Effect of symmetry energy in fragment isospin composition
Akira Ono (Tohoku University, currently at MSU)

®» How do dynamical collisions reflect EOS?
Equilibrium?

# High and low densities

Pressure [MeV/fm3]

# Symmetry energy

® How are fragments formed?
Dynamical models for fragmentation.

# Based on mean field approximation.

# Quantum many-body dynamics in very
TR highly excited systems.

Density [fm'3]

ulti— , Antisymmetrized Molecular Dynamics
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Fragmentation and Symmetry Energy
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Fragments| < |Symmetry energy

Symmetry Energy [MeV]

® |ow-density EOS of uniform nuclear matter?

E(p,6,T)/A = E(p,0,T)/A + C(p, T)&* + - -- ©

» Symmetry energies of isolated excited nuclei? o

@
—BE(N, Z) = ayA+asA*® +[c, +cs AT PN =22 /A+--- @) @ .‘
® @
® Complicated effects through dynamics?

What is the effect of the secondary decay of excited fragments?
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Conclusion

Fragment isospin composition reflects the symmetry en-
ergy Csym(p) for uniform nuclear matter at a reduced
density p ~ 1 po.

This conclusion is based on the AMD simulations:

® Dependence on the symmetry energy term in the
effective interaction (Gogny and Gogny-AS).

® Dependence on the fragment size.

The above conclusion is for primary fragments at t = 300 fm/c.
The effect of secondary decay should be taken into account in
order to compare the calculation with the data.
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Antisymmetrized Molecular Dynamics

To calculate the time evolution of reactions up to ?00 fm/c.
t =225 fm/c

Xe + Sn at E/A = 50 MeV

AMD wave function for each branch

‘Lé‘> Initial State |D(Z)) = di?t[exp{—v(r]- — %)2})(041(])] ‘ @ g@>
W i

Z; = VvD; K;
/ / /N\ W +2h\/17

¢
.-

NI,_,

v : Width Parameter = 0.16 fm ™2
‘> o Xa; - Spin-lsospin States =p T,p l,n T,n |

+ C3
’o‘> )

Total state: [W(t)}(W(t)| = f ID(Z)ND(Z)| w(Z, HdZ
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Summary of AMD Equation of Motion

AMD wave function
©(2)) = det| exp{~v(xi ~ Z;/ Vi), )

Stochastic equation of motion for the centroids Z = {Z1,Z>,...,Z 4}

%Zi = (Z:, H)pg + (NN coll) + AZ(t) + i (Zi, H')

® Deterministic term {Z;, H}pg < Effective Force
® Siochastic two-nucleon collision process. < In-medium oy

® Fluctuation AZ;(t) & Mean Field < Effective Force

® Dissipation term 1 (Z;, H’) < to compensate the energy violation by fluctuation.
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Effective forces and symmetry energies

Gogny-type Forces

2

0ij = Y (Wi + BPy — HiPy — MyPoPo)e /% 4 (1 + xPy)p(x)6(xi — 1))
k=1

+ (1 = x)tzpgPso(x; — 1))

EOS and symmetry energy of uniform nuclear matter

— 2
E(pr. . T)/A = Eo(p, T)/A + Clp, T =) -
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AMD results for fragmentation

40Ca +*Caat35MeV/u,b =0

Experiment AMD

(Gogny force) (SKG2 force)
Soft EOS, Stiff EOS,

p-depU  p-indep U

AMD with T — 0.

B2 B0

Xe+Snat50 MeV/u,0 <b<4fm

Charge distribution

— AMD/DS
— -\ 1s75)
© INDRA data

dN/dZ

® AMD-V (T = 0)
» AMD/DS (T — TNN)
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Fragmentation and Symmetry Energy

o el a1

Gogny —
-A

Fragments| < |Symmetry energy

Symmetry Energy [MeV]

® |ow-density EOS of uniform nuclear matter?

