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Atomic Nuclei

Nucleus

Proton }
Neutron

Nucleons

Proton NumberZ /.
Neutron Number:M A

Mass Number 4 L
A=N+7
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Stable Nuclel =300, Unstable Nuclei ~8000
Experimentally confirmed
Unstable Nuclel ~ 3000



Nuclear Property : Size, Density

Known Properties from the Study of Stable Nucle

Radius Alpha particle scattering on
Stable Nuclel

Nuclear Radii ~ 1~10 fm

Electron Scattering
Nuclear radii tollow the function of m

R o r* Al

Magnetic Field

electron
detector

Saturation Density

R. Hofstadter Nobel Lecture .
electron beam p !

Target



Nuclear Property : Mass, Binding Energ?gn i

Known Properties from the Study of Stable Nuclel
Mass Measurements by Mass spectrometer

Bainbridge Mass spectrograph (1930s)

Mass Defect

’H components ’H atom

1.007276 amu ()

@
1.008665 amu ) ﬁ

0.000549 amu @ N\

2.016490 amu 2.014102 amu

Mass defect = 0.002388 amu

http://chemwiki.ucdavis.edu/ http://www.chem.fsu.edu/

MA 2) = Z'ms + N'me = BA 2) 99 E%eli/lgg\// G0



http://chemwiki.ucdavis.edu/
http://www.chem.fsu.edu/

Nuclear Structure : Magic Number

Figures are from the lecture note of Prof. K. Muto, Tokyo Institute of Technology

FMH T AL X — ¥

Coulomb T %)L ¥ —

MR L ¥ —

R 2ILX —

100 150
mass number A

AE [MeV]

AE = MExpt ;e B(A, Z)

Nuclel are more strongly
bound when the number of
constituent nucleons
are certain magic numbers

RO =520 2850, 82 128
Closed Shell

AE [MeV]



What will we find for unstable nuclei . el
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What will we find for unstable nuclei e
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Experimental Approach to Unstable Nuclei

Accelerator

RN

Heavy lon Beam
(Stable Nuclei)

Unstable Nuclei
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Stable Nuclei

Half Life > 30 days
10ms < Half Life < 30 days

Halfs Life.< 1,0.ms
Not: Experimentally Observed
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Accellerator

What is the accelerator?

The machine which give certain kinetic energy to charged particles by accelerating
and controlling them with the use of electro magnetic field.

+
Unit of Energy B

eV : Amount of energy gained by the charge of

a single electron (1.6*10-19) accelerated by an
electric potential difference of 1V.

T MV

v-lon Source

1eV=16x101J

Static electric charge 9,

- Electrostatic Accellerator
- Linear Accellerator

http://atomic.lindahall.org/

Acceleration
of lon

High frequency alternating

current voltage is used to Drift tubes increase acceleration by
create magnetic fields. @ managing the magnetic fields. =
/ I 1
= arge
=N — _r—
O B—— ...‘ - .
~ >
proton ~—"p

.
source \
particle beam Electromagnets keep
uuuuuu hamber

the particle beams in
the center of the pipe.

- Circular Accellerator Van de Graaff



Circular Accellerator

%
qVvB = Y
;
mv
[ =
qB
21m

= 0B

I'1s always constant,
independent of
particles velocity

http://atomic.lindahall.org/ Two D-shaped cavities -

one is positively charged
and the other is
negatively charged.

lon Source

The magnetic field
bends the path of a
charged particle into
a semi-circle.

P

Large flat electromagnets
on the bottom and top

An electric field
accelerates the
charge at each gap
crossing.

