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AMD: A microscopic picture

e System:
114Cd + °2Mo at 50 MeV/nucleon

& Mass, charge, energy exchange
= Binary nature of the collision
= Transiently deformed nuclel
< Early cluster production, t = 90 fm/c

Clusters are also statistically emitted as
the excited reaction products de-excite!

S.Hudan, R.T. de Souza and A. Ono, PRC (2005)
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Isospin Transport: Drift and Diffusion

B P = Pn T Pp
__ Pn— Pp
Diffusion p
P P 418E5ym DI DI Ao E
n— HMp & 0p n — Yp & 20Lsym
* Isospin Drift: due to density gradients Baran, PRC72, 064620 (2005)

» Migration of neutrons to low-density region 11220 NPA806, 79/(2008)

» Slope of the symmetry energy

* [sospin Diffusion: due to N/Z gradients
» Migration of neutrons from high N/Z region to low N/Z region

» Absolute value of the symmetry energy
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Projectile

N/Z Asymmetric Collisions "

* Overlapping Fermu tails / low density neck— drift X 0
* Initial N/Z asymmetry — diffusion i
] .. . 104 Target
* Probe: Isotopic composition of emitted clusters A e ——
201510505101520
Liu, PRC76, 034603 (2007) pr—————— B — :

Kohley, PRC 85, 064605 (2012) Rami, PRL84, 1120 (2000)

ERatios (Rx): Use cross-bombardment 1

Bal‘lini, PRC87, 054607 (2013) ] _ . L Central collisions
of n-rich and n-poor nuclel to reduce i -E-/-A"-zb-o-m-év"aa"-
fcommon characteristics (e.g. drift) to NPT -
first order } 05 ¢ +_¢_++
Tsang, PRLO2, 062701 (2004) o | Y SO
O F—snadsn ] +1: no equilibration : O
0.5 - . . - e ;

- I 0: equilibration 05 L 1 g
0@ O & o® o O a oS LT
05l . - LI+ZI'
-1.0 ;/1"%;;24811 BUU: P C ?___;fj'f_';' _____
D‘: 10 : : : : : : : ' : : : ' : : - | 1 1 1 1 | 1 1 1 1 I L1 1 1 | 1
0.5 W sk 45 1 05 0
0.0 [ ; - _ o y?
0_5/” 1 ® Observed degree of equilibration limited by

Lo ] the short contact time between the target

o 50 100 150

time (fm/c) ~and the projectile (~100 fm/c).
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Experimental Setup

Forward Indiana Ring Silicon Telescope
Large Area Silicon Strip Array

FIRST: T. Paduszynski et. al., NIM A 547, 464 (2005)
LASSA: B. Davin et. al., NIM A 473, 302 (2001)
A. Wagner et. Al., NIM A 456, 209 (2001)

16 rings (x4 quadrants) 1g “pies”
16 “pies”

e

48 rings
16 “pies”

48 rings
16 “pies”

273pm' S|(IP) 1001;;6 s|(|P) 3.3cm Csl(TI)/PD

SiI-Csl stack detectors &

SiI-SI-Csl stack detectors
- AE-E technique

High Segmentation - High Angular Resolution P! . .
(592 Si channels) Angular coverage: 3° < 0ra < 51° (FIRST

o AT
L

+LASSA)
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Systems Investigated

. 124 4 1121245 @ 49 MeV/A (GANIL)
- 647Zn + 647Zn, 299Bj, 2’Al @ 45 MeV/A (TAMU)

1600

* Experimental Setup:
- Angular coverage: 3°< OLap <28° (FIRST) 1o
- Z and A 1dentification by AE-E "

200

- Aldentificationupto Z = 14

600

Yield (counts)
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400

300

200

100
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Energy calibration of
FIRST (T1)

Silicon detectors
13C Beam Calibration

—> Silicon Detector Thickness
Charge Pulser Calibration

—> Establish Linearity of Electronics
Isotope lines of known Z,A
& Energy Loss Calculations

