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1 Introduction: Nuclear Symmetry Energy from Heavy ion collisions
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E(p,8) = E(p) + 5°E. (p) = a,

sym

(Neutron Star and NSerge) ~(Static or Resonant Properties of Nuclei) (Heavy lon Collisions)



LA Em(p) becomes a frontier in major Labs

Neutron Star Observatory:

Neutron Star Interior Composition Explorer (NICER)

To Constrain EOS of nuclear matter through precise
M and R measurements of several neutron stars.

HI accelerator and RIB facilities:
SAMURAI-TPC@RIKEN HIRA@NSCL, MSU INDRA@GANIL

z 12 Blocks (192 telescopes)
full Z & A identification of 1<




Isospin transport and the constraint of E,(p)

Analyses of Terrestrial Experiments Analyses of Astrophysical Observations

At sub-saturation densities Bao-An Li and Xiao Han. m=re, B

‘E I

Phys. Lett. B727, 276,(2013).
DM+n-skin (2010) inst ¢ Star M-R analysis]
— ar M-R analysis
> IAS+n-skin Isospin (2009) TF+Nucl. a-decay (Vidana, 2012) teiner, Lattimer &
[) o sotopes (2013) Iso. Dff. Diffusion PDR (2007) Mass energy Mass-defference Brown 2010)
2011 - 3 N -
2 euD (ImQMD, (IBUUO4, (1996) and n-skin
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o} FRDM
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= 012) double n/p oo v Flow Dipole | | Gandoln2012 )
(ImQMD, (2010) (2010) polarizability
2009) Nucl. Mass
(2012)
(SZ%':S;'SK'” Average=31.5542 /
‘With no or incomplete error information

sssssssssssssssssssss
r-mode instability :S::'::ﬂ‘;i?y nnnnnnn
. (Wenetal., 2012) (Sotani et al., 2012)
List extends: B
IST eXTeNQS.

Isospin diffusion (MSU “.) . ‘ Analyses of Terrestrial Experiments AnalysesOfAs"ophysma::)mt;s:n-’am,:ns
-> Isospin scalaring and isospin P
fractionaiton (MSU...) 1@
-> n/p ratio of fast and pre- 7
equilibrium nucleons (MSU ...) _ _
> N/Z of the emitted 07 | o L 7 oo
fragments (LNS, TAMU, MSU, '
HIRFL ...) o @ Wit 0ttt e ot
- GMR strength (ND ...)
- HBT correlation function
(KVI, MSU, HIRFL ...)
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Symmetry Energy and isospin transport in HIC

Mechanisms governs the transport of IDOF in nuclear collisions:

1. Isospin Diffusion : n-rich

Jop = b = (Dl = DY)V ——

p-rich
D‘{l i D{) x 4‘pEsym(p)

Likely terminated when P-T separated.

N-Z/N+Z




Isospin Diffusion
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H.Y.Wu, ZGX, etal.PLB 538 (2002) 39
E {(QLeViu)

->Bao-An Li et al., PRC 57, 2065 (1998). Using the kinetic of the p-like residues as a clock, We found that,
= S. Yennello et al,, PL B 321, 15 (1994). —>in Peripheral collision, N/Z of the projectile increases with lowering

= LW Chen et al., JPG 23, 211 (1997). - :
> 7Y Sun et al., PRC 82, 051603 (2010). the kinetic energy, showing the transport process of IDOF.

. 7 week ending
PHYSICAL REVIEW LETTERS 13 FEBRUARY 2004

VOLUME 92, NUMBER 6

Confirmed in later experiments: o
G. A. Souliotis et al., PRC90, 064612 (2014). Iospin Dittusion and th B “Tsgng et al., PRL 2004,

G. A. Souliotis et al., PLB588, 35 (2004). MoBTane 1AL Losei B Ranort of isospin diffusion and Esym(p)




Symmetry Energy and isospin transport in HIC

Mechanisms governs the transport of IDOF in nuclear collisions (1)

2. I1sospin Drift :

‘ LLow D surface, n-rich
High D center, n-poor

jnp =Jﬁ—]§ - (Dﬁ_DS)Vp

D;, — D o 41

Likely persists for longer time.

