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Transport Model

129X+ 1205
Epeam = 65 MeV/n
b=1 fm
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Transport Mode
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Nucleon-
nucleon

~N

In-medium cross-section

In-medium pp-scattering cross-section

. . 160
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What Can | Do with QMD?

» Reproduction of experimental results
» Test of various potentials

» Test of EOS parameters

» Finding new observables

> ...




Nuclear Equation of State

HM/SM/FOPI

T |I||

<Incompressbility >

P _ g p 0 E/Ap)
Vv (9p)2 T

ref A. Le Fevre et al. NPA 945 (2076) 112




Nuclear Symmetry Energy

<Neutron star> various sym metry energy assumption
A. W, Steiner; et al. FRept 411 (2005) 325
100 T T T T ‘ T T T T ‘ T T T T I T :'1 T T T ’l::,
" ...... Potential ’ ] '
: Field-theoretical i
g0 | —— APR(LDP)
s T "]
2 i g
r.u% i =
40 |- ’
i 0 1 1 1 1 ‘ | | | | ‘ | | 1 | | | 1 1 1 | | | | 1 ]
0 0.1 0.2 .
// _ 1 n (fm—3)
(a) ’
L T E/A(p,0) = E/A(p,d = 0)

Radius (km)

P Demorest et al. Nature 467, 1087-1083 (2010)
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Nucleon Effective Mass

B.-A. Li et al. / Progress in Particle and Nuclear Physics 99 (2018) 29-119 45
—r———— 1.1 T . T T
——Proton L7 |

0751 | - _Neuton L f
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2
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Fig. 9. Left: Nucleon Lorentz-scalar (Dirac) effective mass M; and Lorentz-vector effective masses M, at a nucleon energy of E = 50 MeV in neutron-
rich matter of isospin-asymmetry 8 with kr = 1.36 fm~'. Taken from Ref. [59]. Right: Comparisons of nucleon effective masses as a function of isospin
asymmetry S at saturation density predicted by (1) the DBHF theory [123], (2) the BHF+3-body force, (3) the extended BHF+3-body force [58] as well as
the energy density functional using two forms (int-1&2) of isospin-dependent interactions [28]. Modified from a figure in Ref. [28].




Observables
neutron-proton correlation pion production ratio

120 -§ 2ca+®Ca . 3.5

E=80 AMeV, b=0 fm
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ref Lie-Wen Chen, et al. PRL 90 (2003) 162701
ol ref T Gaitanos, et al. NPA 732 (2004) 24
Au+Au @ 400 AMeV
FOPI-LAND filter
0.05 | Flow observables

ref P Russotto, et al. EPIA 50 (20714) 38
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New Observables

* neutron-to-proton ratio
« neutron-proton differential flow
« neutron-proton correlation function

« t/3He, n*/ -, KYK, ...

What is the new observable at RAON?

jhS 71z a7y 13
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Transport Model

Development of a new QMD code

Transport model

" ~

Boltzmann-Uehling-Uhlenbeck(BUU) Quantum Molecular Dynamics (QMD)
v' Less fluctuation, Good to study EOS v' Good for event generator (event by
v" Not good for event generator event analysis)
» Code(DjBUU) developed by v" More fluctuation, More CPU time
external experts: S. Jeon (McGil/ » Code development mainly by KK
Univ), C-H. Lee(Pusan Nat'l Univ.,) with KS. Lee(Chonnam Natl Univ)

Density Evolution b=7fm " Au+'" Au (100 MeV/n) T, ,=140fm/c

4

Simulation sample by QMD | I
197Au+197Au at b=7fm 20— —— P
with the beam energy 100MeV/n | 7 ‘ j

(averaging 1000 events) of

L L L L L L L L I I L L L L I L L L L L L L L L I L L L 00
-15-10-5 0 5 10 15 20-15-10-5 0 5 10 15 20-15-10-5 0 5 10 15 20-15-10-5 0 5 10 15 20
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BUU vs QMD

Q¢

One nucleon N test particles ~ One nucleon One nucleon

moving in the mean field %

n-body Hamiltonian based

| event by event analysis!
jpo2zuuaze pISp 2

Institute for Basic Science it 20
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Transport Mode

