Catanga (Italy) Novemb"' r6 Q;’:;_‘Z-Ozs,
: = ? e 4?. . ”' 3 =T

Correlatlon Function studies at
intermediate energies at CSHINE

speaker : Yijie Wang
coauthor : Zhigang Xiao

CSHBNE

Compact Spectrometer for Heavy loN Experiments

D ® }é
T EZS

7 Tsinghua University

Correlation Function studies at intermediate energies at CSHINE - Yijie Wang (Tsinghua University)

1/21



Content

Research Background
CSHINE Detector System
HBT Method

Isospin Chronology Result

Summary

Correlation Function studies at intermediate energies at CSHINE - Yijie Wang (Tsinghua University) 2 /2 1



Nucleus, Isospin, Symmetry Energy

Molecule — Atom — Nucleus

Electron Nutron
Oxygen atom Nucleus

Hydrogen atom Proton

Water molecule

Water —> Oxygen atom ———=Nucleus of oxygen
(0.1cm) (10 '"m) (10 "'m)

https://www.nishina.riken.jp/
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Heisenberg

Isospin distinguishes
proton and neutron
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Nucleus, Isospin, Symmetry Energy

Molecule — Atom — Nucleus

Electron Nutron
Oxygen atom Nucleus

Hydrogen atom __ Proton

Water molecule

Water —> Oxygen atom ———=Nucleus of oxygen
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" Neutron namber
Heisenberg i
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Isospin distinguishes  * * Symmetry energy tends to equalize
proton and neutron the number of neutrons and protons
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Heavy lon Reaction, Isospin dynamic in zeptosecond scale

Heavy lon Reaction~ 102%s

$- &
30MeV/u “°Ar 197AuU
Velocity: ~0.25¢  Scale: ~10-%*m
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Heavy lon Reaction, Isospin dynamic in zeptosecond scale

Heavy lon Reaction~ 10-%%s

$- &
30MeV/u “°Ar 197AuU
Velocity: ~0.25¢  Scale: ~10-%*m

Heavy lon Reaction ATTOSECOND HEARTBEAT AGE OF THE UNIVERSE
~10%%s ~ 1018 ~1s ~10%8s
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Heavy lon Reaction, Isospin dynamic in zeptosecond scale

Heavy lon Reaction~ 10-%%s

- &
30MeV/u “°Ar 197AuU
Velocity: ~0.25¢  Scale: ~10-%*m

Question: Isospin dependent particle
emission timescale and emission order?

Heavy lon Reaction ATTOSECOND HEARTBEAT AGE OF THE UNIVERSE
~10%%s ~ 1018 ~1s ~10%8s
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Compact Spectrometer for Heavy IoN Experiment(CSHINE)

Si-Si-Csl telescopes

PPAC2
/ PPAC3

Compact Spectrometer for Heavy loN Experiments

Gamma array
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Compact Spectrometer for Heavy IoN Experiment(CSHINE)

— Si-Si-Csl telescopes
PPAC1 PPAC2
\ ‘ " T "},. / PPAC3

s

Compact Spectrometer for Heavy loN Experiments

Compared with the large detector system in the world, CSHINE is relatively compact.
HIRA@FRIB INDRA@GANIL CHIMERA @ INFN  NIMROD@TAMU

12 Blocks (192 telescopes)
full Z & A identification of 1<Z<25 at 6 < 14°




Silicon Strip Detector Telescope (SSDT)

~~Be (ground state) (a)

Single-side silicon
strip detector

. o=
9Be* (2.43MeV)

Double-side silicon :
strip detector

| *Be* (3.04MeV)
1
3 X 3 Csl crystals ‘I'

Signal readout NI
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SSDT energy resolution: 2% o Lo,
For light charge particles ¢ 10°
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% 100 200 %% 5 10 15

Nucl. Sci. Tech. 32, 4 (2021) Ecs (MeV) Mass

Nucl. Inst. Meth. A, 1011, 165592 (2021)
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Parallel Plate Avalanche Chamber (PPAC)
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Time resolution: 260ps
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For fission fragments

Nuclear Engineering and Technology 52,3 (2019)
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2567801234567 89012345678aM1234561¢

Energy resolution: 3%
Energy range: 10-80MeV
For high energy gamma

Nucl. Inst. Meth. A, 1053, 168330 (2023)

High Energy Gamma Detector Array
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CSHINE upgrade: Neutron detector Array

Heavy ion reAction Neutron MEasurement detectoR (HANMER)

!