A everyday-life analog of Isospin drift




EN) 6 What is our Motivations with HIC?

1) Look for new E..(p) (p<p,) probesin slow process for the enhanced sensitivity.

- Neck Emission in Fission reactions is characterized by low density and neutron-richness.
—> Transport of isospin degree of freedom (IDOF) involving the neck emission helps to identify a probe.

2) To measure quantitatively the time scale of the transport of IDOF.

3) To develop new method to pin down the Eg.(p) (p<p,)
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2 Transport of Isospin DOF in HIC
2.1 Isospin Dependent Hierarchy of Particle Emission
2.2 Extraction of Eg(p)

2.3 HIRA™: Isospin chronology study



2.1 Isospin Dependent Hierarchy of Particle Emission

35 MeV/u Ar+ Au. do N
-:1F -:fE Ht T T )=

Trigger: 2 fission fragments .AND. 1 LCP ::f};[_:-[ —(E — E.)/T]

5

* Three Moving source:

/ A A
@ "TTe. i ®-.
/ ! l
{ I\ ™ J
‘ .I T ¥ Y
Inter. Velocity CN Fiss. Frag. byl oy

E(MeV)




Multi moving source analysis

7 7 7
N § — Q-
PID / o .\ l *- . ‘
M Proton l time
¥ o ‘ ' J\ ' ) | Y ’
Int. Velo. CN FF

More proton emission
More triton emission

A 1sospin-dependent hierarchy of
particle emission is observed.

lllll

R. S. Wang, Y. Zhang, XZG... etal.,
PRC89 (2014) 064613




2.2 Long-time feature of isospin drift

30 MeV/u Ar+Au @ RIBLL, HIRFL, Lanzhou

—total (@)
==IVS
counts counts = %, --CNS
A E % _
)
T1< T, =
Vlcm>vzcm %
0 s
> LAB -
Time ;6
=
n{tq + n,T, <T>
<T>= LN
n; +n; 0 20 40 60 S0 100120140160 20 40 60 80 100120140160
E(MeV) Otab
eLAB

- moving-source analysis indicates that a qualitative relation between angular distribution and
the average emission time exists

— The relationship shall holds, even though the real process is more complex.



Long time isospin drift and the constraint of E,(p)

AN s g

’I e h2 dE1 dE2

o

Telescope Siliconl Silicon2 Csl(cm) Position dE2(Ch)
(nm) (pm) (0,¢) h2 dE1_dE2
Telescopel# 150 200 2*2*3 (37,69) 4000F
Telescope2# 75 200 2*2*3 (19,39) 3500;
Telescope3# 75 200 2%2*3 (19,39) 3000
Telescoped# 50 200 2*2*3 (45,170) 5 2°000
Telescope5# 30 200 2*2*3 (74,39) g 2000?‘-’;\% | 2
Telescope6# 50 300 1.5%1.5%2 (70,13) 1 500; g
Telescope7# 25 300 1.5%1.5*2 (161,37) 1000'
Telescope10# 200 2*2*3 (109,196) 503%..(“.|.Hm...._\l.l.\.‘[...mml
0 500 1000 1500 2000 2500 3000 35004000

Telescopell# 300 1.5*1.5*2 (135’110) dE2(Ch)



GO Potential Fit:
[=534+23 MeV

1) Isospin dift i i 2010
long time process, L=52+7MeV
persisting from early PRC 94, 044322 (2016)
dynamic emission to GW170817 QMF18:
late statistical L=40 MeV
emission APJ, 862,98 (2018)
H. Sagawa et al., :
L=42+14
Custipen 2019
_ | H. Shen et al., TM1e
50 1({? L=40 MeV
0,..()
Y. Zhang , ... 2) Egm(p): y=0.4610.025 (STDEV) * How long is long?
ZGX , PRC 95, L=47+14 MeV (CL=95%) * How short Is short?