Accelerated Particle

magnet

Dee Electrodes lon Source

Top View



Cyclotron Facilities trans

https: | | d ‘ i%
NSCL KSOO’ K I 200 (USA) ttps://people.nscl.msu.edu/ Y%

K500 12 g :

GANIL CSS1, CSS2

beam target

http://www.ganil-spiral2.eu/science-us/accelerator/css1-css2



Cyclotron Facilities &
NSCL : K500, K1200 (USA)

GANIL : CSS1, CSS2

RIKEN, RIBF
RRC, FRC IRC, SRC



http://www.riken.jp/
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http://www.riken.jp/

Synchrotron Accelerator At relativistic energy
A bunch of

Electric field applied
high and varying frequency to
accelerate particles appropriate
timing

L 3
AR

Particles are staged in the ring, Hj
and travel always
on the same fixed orbit

LY
\ 3

Accelerated Particle

magnet

:
— |
4
Sexlthinninmime
"aE- ."‘l' | |

I d A,
] habday
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! Mgl

Dee Electrodes lon Source

Cyclotron : High Intensity

, Cyclotron :
Synchrotron : High Energy Continuous Acceleration




® GSI, SIS

Mass and Lifetime Measurements
of Stored Exotic Nuclei

Production
Target

|. Pure Bp
Separation

[I. Bp-AE-Bp
Separation

\ |
 Injection of separated
exotic nuclei

ESR

Bpuex = 10 Tm



® GSI, SIS and then SIS100, SIS300

? .

http://www.fair-center.eu/

existing GSI

™~ proton

linac SIS18

SuperFRS



Experimental Approach to Unstable Nuclei

Accelerator

RN

Heavy lon Beam
(Stable Nuclei)

Unstable Nuclei
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Production of Unstable Nuclei
as Radioactive Isotope (Rl) Beam

Production of Unstable Nuclel Target
. . (O &
+ Fusion-evaporation Beam QLS T

% ‘VL ’ i vd
Fusion- Evaporat/on *
- Transfer Reaction ‘%

o S8~

- FIssion

Production of Unstable Nuclei Beam
High Energy

- Spallation = ISOL Proton Beam | €AY Target 6
. = . - tv Used as
- Projectile Fragmentation P S&te Low Energy

¢
O - e
* Fission Ablation Spallation ¢



Primary Beam

i i . Secondary Beam
(Stable Nuclide) Projectile Fragmentation (

Unstable Nuclide)

O
| Target
Primary Beam Secondary Beam
Target (Stable Nuclide) (Unstable Nuclide
—l »
238 ) Beam Fissile Nucleus Fission Fragments

4

X
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~ % W Ioae
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Target

Fission Abrasion



Principle of Fragment Separator

Production Target

NEZEIZE

Primary Beam

Pl

Bp~AlZ - v

y/
F1 : Dispersive

Various Nuclides produced

' y ' Focal Plane
thorough frag mentahcﬁzfgmm y ,,,
l A | Z %EIR

Need to identify species,  zner pecrader
and select R < AIZ? * v

v=2ZIA " Bp
Bp oC Z27;-2 / A?y;—?
Yy ° |
Mass Slit [ ]
F2 : Acromatic
Focal Plane

\4



Principle of Fragment Separator

Bp~AlZ * v
“ For the more precise
@ i1 viperne  Particle Identification
Focal Plane

Detectors

Momentum Slit ,

Al Z &R I Plastic Scintillation Counter

Time Of Flight (TOF) : v

Enerey Degrader
R < AlZ? * v*7 N N
o Position Sensitive Detector

v=ZIA " Bp Beam Position : Bp

Energy-Loss (AE) Detector
AE « Z2|v?

Bp oC Z27;-2 / A27;-2

Y
Mass Slit A [ ]

F2 : Acromatic
Focal Plane




Plastic 1 F1 : Dispersive
Position Sensitive Focal Plane
Detector

i

Enerey Degrader

R o< AlZ7 * %7

Principle of Fragment Separator
Bp~AlZ * v

For the more precise
Particle Identification

Detectors

Plastic Scintillation Counter
Time Of Flight (TOF) : v

Position Sensitive Detector
Beam Position : Bp

v=ZIA* Bp

Plastic 1 - Plastic 2 : TOF

Energy-Loss (AE) Detector
AE « Z2[v?

2p-2 2p-2
\ B,z: x £<7< [ A

Mass Slit A

Position
Plastic 2
AE

> Acromatic
Focal Plane
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How far can we go!