Plastic scintillator + PMT
15cm * 15cm * 15cm

4 * 5 units

For neutron
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Physics studies at CSHINE:

(DLight charge particles @Fission fragments

a, Isospin relaxation a, Fast fission

b, E,,, in nE0S b, Fission dynamics

¢, HBT correlation ¢, Folding angle

d, Yield Ratio d, Neck formation
(3High energy gamma (@Future plane

a, np bremsstrahlung a, n-n HBT correlation
b, Short Range Corr. b, t and 3He emission
c, np->d + gamma c, 8(n/p) distribution
d, Ey spectrum d, Resonance decay
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Physics studies at CSHINE:

" (DLight charge particles \ / @Fission fragments
|

: a, Isospin relaxation : a, Fast fission

. b, E.,m in NEOS | b, Fission dynamics

: ¢, HBT correlation : ¢, Folding angle

| d, Yield Ratio i d, Neck formation

| |

\\ ,/
(3High energy gamma (@Future plane
a, np bremsstrahlung a, n-n HBT correlation
b, Short Range Corr. b, t and 3He emission
¢, hp->d + gamma c, 8(n/p) distribution
d, Ey spectrum d, Resonance decay
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Previous knowledge of Isospin Relaxation

Neutron excess probe:
| J- Z Vi(N; — Z£;)

Yy Z}’;‘Zf | -
Time = Angle =
0_\ S0 ,1Q0 150 ,
L O T
Dynamic emission Statistic emission
10-%s 10-20s
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Previous knowledge of Isospin Relaxation

Neutron excess probe:
| J- Z Vi(N; — Z£;)

¥yl ) D ViZi | ;_
Time =» Angle =
Result: Neutron rich 0: oo b
- T - I \ ~ ) - -~ J
particle emitted earlier! Y 6™ Y
PRC 95, 041602(R) (2017) Dynamic emission Statistic emission
’ 10%!s 10205
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Previous knowledge of Isospin Relaxation

Neutron excess probe: NE
—0.2—
Y ex Z}Ff'{Nf — Zi) — =
— . q L
Yy, o1 > ViZi — _0'4:_
_ e = ..
Time =» Angle _o.sf- T L.
Result: Neutron rich SR I RS Mt
ticle emitted earlier! N e
partic ! Y 6,.,.C 7

PRC 95, 041602(R) (2017)

Dynamic emission

10-%s 10-205

One-body observable at final state only delivers
gualitative picture of isospin dynamics.
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HBT intensity interferometer

How to determine particle emission timescale and order quantitatively?
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HBT intensity interferometer

How to determine particle emission timescale and order quantitatively?

HBT is an approach to extract space and
time information of the emission source!
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HBT intensity interferometer

How to determine particle emission timescale and order quantitatively?

HBT is an approach to extract space and
time information of the emission source!

» 1956, Hanbury

Brown and Twiss ;
Angular diameter of Sirius

( Astronomy )

Nature 178, 4541 (1956)

1956
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HBT intensity interferometer

How to determine particle emission timescale and order quantitatively?

HBT is an approach to extract space and
time information of the emission source!

» 1956, Hanbury

Brown and Twiss ;
Angular diameter of Sirius

( Astronomy )

Nature 178, 4541 (1956)

.. “He boson
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HBT intensity interferometer

How to determine particle emission timescale and order quantitatively?

HBT is an approach to extract space and
time information of the emission source!

» 1956, Hanbury

Brown and Twiss ;
Angular diameter of Sirius

( Astronomy )

» 2015, STAR;
Anti-proton interaction
( Particle physics )

VD i 0
NS T
>‘:‘Q\

Nature 178, 4541 (3956) N
Nature 527, 345(2015)
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HBT intensity interferometer

How to determine particle emission timescale and order quantitatively?