041602(R) (2017) with S, fixed at 28.3 MeV. - How do we measure?



2.3 HIRA™ : lIsospin Chronology

* How long Is long? How short Is short?

Horology sundjal

* Isospin Chronology: A chronology Is an account or
record of the times and the order in which a series of
past events took place.




Hanbury Brown-Twiss Method

=} source
AWA

* 1950s, Hanbury Brown and Twiss propose a intensity
Interferometry to measure the size information of the stellar

object.
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Hanbury Brown and Twiss, Nature 177, 27  (1956)

(a) light from star (nearly parallel) g@ - 1 e _ :

« HBT is invented to measure the
space information

& Hanbury Brown and Twiss,
l Nature 178, 1046 (1956)

amplifier (1) amplifier (2)

integrator _ _
& detector projected baseline B/ m




iE.NlPﬁ HBT correlation

Unlike the amplitude interference! HBT correlation is intensity interferometry, referring the correlation of
the two intensities. It is the second order interference.

In a classic picture: the spherical waves emitted from a and b are :
a elklr—ra|+lcpa/|7j _ al B elk|T‘—T'b|+l(pb/|r _ Tbl

The amplitude of the signal seen in Detector 1.

1 . . . .
Al — Z[aelkrmﬂcpa 4+ lgelkrlbﬂcpb] 2 o
Do the average over time, one has:  (e‘(¥p=%a)) = 0 .
b

One get the light intensity Is:

(I1) =(I) = Liz[az + ,32]



ELE.N% HBT correlation

: : | .
Finally, Onearriveat:  (I,],) = 7 [L4(11)(12) + 2a*B?cos ((k2 —kq) - R)]
The Correlation function is defined as él L) (?)(B)

. a
C(d kyky) =" =1+2 k, —ky)-R
(ks k2) = Ty @+ g (ke = k) - F)
Approximately, it reads : 1
C(d, kl,kz) ~ 1+ 5 €0S ((kz — kl) - ﬁ)
Considering a source with density distribution p(r), the correlation functzion IS written as

C(j, ki ky)—1= Jp(r)ei@l—ﬁz).fdsr

Obviously, C is as a function of d via Ak, d is the base line of the two detectors.

C(cf, ki, kz) IS the Fourier transformation of the density distribution of the source.




HBT In nuclear physics

« 1960s, Goldhaber Analyzed the nr correlation in  pp anilation

« 1977, S. Koonin extended the HBT to pp correlation in heavy
lon reactions

Distribution of proton in the fireball

b ] @
— = |dr,det, | drydr, D(ryt, pXD - : ' -
O dpldpl f 1772 f =72 { 1ty P : 0 ﬂ.p{MeWc]IEﬂ

X {%—11@p‘pz(ri,rg}12 +71

Plane wave multiplying the pp relative
motion wave function.

_1do L —r—-Vor)?/r L 22
D(rt,p) = ap (ﬂ.-rﬂ?r% e )( ‘.I'T”zfﬂ (2))

PROTON PICTURES OF HIGH-ENERGY NUCLEAR COLLISIONS

Steven E. KOONIN! PLB70,43(1977)

The Nuels Borh Institute, Copenhagen, Denmark At (degrees)




Since 1990s HBT widely applied in nuclear reactions

PLB70,43(1977), PRL67,14(1991): PRC51,1280(1995): PRC,69,031605R(2004); NPA620,214(1997);
PRL 77,4508(1997) ; PRL70, 3534 (1993)......

197 Au("fAr,cc). E/A=35MeV
| ST 1T T T T T I i
1,—.1]- d—Body Calculations
*'ﬁqi—irf‘f " _1
= data e
{fm ) i
S0 -
100

— — — 500
=00

S T -

J

e -ea | o a
r_

PRL70,3534 (199

PRL67,14(1991);

Y. D. Kim , IMF correlation function in 35 MeV/u Ar+Au , D. Bowman , 50 MeV/u Xe+Cu, IMF correlation
function at different centrality, time scale confirmed at

IMF emission time scale: 100-200 fm/c.
100 fm/c.