E(p,6,T)/A = E(p,0,T)/A + C(p, T)&* + - -- ©

» Symmetry energies of isolated excited nuclei? o

@
—BE(N, Z) = ayA+asA*® +[c, +cs AT PN =22 /A+--- @) @ .‘
® @
® Complicated effects through dynamics?

What is the effect of the secondary decay of excited fragments?
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Isoscaling in dynamical collisions

B e et A

AMD, t = 300 fm/c

Isoscaling *ca +*Ca | *'0a + “ca
— Fragment yeilds from two systems el ‘Gogny GG
Nh
<
1: 9¥Ca + *°Ca at 35 MeV/u g o :
N 100 f s
2: 0Ca + %9Ca at 35 MeV/u S
>_
Y2(N’ Z) oc eO(N-i—ﬁZ 1072
Y‘I (N, Z) ﬁ: 10?
>Z\_é 10’
Observed in experiments, statistical cal- S o
B o

culations, and dynamical calculations.
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Three characteristic quantities of Y(IN, Z)

Isotope yeilds Y;i(N, Z), 1 . Reaction system
® |soscaling parameter: «

Yi(N,Z)
Yi(N,Z)

aN+pZ

a:ai]-:ai—ocj: e

® Mean fragment isospin asymmetry: (Z/A)?

_ ZN(N + Z)Yl(Nv Z)
- ZN Yi(N! Z)

® The width of isostope distribution: {(Z) o 1/(width)?

(2/A% = Afz) ). i@

Yi(N, Z) = exp[-K(N, Z) + a;N + ;7] & Isoscaling

(N - Z)?
N+ ~Z

A relation among these three quantities (without any more assumptions):

K(N,Z) = &(Z)N +1n(Z) + C(Z)

aij = 40(2) % [(Z/A - 2/ AY]
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An equilibrium relation

For the grandcanonical ensemble of fragments within a freeze-

out volume,
GnUC(Ns Z: T: P) ‘uTIZ (upl
] ’ — + _Z
Y (N Z) oc exp T + - N -
N — Z)?
GnUC(N,Z):..._l_CSym(N-I_Z) _|_...
Csym
= =
¢ T
Csym

Equilibrium relation:  a;; = 4 [(Z/A)]z. - (Z/A)l?]

T

However, in general cases, C may not be directly related to
Csym- We should check whether ((Z) behaves like Cgym/T.
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A(ZIA)?

o = 44(Z) x A(ZIA)?
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Fragment isospin composition at t = 300 fm/c
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What we can learn from ((Z) at t = 300 fm/c

Z-dependence of ((Z)

V4

C(Z) and Cgym
= Volume + Surface

oc 1 —k(2Z) 13

Very weak Z-dependence.

rather than

cyer . . Csym (N—Z)2 _ Csym
Equilibrium: Yyz ~ exp[— — N = (=—=
2 T Gogﬁy = 60 [
Gogny-AS O~ Gogny —
“'(D _ 5o} Gogny-AS wwe T
15 F = |«
S
3 ! g sof
>
S
05 F §,
&? 10
Ca + Ca
of E/A=85MeV,b=0 & {1 ¥ ., . . . . .
0.14 0.16 0.18 0.2 0.22 0.24 00 005 0.1 0.15 02 025 03 035 04
(ZIP), p [fm™]
# 4C(Gogny) = 26.5 ® p~0.08fm>°

® 4{(Gogny-AS)=212 © @ T~3.4MeV
Ono, Danielewicz, Friedman, Lynch, Tsang,
PRC 68, 051601(R) (2003); PRC 70, 041604(R) (2004).
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A mechanism suggested by AMD simulations

The primary fragments (recongnized at t = 300 fm/c) still re-
member some information of low-density uniform nuclear mat-
ter from which they were formed.

Especially, the isospin composition of primary fragments is
governed by Ceym(p ~ 2p0)/T, where Coym(p ~ 2po) is the
symmetry energy of uniform nuclear matter at a reduced den-

sity.
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Comparison with data (maybe incomplete)

Shetty, Yenello et al., PRC70(2004)011601(R), nucl-ex/0505011.

