When and where are clusters formed in expanding systems?
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@ How clusters appear in HIC, in AMD calculations.

@ Symmetry energy information in compressed and expanding matter, and cluster observables.



Space-time evolution of density
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AMD calculation
13251 + 12450, EJA = 270 MeV, b < 1 fm



Space-time evolution of density
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Comparison of transport models

Jun Xu et al. (TMEP), arXiv:2308.05347

Density p(r,t) = [ 2 p(r,t) in c.m.
AMD calculation
13251 + 12450, EJA = 270 MeV, b < 1 fm


https://doi.org/10.48550/arXiv.2308.05347

Space-time evolution of density
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Density p(r,t) = [ 2 p(r,t) in c.m.
AMD calculation
13251 + 12450, EJA = 270 MeV, b < 1 fm

Isospin asymmetry: 6 =(p, - pp)/(pn + pp)
Dashed line: Asymmetry of the system Gsys



Symmetry energy effect on isospin asymmetry
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Symmetry energy effects in cluster observables
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Main aim of today

To confirm this argument by directly investigating the
cluster production and evolution during heavy-ion
collisions.
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Isoscaling in the SmRIT data
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Isoscaling ratio: easier.

Y(N,Z) from '325n + 1245p
Y(N, Z) from 108Sn + 112Sp

R,,(N,2) =


https://doi.org/10.1140/epja/s10050-022-00851-2

Antisymmetrized Molecular Dynamics

i
Z = WD, + ——K.

2nv

v : Width parameter = (2.5 fm)2

X; * Spin-isospin states=p 1,p {,n 1,n |

dZ = {Z,.,H}PB + (NN collisions) + (some model extensions)

{Z;, H}5: Motion in the mean field

_ (@@)IH]|®(2)) +(c.m. correction)

(©(2)|D(2)) W= zh—" (W VIW)I?6(E; - E)) é_

2 . .
@ H: Effective interaction (e.g. Skyrme force) ® |VI* or o, (in medium) O Q
@ Pauli blocking

Ono, Horiuchi, Maruyama, Ohnishi, Prog. Theor. Phys. 87 (1992) 1185.


https://doi.org/10.1143/ptp.87.1185

NN collisions with cluster correlations
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@ N, N, : Colliding nucleons p10
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@ C,, C,: N, (2N), (3N), (4N) (up to a cluster) B, 2
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. d isel 0no, J. Phys. Conf. Ser. 420 (2013) 012103.
© Energy Is conserved precisely. Ikeno, Ono et al.,, PRC 93 (2016) 044612.

@ Cross section naturally depends on potentials. Ono, JPS Conf. Proc. 32 (2020) 010076.
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Choice of NN matrix element and basic cluster observables
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Space-time distribution of NN collisions

Density p(r, t) AlLNNBB — CC collisions
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Space-time distribution of cluster formation
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Clusters C (A, 2 2) are created mainly in the central part of the system. J




Cluster in AMD calculation: “nm-cluster”

N, +N,+B, +B, » C, +(,

When a cluster C (= C, or C,) is created, the nucleon \\/.§<,
wave packets are placed at the phase space point. /\>.:4.§

D — 0 —

N +B
AMD wave function: @ = -A[lp1 ©,050,P:0p, -] = A[(¢1 (PZ(P3) . (lP4) : (1P5(P6) . (¢7 -]
3He n

Such a “nominal cluster (nm-cluster)” should be distinguished from an emitted cluster in vacuum.

@ The time evolution of the state ® doesn't depend on whether we recognize a nucleon as a part
of a nm-cluster or not, except for some extensions of the model.

@ A produced nm-cluster may be broken later during the evolution of the system.
@ A nm-cluster may be a part of a larger nucleus. For example, nm-3He + nm-neutron = a.

@ A nm-cluster is different from a cluster in vacuum in the internal state and energy, due to
antisymmetrization and density-dependent interaction.



Distribution and evolution of existing nm-clusters
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@ Sphere including 50% of the system.
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t=o00

=(N/Z)gass *n/p B tPHe
|

u
©)sys

4.0 T T T
350,
30
25+
o -]
2 -]
5 20f
3 I/N’\
15F 1
SLya:mdcorr50
10 . . ; ¢
0. . .
n
0251 = p
w7 d
-t
0.20 - He
EEE o
0.151

°
2
5
[

dA/de /Q [MeV~1sr1]

0° <8cm<180°

104
£ = Ecm/A [MeV]

0 150
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More considerations with more cases of EOS
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@ N/Z of the inner part gradually increases during the expansion phase, due to
o Coulomb force.
Note: Both neutrons and protons in a cluster C are accelerated as if they have a common effective charge Z/A_.
o Possible isospin diffusion between inner and outer regions.



More considerations with more cases of EOS
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@ N/Z of the inner part gradually increases during the expansion phase, due to
o Coulomb force.
Note: Both neutrons and protons in a cluster C are accelerated as if they have a common effective charge Z/A_.
o Possible isospin diffusion between inner and outer regions.

@ The effective masses (m; < m; orm: > m;) have some effect on the increase of N/Z before t ~ 30 fm/c.



6= 64ys=(Pn = pp)lp — 0.2188

Central '32sn + 1243n collisions at 270 MeV/nucleon simulated by AMD with
cluster correlations.
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@ Cluster correlations may start to appear in the central region of the
compressed and expanding system. (But they are nominal clusters at
first.)

@ The expansion is simple so that the Eqym(p) effect in the compressed
phase remains in the N/Z ratio of the inner part of the expanding
system.

for Ecm/A < 32 MeV

N/Z for inner 50%

@ The N/Z ratio of the inner part of the expanding system is mapped well

(N/Z)gas

to the (N /Z)gas of the observed low-energy light particles. 2o

@ Some effect of the isovector effective mass (m; < m; orm’ > m;) on 100
— Sly4 L
(N/2)g, at low energies. mp S
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Key Question

Model dependence of these conclusions.
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