Isospin Effect in HBT Correlation Function

- 300fm/c j \L
200 L pla 5% g AR i L, < ] I P it i
150 100 200 300 400 500 600

(p/A),,(MeV/c)

100
50 " 5
= b) p<320MeV/
i (b) p e Cﬁ . -

=
&

300fm/c

~50 fm/c time
resolution
achievable

ZGX, R.J.Hu, H.Y.Wu et al., PLB 639,436 (2006) ;  R.J. Hu, ZGX et al., HEPNP 31, 350 (2007)

» Stronger Coulomb anti-correlation is observed in Ar+'44Sn , this difference arises from the
Isospin difference of the two system.




ENP/Z HIRAT™ : A future array for Isospin chronology in HIC

 Heavy lon Research Array at Tsinghua University (HIRATY) SSD -AE1

Technique Features:
Fission Fragments: PPAC
LCP in coincidence: SSD-SSD-Csl Telescope
Total Channels: 700

Position/Energy Resolution: 2mm /1%
HIRA type Telescope

Ta o
Capable of +
measuring the *He-*He
. d-d
!—IBT c.orrelatlon of = -t
isospin-resolved +
particle pair +
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ﬂENng HIRA'™: Phase-1 Experiments

X BN _ | 8 . A
. &b x o = LN . ) - N
= £ - L. SOAW IS - < el e
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Iéea.mtv‘ime: 6-13 Feb., 2018;
Reaction: Ar+Au at 30 MeV/u;

1/3 SSD telescopes

Reaction: Kr+Au at'25 MeV/u;
2/3 SSD telescopes with coolin



E],E.ﬁpg PPAC Performance for fission fragments (30 MeV/u Ar+Au)

Efficiency for F. fragments/ Cf-252 NEE Entries
5l ) Mean x
1 | § Mean y
0.98 — | — - - i a & Std Dev
> / ' i
O 096
9 ol
S 0.94 &
iZ & g
0.92 %I S
0.9 ) 1
400 410 420 430 440 450 460
HV (V)
i Efficiency for alpha/ Pu-239 bt L
' sjunon
1 T
= ~ ; h1_PPAC1_X
c | Mean 1328
Q Std Dev 740.3
5 06 /
&= 0.4
0.2 /
0 :
580 600 620 640 660
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X. L Wei. Et al., Nucl. Engin. Tech. 2019 ! ° =500 0 500
X1-X2/Channel



mp Performance of the Silicon Strip Telescopes

b o

| Entries 140545
| Mean x 1082
‘| Meany 500.6
- RMS x 883.8

RMS y 428.4

Telescope: SSD+SSD+Csl SSD -AE1 &
Ser_13|t|vc? area: 64 x64 mm3 SSD -AE2 -
Stripe width: 2mm
Csl granularity: 23 x23 x50 mm? Csl-E

One_hit SSD1_E2 E3 PID
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. 25 Mev/u Kr+ Pb Meany 558.5

12

oo
=

RMS x 648.3
RMS y 366.7

IlIIlIIII|IIII|IIIIIIIII|IIII|IIII|IIII

0 500 1000 1500 2000 2500 3000 3500 4000 il L Lol
L3_En e-rg 5-' 1000 1500 2000 2500 3000 3500 4000




Z 2 A 4 Relative_Momentum_Coherence

Jati lomentum_Coherence

Coherence Function HBT Z 2 A 4

Entries
Mean
Std Dev

46105
102.3
64.03

— NonCoherence

— Coherence

S S T A—
8B¢=_' ground state

Entries
Mean
Std Dev

HBT 7z 2 A 4
250

163.2
109.8

Physical output of phase 1 experiment is expected in near future!
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3 Future: Isovector orientation effect of deuteron-induced reaction



G riFrtmaz 4. Summary

= TSINGHUA UNIVERSITY DEPARTMENT OF PHYSIC

Wealthy information of the transport of isospin degree of freedom and E..(p) Is contained
In heavy ion collisions.