HBT is an approach to extract space and
time information of the emission source!

» 1956, Hanbury

Brown and Twiss ;
Angular diameter of Sirius

( Astronomy )

» 2015, STAR;
Anti-proton interaction
( Particle physics )

Nature 178, 4541 (1956)

1956

.. “He boson

..........

o, *w"“ »> 2007, T.lJeltesetal.; || > 2022, ENPG group;
U”f",...AHe fermio Quantum performance isospin chronology
I (Atom physics) (Nuclear physics )
Nature 445, 402(2007) Physics Letters B, 825, 136856 (2022)
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HBT principle (Nuclear emission source)

1977, S. Koonin use HBT to proton-proton correlation
= 3
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The temporal and spatial distribution of 25
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HBT principle (Nuclear emission source)

1977, S. Koonin use HBT to proton-proton correlation

T 9
O

The temporal and spatial distribution of 2.5

proton emission from the emission source
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Simple understand between HBT and emission timescale

. » T2
AB: < AB:2

A
-'{"ﬂwz

}
L

When the emission timescale iIs shorter,
the separate angle of two particles will be larger.
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Particle emission timescale OAr@30MeV/u + 197Au

Proton correlation function compared with CRAB calculation:

1.5}
1: ................... )
053 -.- 120 fm/c
’6.‘- "~ L — 150 fm/c
~ -- 180 fm/c
1 —
+ 15
- i ]
1t i
053 .- 70 fm/c -.- 50 fm/c
"~ — 100 fm/c — 70 fm/c
i -- 130 fm/c --90 fm/c
20 40 60 80 20 40 60 80
q(MeV/c)

Physics Letters B, 825, 136856 (2022)
CRAB: S. Pratt, CRAB version 3, https://web.pa.msu.edu/people/pratts/freecodes/crab/home.html
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Particle emission timescale OAr@30MeV/u + 197Au

Proton correlation function compared with CRAB calculation:

1.5]
1: ................... )
053 -.-120 fm/c 1
’6.‘- L — 150 fm/c
~ i -- 180 fm/c
o —t——
+ 15
- : :
1t i
o5k -.-70fmic T - .- 50 fm/c
! (—100fmic ) 7T — 70 fm/c
- --130fm/c T -- 90 fm/c
20 40 60 80 20 40 60 80
q(MeV/c)

Best fit, Proton emission timescale: 7, ~ 100fm/c

Physics Letters B, 825, 136856 (2022)
CRAB: S. Pratt, CRAB version 3, https://web.pa.msu.edu/people/pratts/freecodes/crab/home.html
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Particle emission timescale OAr@30MeV/u + 197Au

Deuteron-deuteron and triton-triton correlation function:
15 — 71 1 T T T 1 T T T T T 1

1+R(q)

k- | L | 1 | 1 |

1 | 1 1
0 20 40 60 80 100 120 140

q(MeV/c)

Physics Letters B, 825, 136856 (2022)
CRAB: S. Pratt, CRAB version 3, https://web.pa.msu.edu/people/pratts/freecodes/crab/home.html
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Particle emission timescale OAr@30MeV/u + 197Au

Deuteron-deuteron and triton-triton correlation function:
15 — 71 1 T T T 1 T T T T T 1

1+R(q)

k- | L | 1 | 1 |

1 | 1 1
0 20 40 60 80 100 120 140

q(MeV/c)
Original plan: Get the p,d,t timescale with CRAB,
and determine the emission order directly.

Physics Letters B, 825, 136856 (2022)
CRAB: S. Pratt, CRAB version 3, https://web.pa.msu.edu/people/pratts/freecodes/crab/home.html
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Particle emission timescale OAr@30MeV/u + 197Au

Deuteron-deuteron and triton-triton correlation function:
15 — 71 1 T T T 1 T T T T T 1

1+R(q)

k- | 1 | 1 | 1 |

1 | 1 1
0 20 40 60 80 100 120 140

q(MeV/c)
Original plan: Get the p,d,t timescale with CRAB,
and determine the emission order directly.
Situation: With Woods-Saxon potential, CRAB can’t reproduce the d-d CF.