L \ \ /|
1 — AMD (Gogny)

........... AMD (Gogny—AS)
® O Ar+Fe/Ca+Ni
08| A A Fe+Fe/Ni+Ni
* % Ar+Ni/Ca+Ni
W O Fe+Ni/Ni+ Ni

0.6

. B

0.2 - ﬁk

0 ) | | |
0 0.01 0.02 0.03 0.04

. (/N - (Z/A%f
Primary fragments

To be confirmed:

® The change of a by the secondary decay of primary fragments.

® The relation among (Z/A)Z.., © (Z/A)? o (ZIA):

primary
Dependences on reaction system, impact parameter, ...
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Sequential secondary decay

AMD = Fragments at ¢t = 300 fm/c (for example)
Each fragment: N, Z, Einternal OF E*, (L)internal, P

Sequential decay
1(N1,Z4,E7, J1) = 2(N2, Z5, E5, J2) + 3(N3, Z3, E3, J3)

Statistical decay assumption

pZ(E; ]2) Ps(Eg, ]3) ]2Z+I3 J1+]23

: Z T2+3—>1 (61 L)
2ﬂp1(E1,]1) Jos—|J2—J3l L=|]1—]23l

pi(E", ]) - Nuclear level densities
T>+3-1(¢,L) : Fusion Probability at € = E; — E, — E5 — Q123

I'1 5043 =

= Final fragment yeilds Y(N, Z)
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A(ZIA)?

o = 44(Z) x A(ZIA)?

Effect of secondary decay: { = 300 fm/c = f = o
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Summary of effect of secondary decay

Primary fragments Final fragments
C(2) Gogny > Gogny-AS /' Gogny > Gogny-AS
A(Z/A)? Gogny < Gogny-AS v Gogny < Gogny-AS
a Gogny > Gogny-AS —  Gogny ? Gogny-AS

® The absolute values of {(Z) and A(Z/A)? change as
expected.

® The symmetry energy effect in primary fragments
remains in {(Z) and A(Z/A)? after secondary decay.

® The prediction of a of the final fragments is difficult. We
need more precise description of the secondary decay
and/or dynamical stages of reaction.
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Comparison with data (maybe incomplete)

Shetty, Yenello et al., PRC70(2004)011601(R), nucl-ex/0505011.
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® The change of a by the secondary decay of primary fragments.

® The relation among (Z/A)Z.., © (Z/A)? o (ZIA):

primary
Dependences on reaction system, impact parameter, ...
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Summary

» AMD simulations suggest how the symmetry energy is
reflected in the primary fragments recognized at t = 300
fm/c:

The symmetry energy Csym(p ~ 3 p0)/T of low-density
uniform nuclear matter is reflected in the isospin
composition of primary fragments.

® Secondary decay of fragments does not wash out the
symmetry energy effects in the primary fragments.
However, to get a conclusion about Csym(p)/T from the ex-
perimental data, we need more precise understanding of
the secondary decay and/or dynamical stages of reaction.
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Various treatments of wave packet width

The simplest example:

Free motion of a nucleon BUU
from a Gaussian packet
AxAp > 3h
FMD
‘.» > Initial State
t / N QMD
I /\ N
I \ N
.| @ > > > AMD
o
AN m /% \
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Langevin-like equation of motion

Equation of motion for the wave packet centroids

%Zi = {Z;, H} + NN-Collision + AZ;(t) + w(Z;, H")
If Z; were canonical variables for simplicity,
1 oH
{Z;, H} = 7z
AZy(t) =0,  AZj(H)AZjp(t) = Digp(t)0;i0(t — t')
N TOH ,
Zi,H) = 5 7z H _7{+;5QO

® . is determined by the total energy conservation.

® Lagrange multipliers f3,,, are determined so that Q,, are not changed by the
(Z;,H’) term.