1) The isospin-dependent emission hierarchy of light charged particles has been observed,
showing neutron-rich LCPs are emitted earlier.

2) Angular distribution of the relative neutron richness of the LCPs imply the long time
feature of isospin drift, and set a constraint on E.(p) with L=33-61 MeV at S5,=28.3 MeV
(CL=95% )

3) HBT function of LCPs shows dependence on the system N/Z. .";’ﬁﬂ-
Isospin chronology using HBT method is expected with HIRATY,

4) Isovector orientation effect of d-induced scattering provides ';ﬁj'
a novel method to constrain Ey(p).
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3 Future: Isovector orientation of d-induced reaction as a probe of Ey,,(p) ?
Caution: Ey ,(p) Is not the only unknown factor!

e EQOS, o,
- Isospin diffusion luster
(MSU ...) clustering ...

-> Isospin scaling and
Isospin fractionation

(MSU...) B
- n/p ratio (MSU ...) Y Transport Model
> N/Z of the emitted | ~ /' +Statistic Decay model

fragments (LNS, TAMU,
MSU, HIRFL...)

> GMR strength What you can measure is the The initial state of two
(ND ...) event-wise particle yields and colliding nuclei
S o phase space distribution

Can we find a sensitive and clean probe in direct reaction: deuteron scattering



Polarization Effect in d-induced reaction

* Oppenheimer proposed first

Favored

Target

Un-favored

Target

Coulomb polarization
(Reorientation)

* J. R. Oppenheimer et al., Phys. Rev. 48, 500 (1935)

« E. O. Lawrence et al., Phys. Rev. 48, 493(1935)

The Transmutation Functions for Some Cases of Deuteron-Induced Radioactivity!

ErneEsT O. LawrencE, Epwin McMmrax ano R, L. Taorntow, Radiation Laboralory, Department of Physics,
University of California, Berkeley

(Received July 1, 1935)

4 -] L}
EUTER DM AAMNGE I O

Fic, 2. Differential excitation curve of the radicactivity
induced in aluminum (Z=13) by deuteron bombardment.
Circles, experimental points. Solid lines, Oppenheimer-
Fhillips functions with the values of I given by the num-
bers, in MV. Dashed line, Gamow function.

GEWMTERON ERERGY 1K Wy
R 24

BQ0Ium

z 4 i
OEUTERDN  AANOE (W OW

F1G. 3. Differential excitation curve of the sodium radio-
activity (Z=11). Notation same as in Fig. 2. The ordinate
-]::f the highest energy experimental point is probably too
ow.




A nature question arises now......

» Coulomb force ,1 for proton and O for neutron, leads to Coulomb polarization (reorientation),
characterized by the moving away of proton.

 |Isovector force, attractive for proton and repulsive for neutron, shall leads to Isovector
reorientation, characterized by the modification of the direction of the relative motion.

b=6 fl_ll

[y

—
=
=

[«P]
-~
“—

F

Target L ,
20 40

Isovector force act on p and n like a torque
—> Reorientation effect

60 80 0 20 40 60 80
time (fm/c¢)

 |f this effect is detectable, it should be sensitive to the
isovector potential (= symmetry energy!) at low
densities (< 0.5 p0)



Sensitivity of the dependence of the angular distribution on E . (p)

L(MeV)
S50 75 100 125
T I(]IJ; LI I I T T 1 I I T T 1 I T u 3- E:?:::: nu{;|eﬂn [h‘j
4+ 0.2}
i _ 01t |_II
0.0 -
';:" e proton (b2)
« 0.4}
< 2r . = —
0.2}
€
3 0.0 b [ 1
Y tagged cut - Q 0 3: - neutron (b3)
B b=7.0 A FAN.
0 b=7.5 W [ ]
" mixed O | |_|_
1 | | | 2 3 4
0.5 1 y 1.5 2 M

* Anew way to study the Ey ., p): Direct reaction may be used as a new method. It is equivalent
to measuring the n/p global optic potential difference.



