculated with the LF t-matrix folding
model are consistent with those in Table 3 (optical limit) of
Ref. [12] for N, O, C isotopes. As for N isotopes, our rm(σI),
however, agree with the upper bound of rm(σI) of Ref. [13]
for A = 14, 15, 17–22. The consistency between our skin val-
ues rskin(σI) and those of previous works [13–15] are shown
blow.

1. N isotopes

We use the data σI [12, 42, 48, 49] for 14–23N+12C scat-
tering in 710–1020 MeV/u; see Table 1 of Ref. [12] for the
values of σI.

Figure 8 shows A dependence of interaction cross sections
σI for 14–23N+12C scattering, where A is the mass number.
The LF t-matrix folding model overshoots σI [12, 42, 48, 49].
The renormalized FσR(LF) with F = 0.93766 reproduces
the data [12, 42, 48, 49].

A

FIG. 8. A dependence of interaction cross sections σI for AN+12C
scattering. Open circles stand for the results of the LF t-matrix fold-
ing model with the SLy7 densities. Closed circles correspond to
those of FσR(LF). The data are taken from Refs. [12, 42, 48, 49];
see Table 1 of Ref. [12].

The SLy7 proton and neutron densities are scaled so that
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the FσR(LF) can reproduce the data under the condition of
rp,scaling = rp(exp).

Our results thus obtained are tabulated in Table V. The
rskin(σI) of 14N is close to PREX2 value.

TABLE V. Values on rp, rm, rn, rskin for N isotopes. The rp are
deduced from the charge radii [4] for 14,15N and the rp(CC) of
Ref. [13] are used for A = 17–22.

A rskin error rm error rn error rp error

14 0.259 0.079 2.553 0.042 2.680 0.079 2.42041 0.000
15 0.091 0.175 2.523 0.096 2.565 0.175 2.47402 0.000
17 0.010 0.182 2.556 0.079 2.560 0.152 2.55 0.03
18 0.368 0.106 2.761 0.038 2.898 0.076 2.53 0.03
19 0.432 0.105 2.801 0.041 2.952 0.075 2.52 0.03
20 0.531 0.128 2.876 0.059 3.051 0.098 2.52 0.03
21 0.565 0.099 2.879 0.040 3.055 0.069 2.49 0.03
22 0.828 0.212 3.119 0.127 3.358 0.182 2.53 0.03
16 2.608 0.227
23 3.415 0.220

Figure 11 shows A dependence of the rskin for 14,15,17–22N.
Our skin values are compared with those of Ref. [13]. Our
results are slightly larger than theirs.

A

FIG. 9. Comparison between our results and those of Ref. [13] for
rskin for 14,15,17–22N.

2. O isotopes

The same procedure is taken for O isotopes. As shown in
Fig. 10, the LF t-matrix folding model overshoots the data
σI of Refs. [12, 42, 50] in A = 13–22. The FσR(LF) with
F = 0.93766 reproduce the data in A = 13–22.

A

FIG. 10. A dependence of interaction cross sections σI for AO+12C
scattering. Open circles stand for the results of the LF t-matrix fold-
ing model with the D1S-GHFB proton and neutron densities in the
spherical limit. Closed circles correspond to those of FσR(LF). The
data are taken from Table 1 of Ref. [12].

The D1S-HFB proton and neutron densities in the spherical
limit are scaled so that the FσR(LF) can reproduce the data
under the condition of rp,scaling = rp(exp).

Our results for O isotopes are tabulated in Table VI. The
skin value is larger for 17O.

TABLE VI. Values on rp, rm, rn, rskin for O isotopes. The rp
are based on the charge radii [4] for 16,17,18O and the rp(CC) of
Ref. [14] for A = 19–24.

