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核半径・中性子スキンと状態方程式



核物質の状態方程式 (EOS:Equation Of State)

e(!, ") = e(!, 0) + csym(!)"2 + ・・

" = (!n–!p)/!非対称度：

csym(!) = J – L ! + 1/2 Ksym !2

! = (!0 – !) / 3!0



中性子スキンと宇宙物理
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中性子スキンの厚さ !R

!R  = Rn – Rp

EOS 計算

!R  　!　核物質の EOS
　　　　(Equation of State)

!R "　中性子星の半径, 
 　　　　 中性子星内部の圧力, etc.
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Energy per nucleon of nearly symmetric nuclear matter

n0 : nuclear density, w0 :saturation density, K0 : incompressibility

S0 : symmetry energy at n=n0, L: its density derivative coefficient

Macroscopic properties of nuclei in labs. and in neutron stars

We adopt a macroscopic model.

1. Masses and radii os stable nuclei => We construct about 200 EOS's systematically.

2. Focus on saturation parameters of nearly symmetric nuclear matter

and identify the allowed region of these EOS parameter values.

3. Calculate masses and radii of unstable nuclei in labs. => dominant EOS parameter

4. Calculate nuclei in neutron-star crusts. => dominant EOS parameter

proton number, average proton fraction of spherical nuclei

pasta-nucleus phase : lower and upper boundary density

calculated by K. Oyamatsu et al.

親松さん et al. の計算



0.6

0.4

0.2

0.0

-0.2

N
eu
tr
on
Sk
in
Δ
r
(f
m
)

0.40.30.20.10.0

Antiprotonic Atom
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SDR
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RMF Calc. with NL3 interaction

SHF Calc. with SLy4 force

δ＝（N-Z)/A

重要な領域

この領域までの
データが得られる

直線の傾きが必要

理研RIBFなら可能

!R ! L "! + c
M. Centelles et al., Phys. Rev. Lett. 102 (2009) 122502.



反応断面積と核半径・核子密度分布



反応断面積と核半径

反応断面積 #R　＝　全断面積　–　弾性散乱断面積
　　　　　＝　非弾性チャネルの全断面積

中性子分布・陽子分布
両方に感度がある

Rp

Rt

σR = !(Rp + Rt)2

標的核

入射核



Glauber 計算
原子核の散乱 原子核を構成する核子の個々の散乱の和

! (r)核子密度分布

反応断面積

核子密度分布
Glauber計算
(optical limit)

Projectile

Target

個々の核子-核子散乱

個々の核子-核子散乱個々の核子-核子散乱
!""



核子-核子全断面積
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反応断面積のエネルギー依存性を用いる方法
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不安定核核子密度分布導出への応用
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Cross Section and Density Distribution
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陽子・中性子密度分布(半径)の独立決定



陽子分布半径を他の実験から



A rm
2 = Z rp

2 + N rn
2

rm
2 !! R

rp
2 ! 電子散乱・アイソトープシフト

!R = rn
2 " rp

2
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Ne isotopes

Ne 同位体の核子分布・陽子分布半径
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�Skin Ne Isotope

Ne 同位体の中性子スキン

FSUGold interaction
Neutron Star R1.4M⊙ 13km

Mmax = 1.7 M⊙ 

Prediction from NL3 interaction
Neutron Star R1.4M⊙ 15km

Mmax = 2.8 M⊙ 



陽子分布・中性子分布の分離



核子核子全断面積のアイソスピン非対称性
を利用する方法



核子-核子全断面積 σNN

~3 倍大きい
!pn >> !pp

陽子-原子核σRから陽子･中性子分布を分離可能

pp

pn

核力の性質(σpp と σpn の違い)

陽子標的

外側に中性子が広がった原子核

外側に陽子が広がった原子核

σR 大

σR 小

陽子標的

陽子標的ならば



　陽子標的のσR実験値と計算値



　パウリブロッキングの効果
パウリブロッキング
反応後の核子の状態が既に占有されていると反応が禁止される効果。

k1
k2

k’2

k’1

k’2

k’1forbidden

allowed

衝突前 衝突後 
運動量空間でのパウリブロッキングの表現

アイソスピン依存

密度依存
k(r) = [3π2ρ(r)]1/3

kp(r) �= kn(r)
L.W.Chen et al., PRC64(2001)064315.

