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Nuclear Equation of State

E(p,0) = E(0,0)+E,,,(0)0" +0(5")

5=(p,-P,)/ p

Esym(lo) =Esym(100)+L€+

Vm 2

e=(0-0,)/3p0,

So = E,,(0,)=>J ; sometimes

IE,,, (p)
L=3p, (;/0 =3/ py)E,

P=pPo
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Analyses of Terrestrial Experiments /

Analyses of Astrophysical Observations
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Analyses of Terrestrial Experiments Analyses of Astrophysical Observations
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Quick Review of Each Approach

Related “Our Innovative Area”
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FRDM: mass formula
PRNVIOlIer et al. ; Phys. Rev. Lett 108 (2012) 052501

Conventional liquid drop model
BE=-a,A+a,A**+a,(Z?/A'3)+ (N-Z)?*/A+6E

using Finite Range Droplet Model
iIncorporated with the density dependence of symmetry
energy can provides accurate biding energies better

[AE] (MeV)

FRDM-2011a, L var., Adj. to AMEO3, Comp. to AME11
‘ Discrepancy (Exp. — Calc.)

1.50
1.00
0.50

S,=32.5 £ 0.5 MeV and
L=70%15 MeV

Proton Number Z

G140 = 0.5700 MeV
G154 = 0.5618 MeV

60
Neutron Number N
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-Uture Direction of Mass Measurement:

A. Ozawa (Tsukuba Univ.) Group

e-Rl scattering with SCRIT

28GHzECRIS

RILACII L

. %
Materials RI poduction P
Biology

CEM_ " RILAC

Measure mass of

- GARIS
GARISII  SLOWRI

Sl 78Ni with an accuracy
M of 10 to determine L

Space ’ SHARAQ
Multi-RI Production ~ Return BT

mass excess (MeV)
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Pygmy Dipole Resonances

‘\4.’

“|“ Electromagnetic-excitation  Photo-neutron cross section
l cross section

Charged fragments W

tracking — Bp ~ A/QBy
B " Neutrons

ToF, x,y,z

ALADIN
large-acceptance dipole

From %Ni and 732Sn data

L=64.8 *15.7MeV and

20

S =32.3+1.3 MeV CE [MeV] E,[MeV]
. 9.

(Carbone et al. PRC 81, 041301 (2010))
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Future Direction:
ANANA for SAMURAI (T. Togano (TIT) et al.)

Isovector dipole response of #-2Ca
— skin thickness, EOS

PDR strength and Experimental setup
o RolO) (SRTOI EVR VA I NRRQYA - Target: 500 mg/cm? Pb, 300 mg/cm? C
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Heavy lon Collisions

ompared to transport theory calculation

NSCL/MSU group

Io ”'O‘Sin diffusion in peripheral collisions
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Y,(N,Z)
K (N,Z)
X_(XA+A -I-)(B+B)/2

R21(Naz) =

~Cexp(Na +Zp)

R(X)=2

A+A ~ X B+B

= Yield ratio of neutron and proton
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Extention at RIBF
SU/ZTAMU/RIKEN/Kyoto Group in June 2013

50

ZeroDegree

Zero Degree
Spectrometer

SAMURAI BigRIPS

Washington University microball

10 D
Charged Particle Multiplicit

+1248n (Target)

112Sn(beam, ~73MeV/u) +112Sn (Target)
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Hrommeutron skin thickness for Pb

= Parity violation electron scattering
Pb Radius Experiment (PREx) at Jefferson Lab.
AR, ,=0.33701¢ s fm
(S. Abrahamyan et al. PRL 108, 112502 (2012))
Dipole Polarizability and PDR
AR,,,=0.156"09% , ») fm (Tamii et al. PRL 107, 062502 (2011))
=(0.194+0.024 fm (Carbone et al. PRC 81, 041301 (2010))
Antiproton Atoms
AR =0 .15£0.02 fm (Trzcinska et al. PRL 87, 082501 (2001))
Proton elastic scattering
AR5 =0.21170%% 0 fm(Zenihiro et al. PRC82, 054607 (2010))

® Non-relativistic models
¢ Relativistic models

— Linear fit
8Rnp=0.101+0.00147L

Neutron Skin Thickness 8Ryp (fm)
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Future Direction:

ESPRI Group (J. Zenihiro et al.)