-

-
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Nucleon-
nucleon

~N

In-medium cross-section

In-medium pp-scattering cross-section

collisions =
! o
| nte r‘a Ctio n 160 In-[nediurp np-sgattering crogs--seit;on

among - o

nucleons ‘ w e

i - Y(rt) = ——gaexp| ——5—+ (i - T i
WavefunCtlon ) ¢Z( ’ ) (2”01?)3/4 p ( 4072' h(pz _) 00 50 100 150 200 250 300 350
. —)2
Potential : 77 = N~ i . r2bedy | qy3body | rrsurf o qrsym  prCoul
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QMD Model - Potential

Nucleon -> Gaussian wave packet Gaussian w1,
1 (F—m)? i
i 7_"’t S —- g - 7 — _; . <>
070 = e (-T2 4 1)
~2
H — fz 4+ l]2body + (]3body + U'surf 4 Usym™ 4 (]Coul
2m
[robody _ O S Skyrme parametrization for NN potential
= 20 Pij
i,j#1
3 v
Sbody _ Pij
U™ = v+ 1 Z (Z E) ) K(MeV) a (MeV) g(MeV) ~ EOS
i j#i
2p0 “— i
) hi# 380 124 705 2 Hard
Uovm = Jm N o5 1] py
2P0 GE

2 ' A
ol — 6— Z — ! ——erf (lll‘)a & |> (7, for protons)
Ref) M. Papa PRC 64(2070)024612

® .
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QMD Model - Initialization

<Initialization>

Nuclear Density

Gaussian w.f.

r—RY1!
p:poll—i—oxp{r }]
a

‘R" from Tthas-Fermi model

—>

3 G
I ‘
|

p(r) [nucleon fm~*]
° o

4 6
r [fm]

1
S

momentum of a nucleon is also chosen in the range of 0~ kr = v 2miUy,

fi — ('I" - 'rz)2 p pz ]

Only the set which gives the binding energy within 5% difference with
experimental (or theoretical) data will be selected.

jooJiznuazy RISP



QMD Model - Initialization

<Stability check>

' Ca stability 7,,,=200fm/c

10+

(E,)

40Ca

0 50 100 150 200
Time [fm/c]

jLS2EReARY By
Institute for Basic Science ;::_‘;“L'f(;fq:.(, [

Density [fm—*]

0.25 - -
t=0 fm/c
20 fm/c

0.20 40 fm/c
60 fm/c

0.15} 80 fm/c |/
100 fm/c
120 fm/c

0.10¢ 140 fm/c ||

0.05f

0.00 : l ' ' :

0 2 4 6 8 10 12 14
radius [fm]
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QMD Model - Comparison

ref J. Xu, et al. PRC 93 (2076) 044609

02l AMD  ]_ 1QvD-BNU |
0.1 Our QMD
0.25 : , , . . . |
" CoM — =0 fm/c
0.2 == CoMD | fm/c o i
0.1+ il — 0 0.20 40 fm/c
' 20 7 60 fm/c
&€ 015} 80 fm/c
0.2 - 40 = 100 fm/c
K 60 n 120 fm/c
EOJ : Q2 0.10r 140 fm/c |
a - . — 80 i
0.2\ IQMD-SINAP_ 1—— 100  oos|
0.1} ]—120
| 1 — 140 0-005 2 4 6 8 10 12 14
0.2/ “urQmD 12 radius [fm]
0.1f
0.0

0 4 8 12
r (fm)

® .
]bS 7| = 0perA 20
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QMD Model - Propagation

<Equation of Motion>

~—
1
o
N
o

40 60 80 100 120140 fm/c

i P dp ] [20]®[0]0]F P> =
dt — pdt —Vnl %900 &P TIQMD BNU .03
%0/0/0/P0% & o | ..
_1%|%0/0@e®% | ‘cow Igg
€900/9| 0|0 PF% S “mavp-ciae B,
ome [ wme wie L 09 ®| 0@ Pe% G Yamp-mp o¢
| 7 | L 19908 d@@% ép IQMD-SINAP 0
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T T T T g 00/8] 0]l Pe G Curawe
2 S T A
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QMD Model - Collisions

In classical scattering,

(O
\Wlb T b<r +r

» Iwo particles are always scattered.

o="(r; +1,)*

In our model|,
b=/0w:/(10 x ), (b: [fm], o: [mb])

If a distance, d, between two nucleons is smaller than b,
d<b, a collision is always tried.