R. E. Warner et al., PRC 65 (2002) 044617

σPB
NN =

�
σfree

NN

Ωpauli

4π
dk2

σNNの変更

M. S. Hussein et al., Phys. Rep. 201 (1991) 279.



　パウリブロッキングの効果

p-12C @ 50AMeV

Transparency (透過度)

パウリブロッキング
あり
なし



陽子-安定核σR実験結果

パウリブロッキングを考慮した
グラウバー計算が実験値を良く再現する。



陽子・中性子分布の分離法の計算例

~15%difference

陽子との反応断面積の計算例



Be同位体-原子核のσR実験結果

7Be
9Be

10Be 11Be



陽子-Be同位体σRの実験結果

7Be
9Be

10Be
11Be



Be 同位体の陽子・中性子密度分布

7Be
9Be

10Be 11Be



Be同位体の平均２乗半径の比較

W. Notershauser, et al., PRL 102 (2009) 062503.

Be



荷電変化断面積を利用する方法



L.V. Chulkov et al. / Nuclear Physics A 674 (2000) 330–342 333

Table 1
Charge-changing cross section (σcc) on a carbon target as a function of the neutron excess (A − 2Z).
Cross sections are given in mb. The particle unstable nuclei are marked by ‘n.s’. The σcc values for
20O and 20F are taken from Ref. [19]

A − 2Z B C N O F

0 777± 16 762± 10 859± 15 872± 10 998± 25
1 730± 24 765± 25 860± 10 927± 12 1016± 10
2 753± 81 785± 34 936± 63 954± 25 980± 13∗
3 739± 9 830± 26 853± 24 878± 14 986± 10
4 758± 14 793± 16 841± 12 881± 15∗ 983± 57
5 776± 15 780± 16 853± 10 877± 16 967± 22
6 n.s. 775± 26 855± 31 859± 34 946± 24
7 760± 34 759± 67 843± 21 874± 23 934± 54
8 n.s. 870± 57 994± 161 857± 71 962± 48
9 902± 201 n.s. 618± 296 n.s. 1059± 153

Fig. 1. Charge-changing cross sections as a function of mass number (A). The experimental data
are shown by: filled circles — boron isotopes, open circles — carbon isotopes, filled triangles —
nitrogen isotopes, open triangles— oxygen isotopes, rhombuses — fluorine isotopes. The solid curve
corresponds to a power function σcc ∼ A0.55 [17].

of A (σcc ∼ A0.55(2)) [17]. However, the σcc values for drip line nuclei do not follow
this dependence [9,19]. This can be seen clearly in Fig. 1 where σcc for series of isotopes
are shown as functions of their mass numbers. 3 The σcc values for each given atomic
number stay nearly a constant and all the data can be well reproduced using the same
power function of Z. Such behavior gives a first hint on a connection between σcc and
the nuclear charge radius. Moreover, small deviations (about ±5%) from the smooth
dependence are correlated with the Coulomb energy of a proton in the projectile: 4 smaller
values of σcc correspond to larger Coulomb energies [20] and, hence, to smaller charge

3 To avoid the overlapping of the the error bars from the data points of the neighboring isotones, the only data
with uncertainties less then 5% are shown in Figs. 1 and 2. The data not shown in the pictures demonstrate a
similar behavior and are given in Table 1.
4 Coulomb energy of a proton in the projectile is determined as the difference of the proton binding energy in

the projectile with the neutron binding energy in the mirror nucleus.

GSIでの荷電変化断面積測定

L.V. Chulkov et al., Nucl. Phys. A674 (2000) 330-342.
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F

荷電変化断面積＝陽子数が変化するチャネルの総断面積
Charge Changing Cross Section
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荷電変化断面積のGlauber 計算
入射核の密度 陽子分布だけを入力

! (r)核子密度分布

Glauber計算
(optical limit)

Projectile

Target

個々の核子-核子散乱

個々の核子-核子散乱個々の核子-核子散乱
!""

荷電変化断面積

陽子密度分布



The HO density was also applied to the proton density
functions of the projectiles with known charge radii
(9–11Be [3], 14C [14], and 16–18O [14]). The width parame-
ters apHO were determined to reproduce the root-
mean-square (rms) radii ~rp of the point-proton distribu-

tions. The ~rp was calculated to be ~r2p ¼ ~r2ch " hR2
pi" N

Z #
hR2

ni" 3@2
4m2

pc
2 , where ~rch is the rms charge radius, hR2

pi and
hR2

ni are the proton and neutron mean-square charge radii,

respectively [hR2
pi1=2 ¼ 0:895ð18Þ fm [15] and hR2

ni ¼
"0:1149ð24Þ fm2 [16]], and the last term is the Darwin-
Foldy correction [17].