Physics Letters B, 825, 136856 (2022)
CRAB: S. Pratt, CRAB version 3, https://web.pa.msu.edu/people/pratts/freecodes/crab/home.html
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Particle emission timescale OAr@30MeV/u + 197Au

Deuteron-deuteron and triton-triton correlation function:
15 — 71 1 T T T 1 T T T T T 1

1+R(q)

k- | 1 | 1 | 1 |

1 | 1 1
0 20 40 60 80 100 120 140

q(MeV/c)
Original plan: Get the p,d,t timescale with CRAB,
and determine the emission order directly.

Situation: With Woods-Saxon potential, CRAB can’t reproduce the d-d CF.

Question: How to determine the emission order of p,d,t?

Physics Letters B, 825, 136856 (2022)
CRAB: S. Pratt, CRAB version 3, https://web.pa.msu.edu/people/pratts/freecodes/crab/home.html
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Particle emission order

PhysRevlett.91.092701 ]

Velocity-gated correlation function method [ PhysRevC.35.1695
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Particle emission order

PhysRevlett.91.092701 ]
PhysRev(C.35.1695

Velocity-gated correlation function method |
Taking proton and deuteron as example:

I Inltlal — evolution e final —
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Particle emission order

PhysRevlett.91.092701 ]
PhysRev(C.35.1695

Velocity-gated correlation function method |
Taking proton and deuteron as example:

I Inltlal — evolution e final —
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Particle emission order

PhysRevlett.91.092701 ]
PhysRev(C.35.1695

Qironger |

Velocity-gated correlation function method |
Taking proton and deuteron as example:

g
I Inltlal — evolution e final —

Correlation Function studies at intermediate energies at CSHINE - Yijie Wang (Tsinghua University) 17 / 21



Particle emission order

PhysRevlett.91.092701 ]
PhysRev(C.35.1695

Qironger [

Velocity-gated correlation function method |
Taking proton and deuteron as example:

1CF
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Particle emission order

PhysRevlett.91.092701 ]
PhysRev(C.35.1695

Qironger |

Velocity-gated correlation function method |
Taking proton and deuteron as example:

> stronger

Particle with higher velocity showing strong anti-correlation

means this particle is emitted later!
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Particle emission order OAr@30MeV/u + 197Au
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Particle emission order OAr@30MeV/u + 197Au
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Particle emission order OAr@30MeV/u + 197Au

Deuteron is emitted earlier than proton! Tp > Tgqg
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Particle emission order OAr@30MeV/u + 197Au

1-5: - p-t - d-t
1 : _

1+R(q)

5SS
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L O
g
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Particle emission order OAr@30MeV/u + 197Au

1.5¢
5 |
? 1: ,
— I Vg >V
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'5'0"'160""""5'0""1(')0'"'

60; (
Ty > Tqg > Ty 50- SSD.
40-

0 (deg)

- - - - : SSDZ
Neutron rich particles emitted earlier I = 3o
The Emission Order of Hydrogen Isotopes via Correlation Functions in 20?
30 MeV/u Ar+Au Reactions (Physics Letters B, 825, 136856 (2022)) 40 50 60 70 80 90 100

¢ (deg)
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Particle emission order OAr@30MeV/u + 197Au

1.5; - p-t (OF dt
E : g S %
14 1: @%@&
+ - §
b 0 . 5 ! Q

F A |
ﬁ&"t > T, %vp<vt ﬁ%ﬂ

~B50 100

q(MeVi/c) 70;

60"

Ty > Tq > Ty B 50

. . . - T 40

Neutron rich particles emitted earlier ! = 3o
The Emission Order of Hydrogen Isotopes via Correlation Functions in <0t | TR
30 MeV/u Ar+Au Reactions (Physics Letters B, 825, 136856 (2022)) 40 50 6¢0(d7£g)80 90 100

Consistent with the results of R. Ghetti et al[ Physreviett.91,092701. ],
Dynamic emission order in 61MeV/u °Ar + %’Al:
Tp > Ta > T_n
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ImMQMD calculation results of particle emission timescale

dY/dt ((100fm/c)™)

