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Background: We constructed the Kyushu chiral g matrix and confirmed its reliability at 30 < E;, < 100 MeV

and 250 < Ej, < 400 MeV for '2C scattering. Reaction cross-section data of *He scattering are available for
some nuclides including 2°®Pb. The PREX I collaboration reported a thick neutron skin for 2%Pb.

Purpose: Our purpose is to deduce neutron skin thicknesses of 2”Pb and some other nuclides from reaction
cross sections calculated in terms of the double folding model with the g matrix.

Methods: We fold the g matrix and densities given by mean-field calculations. To remedy the weaker constraint
of the neutron sector, we renormalize densities so as to reproduce the observed cross sections.

Results: We found that a 3.4% renormalization is necessary for 2°Pb. The neutron density obtained from
renormalization results in Ry, = 0.416 & 0.146 fm by confronting the precision proton radius.

Conclusions: Our result is consistent with PREX II and therefore supports larger slope parameter L. Results for
40Ca and '**Sn are also consistent with Ry, deduced from other experiments. For 16,1209y the present method

gives thicker skins.
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I. INTRODUCTION

In heavy atomic nuclei, neutrons outnumber protons as
the mass number increases so as to mitigate the Coulomb
repulsion between protons. This leads to the difference in the
spatial distribution—the neutron skin emerges, where the skin
thickness is defined as the difference in the root mean square
radii between neutrons and protons. This isovector property is
not only one of the basic quantities in the structure of finite,
terrestrial nuclei but determines the equation of state (EoS) of
infinite nuclear matter in astrophysical objects such as neutron
stars and exploding supernovae.

Information about nuclear radii is extracted from various
experimental means. In contrast, theoretically, only mean-
field calculations are available for heavy nuclei practically.
Energy density functionals adopted in mean-field calculations
contain many parameters of which numerical values are in-
formed by basic observables such as binding energies, radii
and so on, of representative stable and some unstable nu-
clides. The mean-field calculations predict various quantities
including nuclear radii of other nuclides. Precision of proton
radii among them is thought to be high because of clean-
ness of electron scatterings that inform the parameters of the
proton sector. In contrast, neutron radii and accordingly skin
thicknesses are less determined. This suggests that the calcu-
lated values of neutron radii should be critically assessed. In
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other words, it would be better to be based more directly on
experimental information. One of such directions is to deter-
mine nuclear matter radius from reaction cross sections og of
nucleon-nucleus and/or nucleus-nucleus scatterings and then
deduce neutron radius, and consequently skin thickness, by
confronting the precision proton radius obtained by electron
scatterings.

As proposed by Horowitz et al. [1], on the other hand,
parity-violating electron scatterings using polarized beams
give directly neutron radii. By confronting them with the pro-
ton radii, skin thickness can be obtained. Actually, the PREX
II experiment reported a precision datum of the neutron skin
thickness of 2%Pb [2]; namely,

R2% (PREXII) = 0.283 + 0.071 fm. D

skin

The R2% (PREXII) gives a larger slope parameter L and
supports a stiffer EoS. As a famous EoS, we can consider
APR [3]. It yields Rg]?ii =0.16 fm. This value is out of
R2% (PREX II). This is an interesting issue to be solved, since
this calculation is believed to be best for symmetric and neu-
tron matter. As for the density dependence of the symmetry
energy, studied with heavy-ion collisions, collective excitation
in nuclei (especially pygmy dipole resonances) and neutron-
star calculations, a good brief review is shown in Ref. [4].

In relation to the present subject, our group has been
studying nuclear reaction observables, including og relevant
to the present purpose, in terms of a microscopic optical
potential based on a chiral g matrix [5]. This g matrix
was constructed by Kohno [6] by taking into account the

©2021 American Physical Society


https://orcid.org/0000-0003-1022-1328
https://orcid.org/0000-0003-0467-1314
https://orcid.org/0000-0001-7277-6287
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevC.104.054613&domain=pdf&date_stamp=2021-11-29
https://doi.org/10.1103/PhysRevC.104.054613

MATSUZAKI, TAGAMI, AND YAHIRO

PHYSICAL REVIEW C 104, 054613 (2021)

208Pb
0.18 ‘ ‘ ‘
matter(D1S) ——
0.16 | neutron(D1S) —— 1
proton(D1S)
0.14 matter(SLy7)  + i
0.12 k eutron(SLy7) < ,
) ’ roton(SLy7)  *
@ 0.1 1
= 0.08 1
a
0.06 1
0.04 1
0.02 1
0
0 2 4 6 8 10 12

r (fm)