New Isotope Search (U)
(Pb) 82
- Known
ot
PRt \
d°\j ' &u““e .
O A
(Sﬂ] S50 = ¥ s‘o'o\‘ b
{ i 126 C
m\,v'"‘ [magic numibser) 5
(NI) 28 : 27 Projectile Frogmen
B In-fRcht U fission & F
Ca)20
| ) : 50 B Stoble Nudel

(O) 8 Mew Boilopes crenled LU ‘“’"f" Cx
(He) 2 20 28 i the RBF rewwdaciity | M solopescredleda
8 i 20U angl 2008, Predicted region fc

http://www.nishina.riken.jp/

= Mogic Numbers



Recent Works for New Isotope Search
J. Kurcewicz et al., Phys. Lett. B 717 (2012) 371-375
72 m

& .

GSI (2012) S et o
238J 1GeV/u on Be Target S
fission abrasion

Pad
3
4

detector group F4
Ml 80 WP lé/ /)/-’ : |
3 (7 b e
10 : _ l J# | |
o 2
N = stripper
-
|
4 Q
L)
— 107
Isotope o (nb) Isotope o (nb) Isotope o (nb) Isotope o (nb)
157Ng* 980(40) 168Gd 78(5) 176y 68(5) 1881y 0.010(3)
: : 158Nd* 201(11) 169Gd 10.6(15) 177gr 18(2) 190> 0.027(13)
= .[.q',’z; (A+1,Z) | 159Nd 39(4) 17064 2.6(8) 178; 5.5(9) 1937, 0.017(5)
: : 160Nq 9.5(22) 169Th 751(28) 178 Tm* 24(3) 19474 0.0037(19)
B ] : 161Ng 3.0(17) 1707 99(6) 179y 121(18) 195y 0.049(1)
L i 2 160pm 518(36) 171Th 14(2) 180Tm 4.5(9) 196w 0.018(4)
] : Z\ g 161pm 161(9) 1727Th 1.0(4) 181Tm 0.6(3) 197w 0.0034(17)
65 — l_':ﬁ-3,3-1} 1 U 162pm 25(3) 171py 441(18) 181yp* 2.3(3) 198 Rer 0.028(7)
| : : 163pm 4.5(15) 172py 121(7) 182yp* 0.45(10) 199Re 0.0076(27)
: : 1635m 134(11) 13py 18(2) 183yp 0.21(5) 20205 0.0044(20)
e 1645m 42(4) 174py 1.9(6) 184y} 0.028(9) 20305 0.0025(18)
1655m 7.8(16) 173Ho 341(15) 185yh 0.007(3) 2051r 0.003(2)
B 167Ey 71(12) 174Ho 98(6) 185y 0.22(7) 206pg 0.033(11)
= : o) - " 168y 2.0(8) 175Ho 22(2) 186 y* 0.15(4) 207pt 0.008(3)
: £ : R A ey ke T, 1674 625(23) 1761, 2.2(6) 1871y 0.043(9) 208 pg 0.0027(15)
60 _....I ................. ﬂ_ﬁ_.’___:\_‘r b, . -_ ,. i “. C -:. o .__ ._.__.'..:_..__.: ...........
11 | L1 1 1 | | I I I | | I | | I I | | L1 1 1 -I



Recent Works for New Isotope Search

NSCL (2013) ‘
82Ge 139 MeV/u on Be Target

"6co
‘ ‘ Fef “Fe)Cre)
u u ™ ol Tmnl2mny
Projectile Fragmentation ° ULHJ
627 | 637, {84
S s
57cal58cal

|
O. B. Tarasov et al., Phys. Rev. C 87,054612 (2013)
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Recent Works for New Isotope Search

RIBF (2014)
238 345 MeV/u on Be Target
Fission Abrasion

Fragments Separator
BigRIPS



Rl beams produced at BigRIPS (May 2007 — Dec. 2014)

From presentation file of Prof. T. Kubo, RIKEN
We have produced a total of 354 Rl beams

and delivered to 87 experiments.

by using:

- In-flight fission of 238U

- Projectile fragmentation of
14N, 180, 48Ca, 70Zn, 124Xe

Production yields for a thousand

of Rl beams

A number of new

Isotopes and

new isomers

-~ 238 In-flight
fission

® RI beam Produced (354) for
87 Experiments

Production Yield Measured (1024)

B New isotope 2007, 2008
New isotope 2011

New isotope 2012, 2013
B New isotope 2014

Z

]
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Mass and Lifetime Measurements

JLRE M Nucleosynthesis

—

g Important
=" Mass

_aRmES N
.....
llllll
JEE.