Applying Eq. (1), the charge-changing cross sections
!calc

cc have been calculated for 9–11Be, 14C, and 16–18O
and are presented in Table I. The ratios of experimental

!expt
cc and calculated !calc

cc values are indicated with filled
symbols (circles: 9–11Be; square: 14C; triangles: 16–18O
isotopes) in Fig. 2. As a result, we find that the ratios are

approximately constant over a wide range of Z=N; F ¼
!expt

cc =!calc
cc ¼ 1:05& 0:03, within a standard deviation of

&3% shown by the shaded area in Fig. 2. The constancy of
the !cc ratio suggests that the direct proton removal chan-
nel dominates the charge-changing process at the present
energy. We emphasize that the typical one-neutron halo
nucleus 11Be follows the present scaling. The ratio for
9Be is equal to 1.17 (Z=N ¼ 0:8) and thus shows a large
deviation. This can be explained by the one-neutron
removal channel in 9Be which contributes to the charge-
changing cross section yielding unbound 8Be nuclei break-
ing immediately up into two " particles. The high-energy
data [6] for nuclides with known charge radii (10;11B,
12;13C, 14;15N, and 19F) were scaled to the present energy.
They were used to calculate the !cc ratios in the same way

as described above and are plotted in Fig. 2 as open circles.
A largely deviating ratio at around 1.15 at Z=N ¼ 1 comes
from 10B. It is caused by the same reason as in the case of
9Be. Thus, the overall results agree well within their un-
certainties with the present scaling. This indicates an ap-
proximate but universal scaling of !cc. Thus, results might
be due to the fact that the beam energy lies in the minimum
of the nucleon-nucleon cross sections; that is, the reaction
complexity relevant for the nucleus-nucleus collisions is
minimal. The present method allows the determination of
the density distributions of protons ‘‘embedded’’ into
neutron-rich nuclei.
The application of the method to the carbon isotopes

yields valuable information on their proton radii which are
difficult to determine by the laser spectroscopy technique.
The first measurement of BðE2Þ in 16C suggested an
anomalous deformation [18]. This stimulated intensive
studies of the BðE2Þ values [19,20] as well as inelastic
scattering experiments with 16C [21]. Our new results on
!cc of 15;16C can provide an additional constraint on the
shell structure evolution in carbon isotopes.
By applying the present !cc scaling, the point-proton

radii of 15;16C can be determined from the measured
charge-changing cross sections. Assuming the HO density
for the proton density distributions of these nuclei, the
width parameters were determined which reproduce the
measured !expt

cc =F . The rms point-proton radii of 15C and
16C have been determined to be ~rp ¼ 2:33& 0:11 fm and
~rp ¼ 2:25& 0:11 fm, respectively. The main contribution
to the experimental errors comes from the variation of the
scaling factor. Although the uncertainties for the radii are
still rather large, the new results are consistent with those
for the stable carbon isotopes and support the systematic
evolution of the proton radii in this region (see Table II).
We note that the proton radius of 16C is on the downward
trend as compared to that of 14C. Adding neutrons to a
stable nucleus generally causes a decrease of the charge
radius, which had been qualitatively explained by Bohr and
Mottelson [23].
The nuclear matter radii of 15;16C have been precisely

determined from the interaction cross sections measure-
ments at high energies (see Table II) [22]. Therefore, our
new proton radii enabled us to derive the neutron radii of
these nuclei. This was done by employing the relation
~r2m ¼ Z

A ~r
2
p þ N

A ~r
2
n, where ~rm, ~rp, and ~rn are the rms matter,

1.3
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1.00.90.80.70.60.5

Z/N

FIG. 2. Results on the ratios of experimental !expt
cc and calcu-

lated !calc
cc as a function of Z=N for the nuclei with the known

charge radii 9–11Be (filled circles), 14C (filled square), and 16–18O
(filled triangles) isotopes. The solid line and the shaded band
show the result of the least square fitting of the experimental data
with the corresponding standard deviations, respectively. The
open square and circles show the ratios for 9Li and the high-
energy data scaled to the present energy [6].

TABLE II. Root-mean-square point-proton (~rp) and matter
(~rm) radii of carbon isotopes.

Nuclide ~rp (fm) ~rm (fm)

12C 2:320& 0:007 [14] 2:31& 0:02 [22]
13C 2:315& 0:008 [14] 2:28& 0:04 [22]
14C 2:364& 0:011 [14] 2:30& 0:07 [22]
15C 2:33& 0:11 2:48& 0:03 [22]
16C 2:25& 0:11 2:70& 0:03 [22]

PRL 107, 032502 (2011) P HY S I CA L R EV I EW LE T T E R S
week ending
15 JULY 2011

032502-3

9Be

11Be

14C 16O

10Be

T.Yamaguchi et al.,　Phys.Rev.Lett. 107 (2011) 032502

!cc(exp)
!cc(calc)

Factor は一定？
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Mg 同位体の反応断面積測定

九大・渡邉氏らの計算
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Ni 予想

Ni 同位体での中性子スキン測定(予想)

● Ni 予想



Summary

!  "R の中間エネルギー領域での高精度測定　　　
!不安定核の核子密度分布導出

!  "R !　陽子・中性子分布(半径)　　　　　　　　
３つの方法

! 他の実験から陽子分布(半径)
! "NN のアイソスピン非対称性
! 荷電変化断面積