FIG. 1. r dependence of densities, pp(r'), on(r), pm(r), for ***Pb
calculated with D1S-GHFB + AMP and SLy7-HFB. Dashed curves
from the bottom to the top denote the oy (7), P (), pm(r) of D1S-
GHFB, respectively. Symbols correspond to the SLy7-HFB densities.

next-to-next-to-next-to leading order (N 3LO) two-body force
and the NNLO three-body force in chiral perturbation.
Toyokawa et al. localized the nonlocal g matrix, and we call
it the Kyushu chiral g matrix [5]. Its numerical values for
selected discrete energies are presented in a web page for
public use [7]. In that work, o of 4He + *®Ni and *He + 2*8Pb
were studied by paying attention to the effect of the three-body
force, in terms of the double-folding model (DFM) adopting a
microscopic density of the Gogny-D1S Hartree-Fock (HF) for
the targets and a phenomenological one [8] for the projectile.
In Ref. [9], we predicted the ground-state properties, such
as binding energies, one- and two-neutron separation en-
ergies and various radii, of Ca isotopes adopting Gogny-
D1S Hartree-Fock-Bogoliubov (HFB) with and without the
angular-momentum projection (AMP). Using the nuclear den-
sities given by this structure calculation and the Kyushu chiral
g matrix, we predicted or for scattering of Ca isotopes on a
12C target with DFM, after confirming its reliability at each
incident energy for '>C 4 °Be, '2C, and ?’Al scatterings.
After the PREX II result [2] is announced, we per-
formed a single-folding model calculation of oy of p + 2%Pb

TABLE 1. Various radii of *”®Pb, given in fm. Column 1 and 2
are the results of direct calculations with the Gogny-HFB + AMP
and the Skyrme-HFB, respectively. Column 3 is taken from Ref. [2].
Columns 4 and 5 are deduced from the renormalized densities for p
scattering [10] and “He scattering (present work), respectively. R, =
5.444 fm is taken from Ref. [15].

DIS SLy7  PREXII P “He

R, 5580 5.619 5.722+£0.035 5.860 +0.146
R, 5443 5469 5.444 5.444

Ryin 0.137 0.150 0.283 £0.071 0.278 £0.035 0.416 +£0.146
R, 5.526 5.560 5.614 +£0.022 5.700 4+ 0.146
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FIG. 2. E;, dependence of reaction cross sections oy for
“He 4 2Pb scattering. Note that E, is the incident energy per nu-
cleon. Asterisks stand for the results of D1S-GHFB + AMP and
SLy7-HFB. The data are taken from Ref. [16].

scattering by adopting the Kyushu chiral g matrix [10] and
the Gogny-HFB. The important finding of this study is that
the calculated og are 3% smaller than the experimental values
in the energy range in which the reliability of the Kyushu
chiral g matrix has been confirmed and the Gogny HFB re-
produces well the observed proton radii. Then we assume that
this originates from the less-confirmed mean-field parameters
for the neutron sector and we attempted to renormalize the
HFB + AMP neutron density to reproduce the or data. The
neutron radius deduced from the energy-averaged og through
the matter radius leads to a neutron skin thickness that agrees
well with the PREX 1I result.
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FIG. 3. E;, dependence of reaction cross sections or for
“He + '2°Sn scattering. Asterisks show the results of SLy7-HFB. The
data are taken from Ref. [16].
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TABLE II. Various radii of '?°Sn, given in fm. Column 1 is the
result of the direct calculation with the Skyrme-HFB. Column 2 is
that of the same renormalization procedure applied to the data [16]
with R, = 4.583 fm, determined from the charge-density data [22].
Columns 3 and 4 are taken from Refs. [23,24].

SLy7 “He Krasznahorkay ~ Hashimoto
R, 4719 4959 £0.140
R, 4.595 4.583
Ryin  0.123  0.377 £ 0.140 0.18 £ 0.07 0.148 £ 0.034
Ry 4.668  4.806 £ 0.140

The purpose of the present work is to examine further the
present method—extract the neutron radius from og given by
the Kyushu chiral g matrix and the phenomenologically renor-
malized mean-field density—by revisiting the “He + 2*8Pb
scattering studied in Ref. [5] and comparing with the p +
208pp result of Ref. [10]. Then we study some lighter nuclides.

II. MODEL

The model adopted in this work is essentially the same
as that in Ref. [10], aside from the optical potential being
obtained by double folding for *“He + 2°*Pb, rather than single
folding for p + 2%®Pb. The double folding is performed for the
Kyushu chiral g matrix and the adopted nuclear densities.

As the densities of 2*Pb we newly examined the Skyrme
HFB [11] with the SLy7 parameter set, which is an improved
version of the widely used SLy4 [12], in addition to the
D1S-GHFB + AMP ones [9]. As for “He, again we use the
phenomenological density [8].