[Pr amm
-----

e ol

82 @ FEHEE>30day m
,,:::. B 10n< #iEH<30day L Ife
g so L FEHA<10m
8 %ﬂ%o 28 s-process 1 HFENFH
s Neutron

o(n-capture)

o aeamaen e

Mass Measurements of unstable nuclei
Lifetime of neutron-rich nuclei

Lifetime of bare nuclei * * * Re/Os clock



Direct MASS Measurements ’b@

focal plane

ééf
transfer line gt
Bp=ym/q (d)ddt) Mf‘

Mass Spectrometer

h | . " . .i
a & ms S800
From the lecture note of Prof. A. Gade, NSCL
Mass separator

(smectrograph P | € .« TOF Spectrometer

t t
spectrometer) From the lecture note of Prof. A. Gade, NSCL

Dispersion
D = Axm /Am

lons
Laser from

collinear \ SIS

Juadrupole

triplet \\\

Electron
. Cooler

" aogsos ho= 1555 nm
(Li—like) }\Lab =641 nm

Copper

Penning Trap

: From the lecture note
\ of Prof. A. Gade, NSCL

Laser
anticollinear

rupole
blet —

20982+ )\0 =244 nm
’é& (H'/Ike) }\'Lab =592 nm

detection —
region

Gas target

Strage Ring

Fast kicker
magnet

electrode I

\ RF-accelerating

cavity lon source

http://www.ikp.tu-darmstadt.de/ S

maagnet


http://www.ikp.tu-darmstadt.de/

Mass Measurements with Experimental Storage Ring
(ESR at GSI)

£ P 310 kV Injection
solenoid
electron electron (0.01-0.25T)
NEG- gun collector i
pumps toroids
2500 mm E
solenoid —
] o Septum
\ ) g ) [ | =°P
\\-:-. .Jf
s e e
= e = __e> e LG v _
NEG L e NEG i

=
=
%
u [
wh
L
3
@
Q
=
@
=]
c
3
=
2000 mm

T

1]
—
-

area

AN (m/q) —
e Electron
Schottk
Nnise-F‘}{ckups g ' Cooler
[ S

20080+
(Li-like)

20082+ ko =244 nm
(H-Iike) }\Lab =592 nm

Bo~mlqg * o
; Cooled Fragments Vv
S F. Bosch, Lect. Notes Phys. 651, 137 (2004)

T12>1s

http://www.ikp.tu-darmstadt.de/ \S::;;sg{e



http://www.ikp.tu-darmstadt.de/

Mass Measurements with Strage Ring
(ESR at GSI)

Mass and Lifetime Measurements
of Stored Exotic Nuclei

/; Production
Target

l. Pure Bp
Separation

lI. Bp-AE-Bp
Separation

\
Injection of separated
¢ exotic nuclei

1
% 8
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0.70

Mass Measurements with ESR

0.65 —
0.60 —
0.55 —
0.50 —
045 -
0.40 —

0.35

0.30

H. Geissel and H. Wollnik, Nucl. Phys. A 693 (2001) 19.

750 keV

14 62 143 62+
Mg mP°?* 9Sm

(1 particle) (1 particle)

. N
http://www.ikp.tu-darmstadt.de/ e sy

u T - T - T z T g T u T :
33800 33900 34000 34100 34200 34300 34400 34500

Frequency / Hz

lons
Laser from
collinear \ SIS

Electron
| Cooler @

20082+ Ao = 244 nm )