Here, 0., Is in-medium cross-section.
ot
S
2m1 2m2 2

1h°S Z1x a7 g'r

Institute for Basic Science
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QMD Model - Collisions

In-medium pp-scattering cross-section

160 : Ref) G.Li and R.Machleidt PRC 48, 1702, PRC 49, 566
-
Hor -= p=(12)p ||
120f 7 p=:’° o
~~~~~ p=(312)p, )

— = || Opptot(Elaps p) =[23.5+ 0.00256(18.2 — E})7)**]
‘ 1.0 + 0.1667ELY p?
60 | . 1 X

‘ 1.0 + 9.704p12
a0}
20t oo

00 510 160 1.’;0 260 25|0 360 350

160 In—[nedium np—s;atteripg cro§s—sectjon

: —
140 -- p=(1/2)p, |
120| \~‘A - P=M

S P=(3/2)P0
100} —- p=2p, | . 0.53,2.9
ol | | Unp—tot(Elaba p) 2[315 + 0092'202 - Elab ]
60 | \ 1 1.0 + 00034Ellag)1,02
X oy
| 1.0 + 21.55p1-34
20
% 50 100 150 200 250 300 350
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QMD Model — Pauli Blocking

<x-space> <p-space> <Phase space density for /th particle>

fi = Z (57-1' 3Ty 58‘1 1S5 B3 fl (F ]7) (]3’1([3])
J

A €D

\/m \/W Occupation number

10 . CoIII|5|on§ . , 10 I?aull lblockllng ] .
— attempted collisions — Pauli blocking rate
— successful collisions
8 0.8
> 6f 0.6}
2 8
E ©
= o
T 4t 0.4}
2+ 0.2}

0 ! L L L ! L 0.0 L 1 L ! L ! !
1.86 1.88 190 192 194 196 198 200 1.86 1.88 190 1.92 194 196 198 200
VsIGeV] Vs1GeVl]

i EFUL- T i}r 24
SP. | |

2 £ o Rate laotop
Institute for Basic Science Selance Project
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Role of NN Collision

Density Evolution b=7fm " Au+'“"Au (100 MeV/n) T,,
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w/o collisions

w/ collisions
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Differential Flow

u=(y,By); ur = pry
N |1+ 2v; cos(¢) + 2v3 cos(2¢) ]
=
usdu; dydeo 0 ! 2
vo = vo(y, Ur); vl =v1(y, Uy); v2 = v2(y, Ur)

p e\ (P
e )G
Pt Pt Pt

)2> = (cos(2¢))
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Sn+Sn Simulation

% 112Sn + 112Sn and 132Sn + 124Sn at Ei,, = 200 MeV/n
» impact parameter, b = 5 fm

*» number of total event = 20,000

% asy-soft (6=0.5) and asy-stiff (6=2) EOS p\°
()

o
Esym — 30 120 T
pO — Asy-soft 6=0.5

== Asy-stiff 6=2

100}
— o=1

o

L)

under the pion threshold energy

80 -

o £ 3005 )
v
o))’
Po -

20} R
when a = —218 MeV, 8 = 164 MeV and v = 4/3.

%.0 — 0.‘5 1.‘0 1.‘5

p/po

L ) S

2.0

2L




Density and Isospin Density

Density (left) and isospin density (right) at the center of the Sn+Sn system

25 Fa)Deqsky | | Y 10 . [ (b)pospnndenshx '
" — '”sn+'"?5n (soft) — "sn+'5n (soft)
2.0 --  M2gnyll2gn (stiff) ] 0.8} - - M2gn412gn (stiff) ||
- B2gn+'%15n (soft) . .- B25n41*gn (soft)
QU . . ~ ‘ .
< 15} - B2gn412gn (stiff) | 06 -oee B2gn4 12 g (stiff) ||
— >
) =
-+ -
G 10} 2 04
5 8
Q 0-5_ ': 02 "‘m wn st fessspatsssntrene :u_:
0.0}
0.0+ . ‘ ]
50 60 70

0 16 Zb Bb 4b 5b 66 7b
Time [fm/c] Time [fm/c]

« The duration time for the supra-saturation density is ~20 fm/c.
« The isospin density when the asy-soft EOS is used is larger.
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Observables — n/p Ratio