The potential U consists of the direct part (UPR) and the
exchange part (UFX):

URR) =) f Pb () prr1) R (51 p)drpdrr, ()
H,v

@R = 3 [ pttere = )i +)
0,

X g (8 puv) exp [—iK(R) - s /M dredrr, — (3)

where s = rp — rr + R for the coordinate R between the pro-
jectile (P) and target (T). The coordinate rp (rr) denotes
the location for the interacting nucleon measured from the
center-of-mass of P (T). Each of u and v stands for the z
component of isospin; 1/2 means neutron and —1/2 means
proton. The original form of U®X is a nonlocal function of R,
but it has been localized in Eq. (3) with the local semiclassical
approximation in which P is assumed to propagate as a plane
wave with the local momentum /K (R) within a short range of
the nucleon-nucleon interaction, where M = AA1/(A + At)
for the mass number A (A1) of P (T). The validity of this
localization is shown in Ref. [13].

The direct and exchange parts, gy and g%, of the effective
nucleon-nucleon interaction (g matrix) depend on the local
density

Puv = (IM,OFF(FT + S/2) (4)
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FIG. 4. Three panels from the top to the bottom show E;, de-
pendence of reaction cross sections oy for “He 4 '1%124Sn, and *°Ca
scattering, respectively. Asterisks show the results of SLy7-HFB. The
data are taken from Ref. [16].

at the midpoint of the interacting nucleon pair, where o# is
the Pauli matrix of a nucleon in P. This choice of the local
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TABLE III. Various radii of !'®12*Sn, and °Ca, given in fm. Columns 1, 4, and 7 are the results of the direct calculations with the
Skyrme-HFB. Columns 2, 5, and 8 are those of the same renormalization procedure applied to the data [16] with R, = 4.554, 4.606, and
3.378 fm, determined from the charge-density data [22]. Columns 3, 6, and 9 are taken from Refs. [23,25].

16§ 124G, Ca

SLy7 “He Krasznahorkay ~ SLy7 “He Krasznahorkay ~ SLy7 “He Zenihiro
R,  4.654 4796 £0.140 4779  4.785+£0.142 3359 3.343+0.075  3.375100%3
R, 4.565 4.554 4.623 4.606 3.406 3.378 3.385
Ryin  0.089  0.242 £0.140 0.12 £ 0.06 0.155 0.180+0.142 0.19 £0.07 —0.043  —0.035+£0.075 —0.010%0%
R 4.616 4.693 +0.140 4717 4714 +0.142 3.381 3.361 £ 0.075

density is quite successful for *He scattering, as shown in
Ref. [14].

The renormalization; that is, the scaling of the density p(r),
will be performed as follows: We can obtain the scaled density
Pscaling () from the original density p(r) as

1
pscaling(r) = a_3)0(r/05)7 )

with a scaling factor

2y

o = <r )scahng . (6)
(r)

The actual procedure to determine « (of p and n) for each

case is as follows: First we scale the proton density so as to be

Rp(scaling) = Rp(expt) although is a tiny adjustment, second

we scale the neutron density so as that the og reproduces the

data in average with respect to Ejj.

III. RESULTS AND DISCUSSION
A. 2%pp

As a preparation, first we compare two sets of calculated
densities in Fig. 1. The two sets practically coincide in the
sense that the effect of the slight difference in the deep inside
on oy is negligible and the differences in the calculated radii
(column 1 and 2 in Table I) are less than 1%.

We present the calculated og in Fig. 2 comparing with the
data. Adopting the Kyushu chiral g-matrix folding model, of
which reliability in the energy range 29.3 < Ej, < 85 MeV
has been confirmed [9], calculated or are 96.6% of the data
on average. This is very similar to the p + 2%*Pb result in
Ref. [10],97% in 30 < Eiy, < 100 MeV.

According to this observation, we apply the same renor-
malization procedure; that is, we scale the DIS-GHFB +
AMP densities so as to reproduce ogr for each Ej, under the
condition that the proton radius given by the scaled density
agrees with the data from electron scattering, and take the
weighted mean and its error for the resulting Ry,. From the
resulting Ry, = 5.700 £ 0.146 fm and R, = 5.444 fm, we ob-
tain R, = 5.860 & 0.146 fm. This leads to Ry, = 0.416 £+
0.146 fm, which is consistent with the PREX II result as
shown in Table 1. The present result for *He 4 2*®Pb, in ad-
dition to that for p 4 2%Pb in Ref. [10], strongly suggests
that the less-determined mean-field parameters in the neutron
sector tend to lead to smaller R, and consequently thin skins
at least in heavy nuclei such as 2**Pb.