(H-Iike) )\Lab =592 nm

'.' 209Bi80+ }\0 = 1555 nm
(Li-like) Mab = 641 nm

Copper

Laser

anticollinear

Injection

w
S\h ttk ik
cho
Nnise-F‘}{ckups g

L

Electron
Cooler

Cooled Fragments V

F. Bosch, Lect. Notes Phys. 651, 137 (2004)

T12>1s


http://www.ikp.tu-darmstadt.de/

Lifetime Measurements with ESR

ESR
Injection of Mother nucleus Injection
Storage it until it decays into
daughter nucleus
Seg
Sudden Change of frequenc
Decay o . y f
ml\/lother/q — mDaughter/q ;\ (m/q), Elect
cl_'mttllg?j > Cool
_ o . Noise-Pickups OO0l
Time from injection to decay — recorded (m/q),
Lifetime = = N
. EC of 192Pb to 192T]
'; é 192 p}, 81+ [é
Q =3.37MeV ]‘ 192'” 81+ ‘Z’T
£ m/q Change by EC 3
3 :
] y —0
4 Yu.A. Litvinov et al.fNucl. Phys. A756 (2005) 3 Cooled Fragments V

127.3 127 4 127.5 127.6 1277 1278 127.9 128.0 128.1 128.2

Frequency / kHz F. Bosch, Lect. Notes Phys. 651, 137 (2004)

Interesting Point :
Lifetime obtained using ESR = Lifetime of “Bare Nucleus”



Lifetime Measurements with ESR

/n—>p+,8+79 \/n—v,o+5(bound)+ve A
“[3- Bound-state B Decay
— Z* — 7+ - — pound to nucleus
N N-1
Ve
\_ B decay : Nucleus in Atom AN Bare Nucleus )
bare ®Re
“Eon Clock” for the age of Universe s =
187,Re/187()s (ﬂ—decay; Ti/z — 42 x 10° y)
In hot stellar plasma, 18”Re could be bare 3 00}
Bound-state [ Decay %
Different Q value from electron binding energy ®I' £ Bosch, Lect. Notes Phys. 651, 137 (2004)
and different T, 187
neutral “'Re B
How long is the Ty of bare 187Re? | gy G2k

T,»= 42billion years 1870g1*



Lifetime Measurements of 187Re

F. Bosch, Lect. Notes Phys. 651, 137 (2004)
Beam : 400 MeV/u full-strip 187Re Primary Beam from SIS
bare 'Re

//:‘_i _-Hh ﬁ"‘l_lﬁ_'_\\ 50 7 o
) 187Re75"'

. T12=33 %,

| &3
182 wT-Ii years
] 3,2-
| 2o
187~ 75"
e b . { )’ 0s” (K)
S L IS 50
*—'xcrr@%.cm:mﬂ:rrcﬂ TIT TR
W oM am zm -
Revolution fre
et fo 0™ [ ante] neutral ®Re
= ¢ e Q=266keV =
—_— 5/2 = 2. -
Ha—e—88 - e —— g,
T,,= 42billion years 1870 1"

a v [V §

10® stored primary bare '37Re ions, a few hundred '®7Os ions per hour were
generated. From those numbers the impressively short half-life of 33 years for
bare '®"Re has been determined.



Lifetime Measurements at RIBF



Lifetime Measurements at RIBF
EURICA Project EURICA

(Euroball-RIKEN Cluster Array)

PID tag : BigRIPS and ZDS

Beta-ray detection

WAS3ABI

- DSSSD
— Tag the daughter which emits beta,
from position information

- Measurements of beet-emitted time
— Lifetime

.—

WAS3ABI

(Wide range Active Silicon-Strip Stopper Arra
for Beta and ion detection)

Gamma-ray from
[somer and Daughter Nuclei

EURICA ~=RIKEN-Accel. Prog. Rep. 46 1283
_‘;—:_"_;_‘-ﬁ_:\_,_’_,
- Isomer tag T Tirs <@

- B delayed gamma

Fig. 1. Side view of WAS3ABIi with eight DSSSDs. Alu-

. . . minum rods were disconnected at the central position
htt p .//WWW. rl ke n .J p/ for the installation of the DSSSDs?.