2

-
m T T

o
T Iml T T

yi=0.6 (a)
4+ CIN t,,=107
+CIP 1,,=115

yi=1.0 (b)
4+ CIN 1,,=91
-+ CIP 1,,=116

200 400

t (fmic)

200 400

Physics Letters B, 825, 136856 (2022)
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CIN: Coalescence
Invariant Neutron

CIP: Coalescence
Invariant Proton

(Tcip 'TCIN)yizl.O Is larger than (yi=0.6), showing dependence on E,(p)

Correlation Function studies at intermediate energies at CSHINE - Yijie Wang (Tsinghua University)

20/21



ImMQMD calculation results of particle emission timescale

dY/dt ((100fm/c)™)

2

-
m T T

o
T Iml T T

yi=0.6 (a)
4+ CIN t,,=107
+CIP 1,,=115

yi=1.0 (b)
4+ CIN 1,,=91
-+ CIP 1,,=116

200 400

t (fmic)

200 400

Physics Letters B, 825, 136856 (2022)

CIN: Coalescence
Invariant Neutron

CIP: Coalescence
Invariant Proton

(Tcip 'TCIN)yizl.O Is larger than (yi=0.6), showing dependence on E,(p)

A new way to study E(p) and isospin dynamics
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ImMQMD calculation results of particle emission timescale
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Physics Letters B, 825, 136856 (2022)

CIN: Coalescence
Invariant Neutron

CIP: Coalescence
Invariant Proton

(Tcip 'TC|N)yi:1.o Is larger than (yi=0.6), showing dependence on E,(p)

A new way to study E(p) and isospin dynamics

Correlation Function studies at intermediate energies at CSHINE - Yijie Wang (Tsinghua University)

Further Question: Coupling between isospin dynamics and light particle formation?

20/21



ImMQMD calculation results of particle emission timescale

< 2 =0.6 (a =1.0 (b
Ty [ Yi (a) Yi (b) CIN: Coalescence
‘é‘ ! +CIN 0, =107 i +CIN 75,91 Invariant Neutron
= 1.5¢ +CIP 1,,=115 -+ CIP 1.,=116
o i CIP: Coalescence
—
= 1 | Invariant Proton
-— [
o [
> 0.5
© [ T R N T T

200 400 200 400
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(Tcip 'TC|N)yi:1.o Is larger than (yi=0.6), showing dependence on E,(p)

A new way to study E(p) and isospin dynamics

Further Question: Coupling between isospin dynamics and light particle formation?

Observing the ping-pong modality of the isospin degree of freedom in cluster emission
from heavy-ion reactions (Physical Review C 107, L041601 (2023))
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Summary

CSHBNE

1.5 -
@ CSHINE system, =  Apfee
= i G,=1.6fm
HIRs in RIBLL1, IMP, Lanzhou, China 05 _2,3‘33"5,&;
HBT correlation function measurements = 20 a0 e 0

q(MeV/c)

@ Isospin chronology (*°Ar@30MeV/u + 1¥7Au)
Proton emission timescale:
T, = 100fm/c
Emission order of hydrogen isotopes:
T, > Tqg > Ty A

\
Neutron rich particle emitted earlier _

@ Future plan: a, n-n HBT correlation; b, t and 3He emission
¢, 0(n/p) distribution; d, Resonance decay

Correlation Function studies at intermediate energies at CSHINE - Yijie Wang (Tsinghua University)

Compact Spectrometer for Heavy loN Experiments

\

21/21

N



backup

backup




Current situation of Esym

B.A.Li et. al. Eur. Phys. J. A (2019) 55: 117 PRL 126, 172503 (2021) neutron skin
150 I — 120
- o----e- NL-RMF(18)
120 - RHF(2) 100 7
| DD-RMF(2) onsraints o 8L
—_ e Gogny-HF(2) | i
% 9o L —SHF(33) R 80
S 3
£ L = 60
Lu:n 60 j —
| 40
30 — < :
Fd === Neutron Star Observations k
O ’.' | I | \l N'-“I
0 1 2 3 ( 0
p /Py E,m MeV)
Egpm (Po) =31.6+2.7 MeV Eypm (Po) = 38.1£4.7 MeV
L(p,) = 58.9+16 MeV L(p,) = 106+37 MeV
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How Esym influence Heavy ion reaction(HIR) process?