CEE: A spectrometer for studies on cold and dense nuclear matter

)

i adie
NS

Conceptual Desian: Liming LU Han Yi, ZGX, Ming Shao, Song Zhang, Guoqging Xiao and Nu Xu.,
P J Science China, Phys. Mech. & Astro. 60, 012021 (2017)




G riFrtmaz 4. Summary

= TSINGHUA UNIVERSITY DEPARTMENT OF PHYSIC

Wealthy information of the transport of isospin degree of freedom and E..(p) Is contained
In heavy ion collisions.

1) The isospin-dependent emission hierarchy of light charged particles has been observed,
showing neutron-rich LCPs are emitted earlier.

2) Angular distribution of the relative neutron richness of the LCPs imply the long time
feature of isospin drift, and set a constraint on E.(p) with L=33-61 MeV at S5,=28.3 MeV
(CL=95% )

3) HBT function of LCPs shows dependence on the system N/Z. .";’ﬁﬂ-
Isospin chronology using HBT method is expected with HIRATY,

4) Isovector orientation effect of d-induced scattering provides ';ﬁj'
a novel method to constrain Ey(p).
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Very Brief Rev. of Eg.,(p) at
< i n H I C Equation of State of Asvmmetric Nuclear Matter and Collisions of Neutron-Rich Nuclei
p p O Bao-An Li''* C. M. Ko """ and Zhongzhou Ren™*

G U i+ L9 i
E = 1164. 00000
b = 1. 00000
t = 0
Blue and Green are neutrons!
uns : 1

:

A. Jedele, — A.B. McIntosh,”' K. Hagel,’” M. Huang,' L. Heilbom, ~ Z. Kohley, "
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REKITKI2: HIRAV: EEFHRET ---- FHiE

« Heavy lon Research Array at Tsinghua University (HIRATY) :
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Experimental measurement of Isospin effect on IMF HBT correlation

* Reaction: 35MeV *Ar+1121245n

* |sospin effect on IMF HBT correlation

* Hodoscope : 13-unit closely packed SI-BGO array
Hit position Resolution ~ 1cm

RiIw

_{h‘J 2.5 -Iﬂuc‘:ﬁ.m:

20 K
1.5 --1|ﬂ _l:
1.0 H
0.5 L
“Be,, 0 100

B ¥ 500

"y ' "Be'(2.43)

L & _
- l "Be*(3.04)
ﬁm-nm' ~.l/
He WLi= 10y
|

100 200 300 400 200 400 S0 T00 150 200
.Ir".-.| LGl :.-'I. MeV .l‘_'lh.-'I hn'l o II'I.-'I [il'-'l|:: M i:‘k'r."l'_":l




ENP L CP-LCP correlation 1dentified

Two_hits_SSD1_E2 B_E3 PID

THU-PHY

:

Two_hits 53D1_E2 B E3 PID
- Enties 13769
1401 Meanx 1404
- Meany 1398
120__ RMS x 8454 ‘
C RMSy 1414
np L2_F
C —5 —
= Tl
C —4
60— Two_hits_SSD2_L2_2hits_vs_2hits_Delta_CH
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1 Angular distribution in large
angular range reflects the time
evolution of isospin transport;

time
counts 2 A stiffer symmetry energy

1 leads to faster Isospin drift,
T,< T, thus to more rapidly changing
I MaTa + TLoT In angular distribution.
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EN 6 What is our Motivations with HIC?

1) Look for new E,,(p) (p<p,) probesin slow process for the enhanced sensitivity.

- Neck Emission in Fission reactions is characterized by low density and neutron-richness.
—> Transport of isospin degree of freedom (IDOF) involving the neck emission helps to identify a probe.

2) To measure quantitatively the time scale of the transport of IDOF.

3) To develop new method to pin down the Eg,.(p) (p<py)
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« What density region Is this observable
sensitive on?
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