A rskin error rm error rn error rp error

16 0.027 0.030 2.582 0.015 2.596 0.030 2.569 0.000
17 0.197 0.067 2.672 0.037 2.763 0.067 2.566 0.000
18 0.059 0.111 2.684 0.063 2.710 0.111 2.651 0.000
19 0.322 0.088 2.741 0.024 2.872 0.058 2.55 0.03
20 0.409 0.072 2.783 0.026 2.939 0.052 2.53 0.02
21 0.380 0.070 2.771 0.026 2.910 0.050 2.53 0.02
22 0.633 0.101 2.919 0.049 3.133 0.081 2.50 0.02
23 0.895 0.089 3.192 0.034 3.475 0.059 2.58 0.03
24 0.975 0.202 3.193 0.108 3.485 0.162 2.51 0.04
13 2.532 0.063
14 2.401 0.061
15 2.420 0.034

As for O isotopes, our rskin values are slightly larger than
those of Ref. [14] for A = 16, 18–24. As for A = 13–24, as
shown in Fig. 11.
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A

FIG. 11. Comparison of rskin between ours and those of Ref. [14]
for O isotopes.

3. C isotopes

As for 12C+12C scattering, the FσR(LF) reproduces the
data [12, 41] at 790, 950 MeV/u within error-bars, as shown
in Fig. 1. The phenomenological proton and neutron densities
are scaled so as to reproduce the data under the condition of
rp,scaling = rp(exp). The average of two rm values is taken.

The projectile 12C densities should be the same as the tar-
get 12C ones. The reason why we use the phenomenological
densities are that the rm(th) of the phenomenological matter
densities yield better agreement with the experimental values
of Table II than that of the D1S-GHFB+AMP matter densities

The same procedure is taken for 14,16,18C+12C scattering
in which the D1S-GHFB+AMP proton and neutron densities
for 14,16,18C.

Our results for C isotopes are tabulated in Table VII.

TABLE VII. Values on rp, rm, rn, rskin for C isotopes. The rp are
deduced from the charge radii [4] for 12,14C and rp(CC) of Ref. [15]
are used for A = 16, 18.

A rskin error rm error rn error rp error

12 0.058 0.031 2.356 0.016 2.385 0.031 2.327 0.000
14 0.079 0.087 2.415 0.051 2.449 0.088 2.370 0.000
16 0.586 0.099 2.781 0.027 2.986 0.059 2.400 0.040
18 0.733 0.104 2.900 0.035 3.123 0.064 2.390 0.040

Figure 12 shows A dependence of rskin for 12–18C. Our
rskin values are consistent with those of Refs. [15, 16].

A

FIG. 12. Comparison of rskin between ours and those of Refs. [15,
16] for C isotopes.

4. Shell effects

We analyzed the data σI [20] on 42−51Ca+12C scattering
by using Kyushu (chiral) g-folding model with D1S-GHFB
proton and neutron densities with and without AMP.

Figure 13 shows our rn of Ref. [20] values as a function of
N for 42–51Ca. Our rn values are minimized at N = 28. This
is the fact that N = 28 is a major shell.

20+N

FIG. 13. N dependence of rn for 42–51Ca.

Figure 14 shows our r0(N) = rm(N)/A1/3 values as a
function of N for 42–51Ca. Our r0(N) values also have a dip
in N = 28. The r0(N) are useful to find a major shell.
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20+N

FIG. 14. N dependence of r0(N) = rm(N)/A1/3 for 42–51Ca.

Now, we consider the case of O, N, C isotopes by using
r0(N).

Figure 15 shows N dependence of r0(N) = rm(N)/A1/3

for O,N, C isotopes. The r0(N) are minimized at N = 14 for
N isotopes, This indicates the fact that N = 14 is a sub-shell.
The r0(N) are minimized at N = 8 for N, C isotopes. This
shows the fact that N = 8 is a major-shell,

8+N

7+N

6+N

FIG. 15. Comparison of r0(N) = rm(N)/A1/3 between ours and
those of Ref. [14] for O isotopes, of Ref. [13] for N isotopes, of
Refs. [15, 16] for C isotopes.

5. Relation between rm and total binding energy for N isotopes

As for N isotopes, the data on β ≡ rmEB/(Aℏc) hardly
depend on A for A = 14–22; note that EB/A is the binding
energy per nucleon. In fact, the deviation of β is much smaller
than the average value; namely,

β = 0.0977(6) (13)
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for A = 14–22. This indicates that rm is inversely proportion
to EB/A.

E. Analyses of σR based on p scattering

Our rm(σR) and rskin(σR) calculated with the Kyushu g-
matrix folding model are shown blow. As for N isotopes,
the rm(th) calculated with SLy7 agree with those with D1S-
GHFB within 0.2 %.