<n/p ratio — 112Sn+112Sn>

1.8

1.6

1251 4+112 50 (soft)

- - 12gn412gn (stiff) |]

141

1.2+ >

n/p ratio

1.0 b

0.8} =

-
-
- - -~

~”

E,., (GeV)

1b> Z1=a4%A7 4 3’>
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N
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_______
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Observables — Double n/p Ratio

Double neutron-to-proton ratio
from NSCL data

124 124
_n p Sn+'%4Sn a 50 MeVlu
_n/p(1328n+1218n)
DR(n/P)—n/p(1123n+11zsn) =
S~
o
e — E
Sn+Sn 200 MeV/n o
2.4} — soft |
- - - stiff
2.0t (b) 120 MeV/u :
g‘ 1.8+ 16_— @® Data __
= @ L % Famiano
O 16 £ - [l SLy4
1.4} S
1ol ----cTmmmTTTTEmTTE \\.‘&”--—\\ 1.2_
A o .
10 . . . . . 0 0 20 40 60 80 100
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 E... (MeV)

11-S 71X et
1h° 212

Insti

Ekin (GeV)

QMD simulation

Rate ls0tope
Sciance Project , n

tute for Basic Science

ret D D S. Coupland, et al. PRC 94 (2076) 07117607
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Observables — v;

v1 of the emitted nucleons from Sn+Sn collisions

(a) "2sn (200MeV/n) + '?sn (a) ¥*2sn (200MeV/n) + *'sn

0.3 0.3
— n (soft) — n (soft)
0.2k — n (stiff) L7 0.2k — n (stiff)
--  p (soft) .z --  p (soft)
01kl =~ P (stiff)
= = 0.0
-0.1
-0.2
_03 I L ! _03 | | )
-1.0 -0.5 0.0 0.5 1.0 -1.0 -0.5 0.0 0.5 1.0
Y/Yo Yy

Here, y, is the rapidity of a nucleon of projectile in the center of mass frame.

Institute for Basic Science
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Observables — v, with p, cut

vy of the emitted nucleons from Sn+Sn collisions with p; > 300 MeV

0.6 (b) "'¥sSn (200MeV/n) + '"*Sn with p, >300 MeV (b) **sn (200MeV/n) + **Sn with p, >300 MeV
— n (soft) 04ll — N (soft)

0.4L] — n (stiff) — n (stiff)
== p (soft) == p (soft)

0.2} =~ P (stiff) 0.2} p (stiff)

-0.2}
~0.4 7
r —0.4 ¢4
o
-0.6
1.0 -0.5 0.0 0.5 1.0 -1.0 -0.5 0.0 0.5 1.0

y/Yo Y/Yo

1bS 1=z 3,: 32
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Observables — v1 from FOPI Data

Au+Au 0.25<b,<0.45 ut0>0.8
— T 7 L

08 5, + o ] : :
Iy I8 |« v of light particles of
o6 417 + AA= . 197Au+197Au collision from

o P FOPI data
« 33fm < b < 6 fm with p; c

0.09A GeV | A= 0.12A GeV |
N /I F—————1
15, -
1 Ud |
1| AA=3 P
* o __*
K
Y 1
= 041 i -+ K i
ool > 1 L ]
Z 0.15A GeV | #~ 0.25A GeV
0.0 b | . | |
0.0 0.5 1.0 00 05 1.0
yo y0

ref Reisdorf et al. NPA 876 (2072) 1
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Observables — vq,-vy,

The difference of v, between protons and neutrons

(a) **?sn (200MeV/n) + '**sn

(b) '*sn (200MeV/n) + *!Sn with p, >300 MeV

0.15 0.06
— ~v=0.5 (soft) — ~=0.5 (soft)
o10ll =" ~v=2 (stiff) 0.04}| -- ~=2 (stiff)
0.02}
. 005} <
z T, 0.0}
> 0.00} {1 >
. -0.02}
—0.05}
—0.04}
-0.10 - - - -0.06 ' ' '
-1.0 -0.5 0.0 0.5 1.0 -1.0 —0.5 0.0 0.5 1.0

Yy

When the asy-soft EOS is used, the difference is larger.

jhS 71z a7y
Institute for Basic Science it T .
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Observables — v,

