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Fraction of protons in clusters and fragments in heavy-ion collisions

He Li-B C-Ne Na-P

SZ%SCFW-. 1] !IIIIIIIIIIIIIIHHIHWI

Xe+Sn
50 AMeV

t |h

p

Xe+Csl
150 AMeV }

Au+Au
I 150 AMeV |
Xe+Csl
250 AMeV
°
(*) p.| Au+Au

° ° 0 250 AMeV |

Au+Au
[* ] 400 AMeV |

o 0 00 01 02 03 04 05 06 07 08 09 10
')

o ZiYil Zin

INDRA: Hudan et al., PRC67 (2003) 064613.
FOPI: Reisdorf et al., NPA 848 (2010) 366.
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n~ /™ ratio in central 32Sn + 124Sn collisions at 300 MeV/nucleon

Ikeno, Ono, Nara, Ohnishi,

PRC 93 (2016) 044612,

Erratum PRC 97 (2018) 069902.
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Kyoto-Array Multiplicity for the SxRIT system

Masanori Kaneko, NuSYM17
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Kyoto-array multiplicity in
the 1325n124Sn collision of ...

— Experimental data
— UrQMD
— JQMD

— AMD w.o. cluster correlation

% AMD data are
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| limited in b=0-7 fm.

24

Interplay between cluster correlations and collision dynamics

AMD with clusters predicts less
multiplicity on Kyoto Array than
experimental data.

U

@ Too strong cluster correlations?

@ Wrong angular distribution?

J

Needs more careful study of cluster
correlations in AMD.

J
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Antisymmetrized Molecular Dynamics (very basic version)

®

i
AMD wave function Zi = VDi + 2hWKi

v : Width parameter = (2.5 fm)~2

Xa; : Spin-isospinstates =p T,p |,n T,n |

|©(Z)) = dl,?t[ exp{—V(rj—%)z}Xm(j)]

Equation of motion for the wave packet centroids Z

d -
EZi ={Z;,H}pz + (NN collisions)

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

_ (©(2)|H|D(2))
(©(2)|0(Z))

H: Effective interaction (e.g. Skyrme force)

+ (c.m. correction) Winyr = 27”|<‘I’f|V|‘I’i)|26(Ef—E,')

@ |V|2 or oy (in medium) Q O

@ Pauli blocking

Ono, Horiuchi et al., Prog. Theor. Phys. 87 (1992) 1185.

NuSYM18 2018/09/11 5/21

Interplay between cluster correlations and collision dynamics

Akira Ono (Tohoku University)



NN collisions with cluster correlations

Ni+Bj + Np +By — Cq +Cp J By ¢!
N 0) ¢+q Cy
@ N¢, N» : Colliding nucleons 1
0
@ By, B> : Spectator nucleons/clusters N»o > P Co
2
@ C1,Co: N, (2N), (3N), (4N)  (up to @ cluster) B, 2

Transition probability

Prel = %(P1 —-Pp2) = Prelf2
W(NBNB — CC) = ZZ[(CC|V|NBNB)[2S(Ef — E;) a=p1 -0\ =pY —po

+q .
079 = exp(+ig - 1y, )@l
vdor o< (97197 D P [ploy D PIMPS(E — Ei)pZdpreid ! s

- . 0
;% = exp(~iq - 1r, )l
|M|2 = [(NN|V|NN)|?: Matrix elements of NN scattering

< (do/dQ)N in free space (or in medium)
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Correlations to bind several clusters

Several clusters may form a loosely bound state.

eg., li=a+1—25MeV
Need more probability of | + 1) — |”Li) etc.

CC
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Production of light nuclei

12G 4+ 12¢ at 95 MeV/nucleon

Tian et al., PRC 97 (2018) 034610.
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More about cluster production in NN collisions

Ni{+By + No +B> — Cq +C»
_ DO(2)|H|DP(Z
odor s 116} DN gple; DIPIMPOES - EDplydpeaa® i By = e )

PrelzdQ

2
P(C+,Co, prel, Q ><|M O pre Q)| x
= P(C4,C2, prel, Q) (prel Prel; ) OEf[prel

@ Gaussian width v¢ = 0.24 fm™2 for the overlap factors.
@ There are a huge number of final cluster configurations (C1, C»).
Z P(Cq,Co, pre, Q) =1 for any fixed (pre, )
C4Co
@ The energy-conserving final momentum depends on the cluster configuration

Prel = Prel(C1,C2, Q)
When clusters are formed, p¢| tends to be large, and the effect of collisions will increase.
e the phase space factor T
e Pauli blocking | (collision probability T)
e momentum transfer T
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Effect of cluster correlations: central Xe + Sn at 50 MeV/u

Without clusters With clusters
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Stopping

K
(_© N Strong stopping
Initial state = e
A
- —  Weak stopping
e

A quantity to represent stopping

1.0
Rg = —Z(Ex &) 09 — 1
2Y E;
0.8
Y : for all charged products (Z > 1) - Au + Au
% 0.7 - q
. o
Stopping should depend on » 06 1
@ Inmedium NN cross sections osr e R DR A T
4t o Au+Au, vartl (INDRA, E%2) 4
@ Treatment of Pauli blocking o4 o Aﬂ:Aﬂy XZ;ﬂ EFOPL ER;%)
03 \ ‘ ‘ \ s s
o Effective interaction (EOS) 020 50 100 - 200 500 1000

Epeam/A [MeV]

@ How to select central events
INDRA: Lehaut et al., PRL104 (2010) 232701.