1. p+14N scattering

We extract rm(σR) from the data [51] σR(exp) for p+14N
scattering, using the Kyushu g-matrix folding model with the
Sly7 proton and neutron densities.

Figure 16 shows our values on σR and the data [51]. The
Kyushu g-matrix folding model with the SLy7 densities al-
most agrees with the data [51]. We then introduce a fine-
tuning factor f . We use the ESP-f of Ref. [9] in order to
determine f . The fine-tuning factor f is obtained by av-
eraging σR(exp)/σR(th) over Elab. The resulting value is
f = 0.86196. we obtain rm(σR), as shown in Table VIII.
The rm(σR) is larger than rm(σI) shown in Table VIII. The
rskin(σR) of 14N is even close to PREX2 value.

FIG. 16. Elab dependence of σR for p+14N scattering. Open circles
stand for results of the Kyushu g-matrix folding model with the SLy7
densities. The data is taken from Refs. [51].

TABLE VIII. Values on rm(σR), rp,rn, rskin for 14N based on pro-
ton scattering.

A rskin(σR) error rm(σR) error rn error rp

14 0.267 0.056 2.558 0.029 2.688 0.056 2.42041

2. p+16O scattering

In Ref. [52], the σR have been measured for 12C, 16O tar-
gets at 65.5 MeV. We first derive σR(th) with the Kyushu g-
matrix folding model with the phenomenological proton and
neutron densities of 12C and introduce a fine-tuning factor f
as f = σR(exp)/σR(th) = 0.92449. The reason why we
take the phenomenological proton and neutron densities is that
the phenomenological matter radius rm(σph) of 12O, 16O are
close to the corresponding experimental values, as shown in
Table II and Table IX. Applying the f value to p+16O scat-
tering at 65.5 MeV and scaling the the phenomenological den-
sities of 16O, we obtain rm(σR) = 2.584± 0.053 fm for 16O.
The value is consistent with rm(σI), as shown in Table IX.

TABLE IX. Values of rm(σR) and rm(σI). The values rm(σI) are
taken from Ref. [12]. The radii are shown in units of fm.

rm(σR) rm(σph) rm(σI)
12C 2.3375
16O 2.584± 0.053 2.5914 2.54± 0.02

F. Halo nature

Tanihata et al. determined rm for 6−9,11Li, 12C from σI

at 790 MeV/u [41] and found that 11Li is a halo nucleus; see
Refs. [12, 41] for the rm.

We extracted rskin for 6,8He by using the LF t-matrix fold-
ing model. The nature of halo is defined only qualitatively.
Meanwhile, rskin is defined quantitatively: For halo nuclei,
the rskin are 0.778 ± 0.041 fm for 6He, 0.975 ± 0.204 fm
11Li [4, 12, 41], 0.853 ± 0.071 fm for 11Be [4, 12, 42]; see
Ref. [53] for the derivation. In Fig. 8 of Ref. [54], we
showed A dependence of rskin for Ne isotopes, where A is the
mass number. The rskin ≈ 0.52 fm for 31Ne is much larger
than those of 30,32Ne. These large skin values come from the
halo nature. This makes it possible to define the halo nature
with rskin. However, for 22C as a heaviest halo nucleus at the
present stage, we cannot extract rskin, since rp is unknown.

As for 22C, a large increase in the σR of 22C+p scattering
from that of 20C+p scattering [55] was observed. Here 21C
is unbound. Adding p to 21C yields 22N that is a weakly-
bound nucleus having the single-neutron separation energy
sn = 1.54 MeV. This implies that 22N is a halo nucleus de-
scribed by the 21N+n two-body model. The increase of σR or
σI is thus important. For the case of 22N, we then define the
nature of halo quantitatively as

H1 =
4πrm(

22N)2 − 4πrm(
21N)2

4πrm(22N)2
(14)

and

H2 =
sn(

22N)

EB(22N)/A
(15)
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The nature of halo is realized, when H1 are large and H2

is small. Our results of Table V yield H1 = 0.148 and
H2 = 0.241 for 22N. For 22C with s2n = 10 keV [12, 55],
we get H1 = 0.695 and H2 = 0.001. For 11Li with s2n =
0.369 MeV [41], we obtain H1 = 0.447 and H2 = 0.044.
We consider that 22N is halo-like.