http://www.riken.jp/

Lifetime Measurements at RIBF4 |

EURICA Project

Beams Implanted on WAS3ABiI

5(:11. Lorusso et al., PRL 114, 192501 (2015)

145,
52
141Sb
50 %9gn
137/n
48 18404
N _ | 3
N 132 4 g - 10
_g 46 129p4 3
2 27ph |
2 44t "*Ru || |
9 e : 1217-C =
< 49 3 118 Mo
40 112 7y
,. 109Y
F R Gl LA SN R 4 - "Rb
36 5 ARG A 2NN ) T CAEY PR EETTAIT I PO N N SR S RN S SR N
2.6 2.65 2.7 2.75 2.8 2.85

Mass to charge ratio A/Q
G. Lorusso et al., PRL 114, 192501 (2015)

134-1398n

120-129 L
Pd

128-137
In

Half-life (ms)

= FRDM+QRPA
== KTUY+GT2
= DF3+CQRPA

e l ! ;

IIIIIIII
78 80 82 84

109-1
w

»

Half-life (ms)

ifetimes of 110 Neutron-rich Isotope

EURICA

(Euroball-RIKEN Cluster Array)

PR I I I |
70 72 74 76 78 68 70 72 74 7666 68 70 72 74 66 68 70 72 64 66 68 70 62 64 66 68 60 62 64 66 68

,:',.,.,.....'.........."."......'........'....u.u.'1|°.|.u.u.u-rikeﬂ.jp/

have been determined!

WAS3ABI

(Wide range Active Silicon-Strip Stopper Arra
for Beta and ion detection)

®
~=RIKEN-Accel. Prog. Rep. 4612

«—“‘m

Fig. 1. Side view of WAS3ABIi with eight DSSSDs. Alu-
minum rods were disconnected at the central position
for the installation of the DSSSDs?.


http://www.riken.jp/

Nuclear Radii Measurements



Nuclear Radii Measurements

/Stable Nuclei :
Electron Scattering Experiment

X-ray Measurements Muonic Atom*

Unstable Nuclei :
K |sotope shift Measurements

~

-

Stable Nuclei or Unstable Nuclei
Nuclear Reaction

Elastic Scattering Cross Section
Total Reaction Cross Section

/
~

AN

k With some model assumption

Charge Radii

Sensitive 1o the
Coulomb Potential of
Protons

.&)

" 4

Matter Radii
Sensitive to the
Nuclear Potential of

Nucleons



Reaction Cross Section and Nuclear Size

Reaction Cross Section * * ° Nuclear Reaction Probability

OR = Otot = Oel
Experiment - - - Bombarding Target with Rl Beam

O
Op oC 7t RZ

Particle

Nucleus

0 g oc (R +R,)

OrR * °* * Size of Nuclei

Reaction Cross Section Interaction Cross Section
OR = Otot = Oel OI = OR - Oinel OI = OR at high energies




Glauber Model

og = J dbl1 - exp|-J d°r 3, o\\(E) pfi (r)p2 (r - b)
,]

O; n :
NN Nucleon-Nucleon Total Cross Section
al 0] OR <> Nicleﬂ'Slﬁ

P s, . RN i
pT Projectile Nucleon Density Distribution Glauber Calculation
p  Target Nucleon Density Distribution

e R =
= -
o




[

Halo Structure

Density (fm_s)

Neutron-Rich Nucleus !'Be

......

oI
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ﬁlﬁ  Nuclear Size and Skin formation

Nuclear Size of Na IsotoPes
T. Suzuki et al., PRL 75 (1995) 3241
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Experiment : Measurements o
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Transmission Method
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Neutron Skin Formation in Ne Isotopes
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Near Future Experiment
Neutron Skin Determination for Ni isotope at RIBF

~ EOS for asymmetric nuclear matter ~



Study of Nuclear Matter from Symmetric to Asymmetric

Symmetric nuclear matter

+ Saturation density ~0.17 fm-3 From Radii, Mass,
* Energy per particle ~-16MeV h Collective Excitation data
* Nearly incompressible for stable nuclei