Recoil Proton Spectrometer (RPS)
|

Large momentum transfer region
Oy =66 - 80° , Ep=20 — 120 MeV, AQ~10 msr/deg.

Recoil drift chamber |436x436 mm? (x-y-x’-y")

RPS .
plastic scintillator 440x440 mm? x 2 mm*

Nal(T1) calorimeter | 450x50 mm? x 50 mm?*

Target |Solid hydrogen D30 - 1 mm*

Plastic scintillator l

Beam Drift
Chamber(BDC1)

Si-Telescope \

Small momentum transfer region
O1n =75 - 85° , Ep=5— 50 MeV AQ~14 msr/deg.

€ Missing mass spectrometer : Plpeam + P = Fx (1Fx~400 keV)

. ; £ Nal(Tl) EI
€ Cover extensive momentum transfer region : up to ~2.5 fm’!

-"’\,_,,

- RPS
N < RDCup \‘\_\17

)
HT

Beam

i
RDCdown
A/ ’ ®

» pAEdown ‘ X
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S(p) (MeV)
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HOW to approach high density?
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m Constraints from nuclear structure, nuclear
reactions and neutron stars .

Goal is to decrease the factor of 2 uncertainty in symmetry pressure at p=2p,.
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iction or Bao-An L
NPA 708 (2002) 365

*5n4+'%Sn, b=1 fm
E/A=200 MeV

E_.(p)=0.5E , (p,)(p/p,)(3-p/p,)

direct URCA limit

Neutron stars

in B equilibrium

Fraction, .

/P,

Fig. 1. Upper window: two representatives of the nuclear symmetry energy as a function of density. Lower
window: the corresponding proton fractions in neutron stars at # equilibrium.

t (fm/c)
+NZ)/(5Z° + NZ)
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fluence of symmetry pressure;
Possible Probe

Proton-neutron ratio

Light ion ratio (t-°He)

Particle flow of pions, protons,
neutrons and light ions
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Construction of SPIRIT

| |
Usable gap

M), :
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* Good efficiency for pion
track reconstruction is
essential.

Initial design is based upon
EOS TPC, whose properties
are well documented.

Pad plane area

Number of
pads

Pad size
Drift distance
Pressure
dE/dx range

Two track
resolution
Multiplicity
limit

1.34m x 086 m

12096 (108 x
112)

12 mm x 8 mm
53 cm
1 atmosphere

Z=1-3 (STAR
El), 1-8 (GET
EL)

25 cm

200 (may
impact absolute
pion eff. in

large systems.)




ExXperimental Setup

o(
‘7

= Equipment BDC1&2
s TPC - measures:

o e
3He, e, IMF'S upstream

o The SAMURAI scintillator Field cage
chamber is at
air

= Trigger scint.

array:

o selects central
collisions and
suppresses

peripheral

collisions.

= NEBULA:

o provides
heutron

information Magnet is at 0 degrees.




SP1RIT: Exploded View

Pad Plane (12096 pads

Calibration
Laser Optics

Voltage St n-Down

Target Mechanism

Thin-WaIId Eclosur

Rails
For inserting TPC into
SAMURAI vacuum chamber
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Data Flow & Ctrl Architecture
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summary

= Consistent constraints on the symmetry energy at
sub-saturation densities with different experiments
have been obtained.>> Heavy ion collisions should
provide a good probe at high density..

= Astronomical observations suggest the importance

of probing ~2p, region.

= We will be ready to measure pion and light
fragment flow from
collisions at 300 MeV /u using the TPCs at RIKEN
RIBF to constraint the symmetry energy above
saturation densities by fall of 2014.




SPiRIT Collaboration
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