1. Deformation for 12,14,16,18C

In Ref. [56], Li, Luo and Wang compiled the charge radii
Rch of 236 nuclei measured by laser spectroscopy experi-
ment, and calculated the uncertainties. From the Rch of Mg
isotope chain, the new magic number N = 14 can be ob-
served. They introduced Eq. (5) for Rch. However, C, N, O
isotopes are not included in the 236 nuclei.

Using Eq. (5) of Ref. [56], we took the shell cor-
rections (SC) for 16,24O, since the SC are shown in
Ref. [57]. Using the parameter set (Table A) of Ref. [56],
we show A dependence of Rch(WS− 1), Rch(HFB25− 1),
Rch(WS− 1 + SC), where the Rch(WS− 1 + SC) include
SC but the Rch(WS− 1) and the Rch(HFB25− 1) do not.

In Fig. 17, for simplicity, we take the deformation param-
eters β2 = 0 and β4 = 0. As for 16,17,18O, the Rch are
taken from Ref. [4]. As for 19−−24O, the proton radii of
Ref. [14] are transformed into the corresponding Rch. The
data [4, 14] on Rch are compared with the Rch(WS− 1), the
Rch(HFB25− 1), the Rch(WS− 1 + SC). As for 16,24O,
the Rch(WS− 1 + SC) are larger than the data. When β2 >
0, the Rch(WS− 1 + SC) increase. This fact indicates that
one should not use Eq. (5) of Ref. [56].

A

FIG. 17. A dependence of Rch(WS− 1), Rch(HFB25− 1).
Open circles denote the Rch(WS− 1), whereas the symbol “+”
corresponds to the Rch(HFB25− 1). Closed circles stand for
Rch(WS− 1 + SC). The data (crosses) are taken from Refs. [4,
14].

SLy7 and D1S show that N, O isotopes are spherical. We
then consider deformation on C isotopes. D1S-GHFB+AMP

yields β2 = -0.378, -0.211, -0.307, -0.345 for 12,14,16,18C,
respectively. There is the famous equation on deformation:

r2m = r2m,0⌊1 +
5β2

2

4π
⌋, (16)

where rm,0 is the matter radius in the spherical limit. Using
the equation, we can extract rm,0 from rm.

Figure shows rm,0 and the data (Table VII) on rm for
12,14,16,18C. Deformation effects for the rm are about 14.8%
for 12,14,16,18C.

A

FIG. 18. A dependence of rm, rm,0. The rm,0 have errorbars with
‘’*”, whereas the rm correspond to errorbars with ‘’-”.

2. D1S and SLy7 for rskin on N isotopes

The rskin(SLy7) calculated with SLy7 are compared with
the rskin(D1S) with D1S in Fig. 19. The rskin(SLy7) are al-
most the same as rskin(D1S) except for for 21N. The differ-
ence between rskin(SLy7) and rskin(D1S) is appreciable only
for 21N. In fact, the rskin(D1S) is 0.443± 0.221 fm, whereas
rskin(SLy7) = 0.565±0.099 fm. As for 208Pb, the difference
is very small [10].
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FIG. 19. A dependence of rskin(SLy7), rskin(D1S). The
rskin(D1S) have errorbars with ‘’*”, whereas the rm correspond to
errorbars with ‘’-”.

IV. DISCUSSIONS FOR MODEL DEPENDENCE

We use the Kyushu g-matrix folding model with no fine-
tuning factor (F = 1) in Elab

<˜ 410 MeV/u and the LF t-
matrix folding model with the fine-tuning F in Elab

>˜ 410
MeV/u. The model dependence stems from (A) the proton
and neutron densities used and (B) F . In Sec. III, our errors
only come from those of σexp

T and σexp
R . We can minimize

the errors based on (A) by choosing the EoS yielding that the
proton and neutron scaling factor being close to 1. In general,
D1S and SLy7(SLy4) are good. As for 48, D1M is better than
D1S, as shown in Sec. III C 3. The errors based on (B) are
investigated below.