Asymmetric nuclear matter

To describe the property of extreme matter
Neutron Star : Structure, Mass, Radius

wenergy per nucleon

Energy per nucleon of nearly symmetric nuclear matter A neutron matter
é )
— KO L 2 92 L L W0+SO R I .
w(n,0) = wo+ 1871(2)(n no) + 0 [So+ Sno(n no)] | L:gradient
L ) symmetric nuclear matter
no : saturation density, wo : saturation energy . o n:density
Ko : incompressibility, So : symmetry energy at n = ng f |
0=(N-2)/A ;
L : Density derivative coefficient }
of symmetry energy -
Wo [T 777777 . ’7'

Kozcurvaturc

First key parameter L

Kazuhiro Oyamatsu and Kei lida Phys. Rev. C 81, 054302 (2010)



Study of Nuclear Matter from Symmetric to Asymmetric

T T T T T I T T
0451 80Ni |

0.40 - .
.| heutron skin

0.20
Many theories indicate 0.25
strong correlation between neutron skin " e T4 Te0

thickness and L L (MeV)
Kazuhiro Oyamatsu and Kei lida Phys. Rev. C 81, 054302 (2010)

How to know L?

Information from atomic nuclei

neutron skin (fm)

One Simple correlation M. Centelles et al., PRL 102, 122502 (2009)

EOS around N=Z w(n,o0) = wo-l-%;;g(n — no) + 52[S0‘|‘70%(n— no)]

o Z? (A-22)2 :
Droplet Model Ep = ay A - as A — ag—r —an 2l 5(4,2)
When the density of nuclear matter 1s around nuclear surface density
Symmetry term aa = symmetry term of EOS ~ ~0.1fm~

R

Neutron skin thickness AR ~ L x O + correction term
5= (N-2)/A, A>40

Measurement of O dependence of AR =



Neutron Skin Measurements and Models

O Antiprotonic Atom
064 A GDR

O SDR

L 2 SDR

N ES T

A PREX . "
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0.2 -
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o
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Neutron Skin thickness AR (fm)

’0.2 I I
0.1 0.2

5=(N-Z) /A

Anti Protonic Atom : A. Trzcinska et al., Phys. Rev. Lett. 87 082501 (2001).
GDR : A. Krasznahorkay et al., Nucl. Phys. A 567 521 (1994).

SDR : A. Krasznahorkay et al., Phys. Rev. Lett. 82,3216 (1999).

SDR : A. Krasznahorkay et al., Nucl. Phys. A 731 224 (2004).

ES : S. Terashima et al., Phys. Rev. C 77 024317 (2008).

ES : J. Zenihiro et al., Phys. Rev. C 82 044611 (2010).

L25~11% MeV
Various Rlesults

FSUGold interaction
' | Neutron Star Rj4mo 13km
.~ Mmax = 1.7 MO
/

M. Centelles et al,,
Analysis of L using

Antiprotonic Atom Data
from A =40 ~ 238

from PDR of '*Sn o
L]

from PDR of **Ni
L

Klimkiewicz et al. 2007
D

from different PDR
]

Tsang et al. 2009
Shetty et al. 2007
4

Chen et al. 2005
]

Danielewicz 2003

Danielewicz, Lee 2009
Centelles et al. 2009

Klimkiewicz et al. 2007
. ]
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L(MeV)

Li-Gang Cao, H. Sagawa, G. Col’o
Nuclear Structure in China 2012 (2012) 33




Neutron Skin Measurements and Models
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Neutron Skin thickness AR (fm)
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O Antiprotonic Atom
o SR 0=0
L 2 SDR
ro T New Measurements of AR
/-/' Ni isotopes from
*Ni up to ’’Ni
' 0=0~0.27
_ > Neutron skin thickness AR ~ L x 0
+ correction term
: @)
——
0.0 0!1 012 Of3
5=(N-Z)/A

AR? = (A * Rm"2- Z * R,"2)/N

O) (Interaction cross section ) = Matter Radius
Occ (Charge changing cross section ) & Charge Radius