This looks consistent with the result of the dispersive opti-
cal model analysis, in which the single-particle self-energies
are informed by various observed quantities, Ry, = 0.25 &
0.05 fm [17]. The remaining unresolved issue is the consis-
tency with the result of the other clean method, the electric-
dipole polarizability ap, as explicitly addressed in Ref. [18];
ap obtained from photoabsorption reactions leads to a thin
Rgin = O.156f8:8§? fm [19] through the correlation [20].

B. 116:120,124g,

To see to what extent the picture presented above holds
in lighter nuclides, we study stable Sn isotopes in this sec-
tion. Figure 3 presents the experimental and calculated og
for '2Sn. The latter is smaller than the central value of the
former although located within the error bar at all three Ej,.
The direct calculation with the SLy7 parameter set gives
Ryin = 0.123 fm as in column 1 in Table II. This is slightly
smaller than the HF + BCS result with the SLy4 set reported
in Ref. [21]. Column 2 reports the result of the same renor-
malization procedure as above, adopting R, = 4.583 fm [22].
The resulting skin is too thick.

Then we consult other experimental information obtained
by dipole resonances. The first one is given by the spin-
dipole resonance excited by the (*He, ) reaction [23]. A
model-dependent value Ry, = 0.18 & 0.07 fm is given by
normalizing to a theoretical result. The second one is given
through the correlation with ap [20] obtained by the (5, p’) re-
action [24]. The authors conclude Ry, = 0.148 4= 0.034 fm.
These are summarized in Table II. Although the correlation
between Ry, and ap is argued not to be consistent with
relativistic mean-field calculations in 2*®Pb [18], in the present
case of '2°Sn it is consistent at least with the selected Skyrme
parameter sets. On the other hand, the performance of the
present prescription applied to the ogr data is not good. There-
fore we suspect that the og data contain some error.

Next we examine !'%!2#Sn. Many data extracted from var-
ious methods, which are presented in Fig. 4 of Ref. [21], are
available in addition to the or data of present interest. Our
results are shown in Fig. 4 and Table III. That of '2*Sn looks
consistent with other experimental and theoretical results, but,
in the '°Sn case, Ryq, extracted from og is evidently too large
as in the '*°Sn case above.

C. *Ca

As the last example, we take 40Ca in order to see whether
the present method is applicable also to the case with Ry, <
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FIG. 5. Skin thicknesses deduced in the present and other works
are summarized as a function of the difference between the pro-
ton and neutron separation energies: —7.31, —0.28, 0.64, 1.58, and
3.60 MeV for “°Ca, ''%Sn, 2%8Pb, 12°Sn, and '*Sn, respectively. The
data are taken from Refs. [2,23-25].

0. Ca will be studied separately elsewhere. The results are
shown in Fig. 4 and Table III. In Table III, our result is
compared with that deduced from the recent proton elastic
scattering [25]. These indicate that the present method works
well also for the Ryqn < O case, at the same time, indicate

that the mean-field parameters of the neutron sector is more
reliable than in heavier cases.

IV. SUMMARY

Based on the studies of reaction cross sections that confirm
the double-folding model with the Kyushu chiral g matrix at

each Ej, and the Gogny and Skyrme HFB, we examined to
deduce the neutron skin thicknesses of 2%8Pp, 116:120.124gy
and “°Ca. First we found that the present model gives 3.4%
smaller cross sections for “He 4 2*®Pb, similarly to 3% in the
single-folding case of p 4 2%*Pb in a preceding work. We at-
tributed the origin of these deviations to less-confirmed mean-
field parameters for neutrons in heavy nuclei, and renormal-
ized the HFB densities. Then the nuclear matter radii deduced
from cross sections lead to skin thicknesses by confronting
precision proton radii. The result is consistent with that of
PREX II. Then we applied the method to lighter nuclides.
Among stable Sn isotopes, for which the or data show rather
large error, this method leads to thicker skins in !'®129Sn,
This indicates that other observables should also be exam-
ined. For *°Ca in which mean-field parameters are thought
to be relatively well determined and Ry, < 0, this method
works well. We summarize our numerical results for the five
nuclides in Fig. 5 as a function of the separation energy
difference.

Using the fitted relation between the skin thickness
of 2%Pb and the slope parameter of symmetry energy,
R¥% —=0.101 + 0.00147L [26], our result R2® = 0.416 &

skin skin

0.146 fm and R°% (PREXII) = 0.283 +0.071 fm lead to
L =115-313.6 MeV and L = 75.5-172.1 MeV, respectively.
These values support stiffer EoSs and exclude APR (L =~ 40
MeV). This is the point we found out through the present

study in relation to the symmetry energy.
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