EOS study
in nuclear physics
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Nuclear matter

Basic input = EOS
: E(p,0)=E(p,0)+S(p)o?

0=0 : Symmetric matter
0=1 : Neutron matter



Nuclear matter EOS
with isospin asymmetry o

® EOS of nuclear matter £(p,0) : the energy per nucleon

E(p,5) = 2 L0(6%)

® EOS of symmetric ndclear matter £(p,0) :

K
E(p,0)= %O) +—2g%+0(¢%) 2> E(pgp0) ~ -16 MeV,
2 K, ~ 240 MeV

® The sympietry energy S(p) :

v K _ |
S(p) =S (p., D{LE + Szym g”+0(g%)| > Still less certain !
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EQOS study: Symmetry energy exp.

(. i i )
ESPRI : p,, p, & Skin thickness : L, saturation
(p, p) elastic for stable & unstable nuclei
204—208pb, 116'124Sn, 9OZI', 40-48Ca (RCNP)

1329, 66.70Njj, 16C (RIBF, GSI)

. J
"CAT : Incompressibility of nuclear matter: Ksym )
GMR by (d, d’) or (a, a’) around O degree
1329n (RIBF) )

SAMURAI-TPC (SPIRIT) : EOS at 2p,
n+/mt- ratio by HI collision (Sn isotope?) (RIBF)

A-A HI elastic scattering : EOS at 2p,
Theory : H. Sakuragi, T. Furumoto
Planned ; 12C-12C at 100, 200, 300 (RCNP, RIBF)

(p, p’) at 0 degree : Dipole Polarizability : L
proton inelastic scattering (*°°Pb, 2°Sn, ®°Zr) (RCNP)

PREX-II, CREX at J-lab : neutron radius & skin
thickness : L

%arit?/-violating electron elastic scattering
2OTSE4ie nuclei : 202Ph, *5Ca

3D NM EOS

E(p,8) (MeV ey gl
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Neutron skin



EOS vs neutron skin
. simple picture

Nuclear matter EOS

> Drawn by
T. Isobe

A
FSU in PhysRev(.79.054311 00

E(p,5)=E(p,0)+S(p)o*+0(5*)

Symmetry
energy
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Symmetry energy vs. Neutron skin

E(0,0)=E(p,0)+S(p)

S(p) %S (o) + +

sym

g*+0(e%)

Strong £orrelation!
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Taken from L.-W. Chen et al., PRC72, 064309.
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Determine the slope coefficient L
of S(p) = neutron matter EOS

« Radius, cooling system, etc.

Impact on neutron star structure
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Neutron density and skin study
Stable nuclei 2 RCNP, Osaka Univ.

np

do/dQ, Ay p,(r) Ar

! —— RMF(NL3)
n I"; ol 0.5 = s HF +BCS(SkM')
= P HF+BCS(SIIN)
%‘nm E 025
s, S o
S.Terashima et al., £
L] = v
= I
Phys. Rev. C 77, Zom [ Y
£ '/\
024317 (2008) | 3R - |
. W This Works 295MeV{p,p)
i 0.1 I}ISn Radius (fm) = M Proton elastic BSOI\:ia\-'(p.:))
= & GOR SumRule 120Mev(a,a)
Zho E @ SDR SumRule 450MeV(*He,t)
] -006 - O Anti—protonic X—ray
§ @ 112 114 116 1:5 120 ';9 1;1
o 2 4 & B W Mass Number A
+ Rodus (fm) Ar /r, <0.5%
B, (degrea) n n
B — 1 Pt
Pb 1 I_Ell.ﬁri.'t{.ll:i.\z:;uultl| M ed u ole 206pg, o Vo Experiment
10 " DH dens o Effectf:z: j | ANL3 O SkM* @ This work
10" = t' 5'{ & DD-ME2 [ SkP M (p.p) at 650 MeV
N N O
1o” " A EOGE - & FSUGold +r Sly4 A antiproton
oy - _ ) \ 0.04
J.Zenihiro et al., zip4p | L, o
S ; | I"'*\L WxI0) | g sE ! i n A
it :
Phys. Rev. C 82, Sw'f, "l ™ 4 o A
'
CIUE R T -
044611 (20 1 0) 5 ™ Ir'h'l PR E:::_ W8p Elstandard ¢
TS W (1 ] W P PPN TR o1ab error-envelope o
I | 1020 50403 0 Eerror-cnvelope o 0
1 I— :'N]"t\'.\'i . 1 0.5—-""’ SRR € o) w/ model uncertainty o1sk g o} x
0k “d,ﬂf‘ =008 p,ir: DH - H
i} Ve | SOE b ’ E0.06E - unfolde
107 "\ 05E 208 LA B 0.04 Py(r) : unfolded p,, o1
“E | | 1 ‘i . -|LI Fb I 0oz 2CII4 2(|]6 "(I)S
1065050 a0 50 70 T TS A S0 i Mass Number .
O (deg) 9, (de)

2016/10/27 9



Ongoing work :

40,42,44,48Ca and 90,92,94Zr



do/d€ (mb/sr)

Simultaneous extraction of p, & p,, from
two-energy p-elastic data @ 200 & 300 MeV

Fitting results for 2°Zr @ 200 & 300 MeV "
J T ——— _ Extracted densities of *Zr

" Simultaneous search of

Neutron & Proton densities
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Neutron density and skin study (2)
Unstable nuclei 2 ESPRI at RIBF

Plastic SeInEaion. o,
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ESPRI Experiments

/.
A
RIBF
(May 2016)

GSI (s272)

S
HIMAC (p213)
HIMAC P179, P213)
RIBF
(April 2013)
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Recoil proton energy (MeV)

Light unstable nuclei : >19.11,12,16C

Kinematical correlation : T, vs 6’p

" [MeV] O

> >
2 | Z=6 gated T I
< w/ Z=6 g 10 1 2
=120 9C E 120 | 0 10 120 F 11
= (5 & i 10?
100 | 100 100 |
10 . Preliminary = : Preliminary
80 80 o 80 g = 3
60 | 60 |- 10 60 [ 0
40 1 40 40 |
20 20 20
0 PRFEFEPE EEFEPE EFEPEE EPEFEE BRI PPN B B | O | P—— PRI PP EPEPTET BN BN AR S ‘l ‘| D -I L Il Il L 1 1 L hl 1
65 70 75 80 85 65 70 75 | 80 85 65 70 75 80 85
Recoil angle Gus. [degree] Recoil angle Bis. [degree] Recoil angle Gun [degree]
> = .
7=
2 12 S WEteud 16 # of analyzed beams
- 120 120 102
E-:: 2 E [
: 10 0 9 9
100 - 100 ..
| Preliminary C 0.5x10
60 | 60 | 10
10 11C 5x1 09
40 1 40
20 | 20 | 2C 6x10°
Ops 5075 B 85 | ST R 7 W TNV 16C 7x10°
Recoil angle G, [degree] Recoil angle Gu. [degree]

2016/10/27 14



Medium-heavy unstable nuclei : ®/ONi

Excitation energy spectra
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Doub\e maglc nucleus 1325
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Next target of ESPRI : 29°2Ca

22

44Cr
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Charge radii of
Ca isotopes
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34, Nature 12,594, 2016
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Mass number A

60Cr
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:.- --':
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48Ar 49Ar SOAMT _ SIAr  S2Ar 33AT
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20 32 34 N
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Summary of ESPRI

* Neutron skins of double magic stable and unstable
nuclei (flagship)
e 40,48Ca, 132Sn, 208Pb

* Next step : systematic survey of long isotope,
isotone, isobar chains

* 50,52Cq, 50Ti, 52Cr