Eur. Phys. J. A (2014) 50: 36

1. Isospin Diffusion:

Jnp = jn —Jp = éva — Dy)VI
Dgl _ D{? x 4'pEsym(p)

2. Isospin Drift:

Jnp =]f1_]§ = (Dﬁ—Dz)VP

D, — D}
0E
o 4] sym(P)
s ‘.gp
n-rich E“ Low D surface, n-rich
' v High D center, n- ¢
A/ or
p-rich > >
N-Z/N+Z %

° <
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Experiments on CSHINE

At RIBLL1, HIRFL, IMP, Lanzhou

2018, “Ar@30MeV/u + 1%7Au 2019, S%Kr@25MeV/u + 2°8Ph 2022, 8Kr@25MeV/u + 124Sn
2*SSDT + 3*PPAC 4*SSDT + 3*PPAC 4*SSDT + 3*PPAC + Gamma array
I 2018 |2019 I 2022
SSD Tele Si+Si+Csl (a) Chamber
N P SSD-Tel4

PPAC
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HBT principle (Light source)

» light emitted from source as spherical wave

I = A?

» Two-point correlation function defination

) (L) (@NB?) T TN
C(dhake) = g0y = 1+ 2y, gayrcos @ __k_l):":g:

» Continuous source correlation function ( Fourier trarzlsform of the density distribution of source )

C (j, k1,kz) —1= Jp(r)ei(ﬁl—ﬁz).fdgr
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Physics resulti1: Isospin chronology

What'’s the relationship between emission timescale and Eg,,(p)?
More stiffer E,, (p), more neutron-rich particles easier emission!

P(t)=exp(-t/7)

¢ Emission timescale t

150 (@) |

H lon R : s 7 P
eavy lon Reaction z B
.> ‘ » 051 —100 fm/c
I =-=130 fm/c

projectile. target 720 40 60 80
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1 + R(q)

Correlation Function studies at intermediate energies at CSHINE - Yijie Wang (Tsinghua University)

Deuteron-deuteron correlation function

1.0

0.5

-
27A1(**N,dd), E/A=75MeV, @,,=25°

]

b /7 o=0,, Stiff EOS (BUU) -
e . P,= 612—-1060MeV/c
¥
0= - -~ P,=1225-1500MeV/c -
i | i i i i | 1 L L . —
50 100 150 200
q (MeV/c)

1993_W. G. Gong_PRC

35 MeV/nucleon N+Ag ©=45°
1.5 T T

0.0
0 50 100 150 200 50 100 150 200

Ap (MeV/c)

1988 _D. Fox_MSU_PRC

1+R(q)

v [ 8] PP ]
+ [ 500 MeV p+A -
gﬂ.ﬂ'!"-ﬂtl':{l::::' bt 4 4
& F B
1.0 :_ ................ ]
. LI N
0.5 —
[ ‘.‘il' h} d-d ]
Y : T
0O 10 20 30 40 50 60 70
ap (MeV/c) 1989 D.A. CEBRA_MSU_PLB
1.2
Peripheral Intermediate Central
1 _ B
' 129Xe +NatSniat 50 AMeV
1.0 _— | | |
0.9 I
o8 e 50 fm/c
0.7 - —200fm/c | B — 25 fm/c
’ - =100 fm/e - - 50 fm/c - -0 fm/e
oL L[| I L
0. 40. 80. 120. 160. 0. 40. 80. 120. 160. 0. 80. 120. 160. 200.
q (MeV/e)

2000_D. Gourio_EPJA INDRA

60/21



Deuteron-deuteron correlation function
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Deuteron-deuteron correlation function
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Number of Events

CORRELATION FUNCTION
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Deuteron-deuteron correlation function
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CORRELATION FUNCTION |
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