"25Sn (200MeV/n) + '**Sn (|y|<0.5y,) “25n (200MeV/n) + '*Sn (|y|<0.5y,)

0.16 - 0.14 :
’
o1al n (soft) . | 012l n (soft) |
— n (stiff) N : — n (stiff) .
0.121| -~ p (soft) N 1 o.10l| == P (soft)
010} =~ P (stiff) K | --  p (stiff)
0.08+ g
- 0.08 + g -
> > 0.06+ B
" 0.06} . '
0.04+ .
0.04 | n
0.02L | 0.02} |
0.00 | ] 0.00+ |
-0.02 -0.02 - : - - - -
0.0 0.8 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Sciance
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Observables — v2 from FOPI Data

Au+Au proton ly,|<0.4

LI O B ' I L ° i
o IR _ Y§7 of tk119e7em|tte§1 protons of
0.10 |- A 0.25<b(<0.45 | A 0.25<b,<0.45 %
| <>o,45<b030.55 | <>O.45<b00<0.55 5 AU+ AU COHISIOn from
0.05 % R FOPI data with yg range
¥ 0.00 %TT i Dol AT
-0.05 - -+ ;gg .
-0.10 |- -+ 8
r 0.09A GeV T 0.12A GeV
e ey AR TN ST S AN T ST S A SR S
L L L I L L
0.20 [~ 1 b,<0.25 T 0 by<0.25
L A 0.25<b;<0.45 1 A 0.25<b;<0.45
0.15 | ¢ 0-45<04<0.55 | ©0.45<b;<0.55 1
. 0.10
7
0.05
0.00
o% 0.15A GeV T 0.25A GeV
ol by | L P R | |

0.5 1.0 1.5 0.5 1.0 1.5

t0

ref Reisdorf et al. NPA 876 (20712) 1
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Observables — v,,-v,,

"25n (200MeV/n) + '**Sn (|y|<0.5y,)

2 5n (200MeV/n) + '**Sn (|y|<0.5y,)

0.05 . . 0.020 :
— soft
0.04+ __ Stiff 8 0.015}
0.03+ 1 0.010¢+
0.02} 1 0.005}
& &
?ﬁ 0.01} 8 ? 0.000 |
< S
0.00} - ~ N y |l =
.00 F c—eemm N ;o —0.005+F
-~ v g \ ’
L\
—0.01} W v 1 ~0.010}
v
\ 7
—-0.02} ' 1 —0.015¢
—0.03 - - L k L L L —0.020 ] ! ! ) ! A
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.0 01 0.2 0.3 04 05 0.6 0.7
P; [GeV] P, [GeV]
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Observables — v,

0.04

"25n (200MeV/n) + '*Sn (p, >300 MeV)

0.02

0.00

-0.02

-0.04

—0.06t ’ — n (soft) ]
/! — n (stiff)
—0.08f -= p (soft) 1
==  p (stiff)
-0.10 ' 1
~1.0 —-0.5 0.0
ylYo

1b° 7=tz

Institute for Basic Science

Rare lsctope
Sciance Project

1.0

325n (200MeV/n) + '**Sn (p, >300 MeV)

0.02

-\
.
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Observables — v, from FOPI Data
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Stopping Ratio
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NN Cross Section in Medium
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129Xe+120Sn Simulation

v
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Density

129xe + 12OSn
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Results
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Results
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summary

We investigate the energy-based isotropy ratios of protons
and neutrons in 29Xe+'20Sn with our QMD code.

These ratios have a dependence of symmetry energy.

As well as the potential, the in-medium NN cross-section
gives large effect on the ratio.

We have a plan to investigate the effect of nn- and pp-

cross section splitting in asymmetric matter to the ratio.
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