Itis also a many-body quantity. FOPI: Reisdorf et al., NPA 848 (2010) 366.
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Stopping

K
(_© N Strong stopping
Initial state = T
A
- —  Weak stopping
e
. . T T T T T T
A quantity to represent stopping | o AutAU
Z(Ex + Ey) 0.8 - A Xe+Csl -
Rp=—"—2° | ® Ni+Ni
2) E;
0.6 - B
> : for all charged products (Z > 1) g
7 04t :
Stopping should depend on
0.2 - B
@ Inmedium NN cross sections | 0.25A GeV
@ Treatment of Pauli blocking e
2 4 6 8
@ Effective interaction (EOS) z

FOPI: Reisdorf et al., NPA 848 (2010) 366.
@ How to select central events

It is also a many-body quantity.
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Stopping by AMD with wave packet splitting

Zhao et al., PRC 89 (2014) 037001.
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Results with full clusters

@ Custer(full) and oy (free)
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Results with full clusters

@ Custer(full) and oy (free)
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A cluster in medium

Equation for a deuteron in uncorrelated medium

@ |e(1P+p)+ e(1P - )| #(p)
'e ) ) —) ,
S o2 1 1 dp ’ ’
+[1- 5GP+ - 3P -p)| [ B llp)ow)
£() 2
= Ey(p)
800 T T T T
rrrrrrr 2p¢ @ A bound deuteron cannot exist inside the
700 - —— T=0MeV 1
sook E?OMJZV Fermi sphere, except at very low densities.
_ —— T=20MeV | e .
g s A @ A deuteron can exist if its momentum is
% 400 1 high enough.
< 1 @ In AMD, Pauli blocking has already been
200 A
100 | considered for NN collisions. More
P ‘ ‘ ‘ suppression of clusters may be introduced.
0.0 0.2 0.4 0.6 0.8 1.0 ) )
(0lpo)”3 c.f. (f)a < 0.2 by Danielewicz et al.,
Formula from Répke, NPA867 (2011) 66. NPA533 (1991) 712.
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Density-dependent suppression of clusters

Ikeno, NuSYM16

I Preliminary result with cluster (p < 0.16 fm3)

. . 3.5
» Final m-/n* ratio
* With cluster (p <0.16fm3) 3l |
with cluster
Somewhere between b'
the calculation with cluster and W'g‘ CgUfStir |
that without cluster 25 jp< -16 fm3) @ >~ w/o cluster |
o
=
[
—_
2+ i
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Condition to switch on/off clusters

With or without clusters

Ni{+ No+ By +Bs = Cy +Co or Ni+ N> — Ny + No

Density with a momentum cut for the nucleon N; (i = 1,2)

ini 2v\ 5 _ _R.2
pl{(lnl) _ (7) 2 Z H(Pcut > |P; —Pk|) o~ 2Ri-Ry)
k(#i)
3
fi 2v\ 3 fi _ R,
P = (Z2) 37 0(pou > [P — i) e BiRe)
K(#i)

o = (p;(ini)p;(fin)p;(ini)pé(fin))%

An energy-dependent momentum cut was chosen, peut = (375 MeV/¢) e~¢/(225 MeV) ' yhere ¢ is
the collision energy (i.e. the sum of the kinetic energies of Ny and N> in their c.m. frame).

The condition to switch on clusters

p < pe,  pec=0.125fm™2 or 0.060 fm~ etc.
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etrization of in-medium NN cross section

The matrix element |M|? is obtained from the NN cross section.
@ Free cross section oyee(€), taken from the JAM code.
@ In-medium cross section which depends on p’ (with momentum cut).

o(p',€) = dotanh(oiee(€)/o0), 70 = 0.5 % (/)2

parametrization by Danielewicz
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Effects of in-medium cluster suppression, with oy (in-medium)
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Effects of in-medium cluster suppression, with onn(free)

@ Cluster(full) and oy (free)
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Combinations of oy and the in-medium cluster suppression

n at 270A MeV
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@ Cluster correlations can have strong impacts, not only on the cluster emission, but also on
the collision dynamics (e.g. stopping) in central heavy-ion collisions.

@ Suppression of clusters at high (phase-space) densities was considered, in the cluster
production process in AMD.

@ Information on stopping can give a constraint on a combination of the in-medium

suppression of clusters and the in-medium NN cross section (and ...).

e Too strong suppression (e.g. without clusters ) cannot be compatible with the
experimental data of the cluster yield and the cluster-size dependence of stopping.

e In some range of the degree of suppression (~ o-n ~), the fragment yield can be
roughly consistent with data.

@ What can fix the degree of suppression of clusters (and in-medium NN cross section)?

@ How is the isospin dynamics, i.e. the difference of neutrons and protons?
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Time evolution of the central density
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