@1 = (X (T (T (L (Do) o=

i i i
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A(ZIA)?

o = 44(Z) x A(ZIA)?
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Binding energies of ground state nuclei

~BE(N, Z) + 84 MeV < AMD/Gogny

+ 8A [MeV]

—BE(N,2)

AMD/Gogny

The AMD ground state masses are fitted by a liquid-drop formula:

(N -2)
A
a,=—146, as=149, ¢,=309, ¢s=-352, a,=065 ©6=10.1 inMeV

+ {+,0}6/A71/2

_BE(N, Z) = a,A + asA?/3 + 2, 72A7"3 + [c, + ccA™1?]
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Development of AMD

AMD wave function ~~ Structure

O
|D(Z)) = di?t[exp{—v(ri ~Z;/ \/1_/)2}Xaj(i)] | @ @>

® Time Dependent Variational Principle for {Z1(t), ..., ZA(t)}

2 d .
5 [ (@@)((ing ~ HIOZ) iz

(D(2)|D(Z)) = — ={ZiHles

~~ Dynamical widths v;(t) in FMD (Feldmeier) ~~ TDHF

®» + Two-nucleon collisions as a stochastic process ~~ QMD, BUU
PRL68(1992), Prog.Theor.Phys.87(1992): Fragmentation of light projectiles

® + Fluctuation to the wave packet centroids < Spreading of wave packets.
AMD-V: PRC53(1996), PLB422(1998) : Multifragmentation in Ca + Ca

®» More similarity to mean field models, for the short-time one-body dynamics.
PRC66(2002): Multifragmentation in Xe + Sn
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Mean field + Quantum branching

At each time step tg, for each wave packet k,. . .

Mean field propagation for t, — to + 7| + | Branching at to + 7 | 7: Coherence time

t=1p t=to+71

2T f )z w(D)dz  fork=1,...,A

Mean field

® @ @ 0
i [e(t))= hHF ()
Ofc _ oW 9fc W If

8t a 8p 8r 8r 8p “» «‘> Initial State
U Brancing
D2))D(Z) PN f DEND(E) w(z)dz %m

o s le
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Caloric curve by AMD

Microcanonical ensemble < Long-time solution of AMD

(E,V, N=18, Z =18)
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Fractionation/Distillation in collisions

In neutron-rich systems (Nt > Z©t),
® Gas part (nucleons): (N/Z)gas > N™/Z!
® Liquid part (fragments): (N/Z)jq < Nt°t/Z!

. . 2 . .
Nucleon emission (Z/A)~ of liquid part
—_— Liquid = ) (A > 4)-fragments
Gogny — 40 40
Gogny-AS Ca+"Ca
0.15 f .
010 f .
0.05 | _-/\rl_‘“ . T T ' r
0.00 1015 0.24 F *
1ot0 | TTTYU/TT/I|/|TTmm——
- 1 0.05 i 40 40
< 0.00 0.22 Ca+ "Ca
£
= oo 02
Z owFf
© | g
g 0% < o}
5 o000 0.15 <
c 1 0.10 N
8 4 0.05 0.16
£ 0.00
L 0.14 }
0.30 | 1 0.30
0.25 | 1 0.25
0.20 4 0.20 0.12
0.15 f 1 0.15
010 f 1 0.10 0.1 . .
0.05 F . 4 0.05 0 50 100 150 200 250 300
000 5 50 100 150 200 250 30000 Time [fm/c]
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How to get the width ((Z) from Y;(N, Z)

Y;(N, Z) from many systems By employing isoscaling,
® i=1:Ca+*Ca Y,(N.2) \
1 )
® =2:%Ca+%Ca CaoN-
1 ~ Yo(N.Z) e N g
® [ =3:%Ca +5Ca ~ Y3(N Z) p—0sN—psZ -
® [ =4:PFe +%Fe ~ Y4(N, Z) e~ WN=p4Z

K(N,2)

(N - Z)
N+ 7

K(N,Z) = &(Z)N +1n(Z) + C(Z)
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