As for 12C+12C scattering at 30 <˜ Elab
<˜ 950 MeV/u, the

σR of the Kyushu t-matrix folding model agree with those
of the LF t-matrix folding model FσLF

R with F = 0.93766
at Elab = 410 MeV/u, as shown in Fig. 1. We then used
the F = 0.93766 value for C, N, O isotopes. As an another
fitting, we may use σexp

R = FσLF
R at 790 MeV/u. The value

is F = 0.94096 = 0.93766 × 1.0035. In order to investigate
influence of F , we increase the F = 0.93766 value by 0.35%.
As for O isotopes, the central values of rm decrease by 0.33%.

Now we consider coupled-channel effects in the present
folding model. In Elab

<˜ 410 MeV/u, we use chiral (Kyushu)
g-matrix folding model with no fine-tuning factor. The chi-
ral g-matrix include approximately coupled-channel effects as
nuclear-medium effects obtained by solving the Brueckner-
Hartree-Fock method, since the chiral g-matrix include the
back-coupling from all the continuum states; see Ref. [7] for
the detained explanation.

Now we consider compound nucleus effects. Compound
nucleus effects appear at low incident energies and are a re-
sult of multiple NN collisions. The effects decrease as Elab

increases from 2.491 MeV to 14.137 MeV in Ref. [11]; note
that the compound -nucleus outgoing processes appear only

in s-wave. We then take Elab = 14.137 MeV as an inci-
dent neutron-beam energy generated from Li(d,n). In fact,
the central value of σT(PREX2) is very close to that of
the σT(exp) [11], as shown in Fig. 2. The small difference
between our present value r208skin = 0.309 ± 0.057 fm and
r208skin(PREX2) may come from compound nucleus effects.

V. SUMMARY

Foster et al. made high-precision measurement for to-
tal neutron cross sections σT [11] of n+208Pb scattering at
Elab = 14.137 MeV. We extract r208skin = 0.309 ± 0.057 fm
from the σT, using the chiral (Kyushu) g-matrix folding
model with the D1S-GHFB+AMP proton and neutron den-
sities. The value agrees with r208skin(PREX2) and is consistent
with r208skin = 0.278± 0.035 fm [6] from σR on p+208Pb scat-
tering.

As for 48Ca, we determine r48skin(skin) = 0.163± 0.037 fm
from the σR [17] on p+48Ca scattering, using the Kyushu g-
matrix folding model with the D1M-GHFB+AMP proton and
neutron densities. We show that D1M-GHFB+AMP is better
than D1S-GHFB+AMP for the matter radius and the binding
energy. Our skin value is consistent with r48skin(CREX).

As for 4He, the Gaussian expansion method (GEM) [46]
as ab initio calculations is applied for 4He [47]. Using the
Kyushu g-matrix folding model with the D1S-GHFB+AMP
proton and neutron densities for 208Pb and the GEM pro-
ton and neutron densities for 4He, we obtain r208skin =
0.264±0.303 fm from σR of 4He+208Pb scattering at 40.975,
48.1 MeV/u. The value is very close to that r208skin(PREX2).

Using the Kyushu g-matrix and the LF folding model,
among O, N, C isotopes, we find that rskin = 0.267±0.056 fm
for 14N and rskin = 0.197± 0.067 fm for 17O as stable nuclei
having large skin value. The value rskin = 0.267 ± 0.056 fm
for 14N is consistent with r208skin(PREX2). The value rskin =
0.197± 0.067 fm for 17O is close to r208skin(PREX2).

As for the nucleus having the property Z = N , the rskin is
zero, if the Coulomb interaction is switched off in the Hamil-
tonian for 14N. This is because the realistic NN interaction is
invariant under the interchange between proton and neutron.
The thick skin value shows that the Coulomb effects are im-
portant.

The r0(N) = rm(N)/A1/3 are useful to find a major and a
sub-major shell. When the N = 8 core is hard, there should
be no dip. In fact, there is no dip for O isotopes. As for N,
C isotopes, there appears a dip at N = 8, indicating that the
N = 8 core becomes soft. As for O, N, C isotopes, there
appears a dip at N = 14, indicating that the N = 14 core is a
soft one.
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