—> Silicon Detector Energy Calibration
Csl detector calibration

Isotopic lines of known Z,A

& Silicon detector calibration
& Energy Loss Calculations

- Csl Energy Calibration

2500 *

T1 Csl (channel)
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Deviation:
~0.5%
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Projectile- lee Fragment (PLF)

:I [ I_| T T 1 | T T 1 | [T T 1 | T T 1 | T T 1 | T T 1 [T | [T 1 I: 10000
- 50: ‘ | —j8000  pF
40__45; 1 _l7000  Heaviest particle
B 403 - detected in
e | {6000  FIRST (3°-14°)
= 30 1P —15000
N L ]
” - 1" —14000
0: 124X e+124Gn --—{3000
10:_ 50 A MeV _: 2000
- 3°-14. b I 1000
_I [ 11 | [ 1 1 | [ 1 1 | [ 1 1 1 | I I | I I | I I | | | 1 | | | 1 I_
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Vp g (cm/ns)

As Z decreases from Z,,..,, velocity initially decreases (damping)
As Z continues to decrease, velocity remains “about” constant (apparent saturation of damping)
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Velomty of PLF

T .10000
50} : 9000
B ] 8000 9 3
40— 7000
E 6000 9 2
Ni 30__ 5000
N 4000 ,...._‘ 9 1
20_ 3000
- -E 9
10—_ 2000
- 1000 E
2 3 4 5 6 7 8 9 10 °* 1. 8.9
Ve ¢ (cm/ns) :F
As Z,, - decreases: 8.8
« Mean velocity decreases 8.7
monotonically
« Peak velocity decreases down to ~8.9 8.6

cm/ns then rises slightly.

- Something more than a dissipative
PLF-TLF interaction (e.g. dynamic
breakup of PLF)

c$=41=
%'¥

Significant Backward
Emission?

Ml

Peak Velocity
Mean Velocity

20 25 30 35 40 45 50 55

Lo r
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* Two fragments in 3°<0,, <7°
«Z,>21

«Z, >4

* Zy, + Z atleast Z=25 (~ 2 Zpjiectie)

» For Z| <8,V s distribution for Zy, is
single peaked

» Assoclated distribution of V5 fOr Z,
has two peaks located at larger and smaller
velocities

» For Z =14 the V e distribution for Z,
shows two peaks

\elocity of Z, is not peaked at the center-
of-mass, particularly for heavy Z,

Consistent with binary decay of a PLF*

Lo ps=LytL
VoL = Vem
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V., distributions for V>V, (“backward emission”) and V| >V (“forward
emission”) are similar, exhibiting damping from beam velocity.
« Backward emission has a slightly larger damping on average than forward

emission.

« Backward emission has an additional component of higher relative velocities not
observed for forward emission (not just mid-rapidity emission).
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* Angular distribution of the binary decay is
preferentially peaked for cos(a) > 0, “backward
emission”

* Although asymmetry of forward and backward
emission decreases with increasing Z, it is still evident
for Z, = 18.

1200; 9-2<Vey<9.3 : < <

1000 '
800
600;
400
200;

1200! 8.6£VCM58.7 8 4<VCM£8 5 8 2<VCM<_18 3
1000 cm/ns cm/ns g cm/ns
800l x1 1 x1 1 x1
600} ' '
400;
200¢

Yield

Ppete e e T
7.8<V <79 | 7.6<V<7.7 |

cm/ns § cm/ns
x3 4 x6

! L IIIIIIIIIII:
ns-ns 0905 05-05  -0.909 0.5-05 1200: 8:0sVcys<8.1 :

| 1000¢ cm/ns
TLF ‘ COS((I) TLF ~ 800f x1
600 .
* For the least damped cases, no forward backward 400;

(o 200} _
asyr.nm.e try 1S ?Vldent. i S T e TR R T L . T
 With increasing damping, the preference for backward

o cos(a)
emission IncCreases.
Mclntosh, PRC81, 034603 (2010)
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We associate the forward emission with the long-
lived statistical emission of a hot, rotating PLF*.
Using the observed yield in the forward direction as
a reference and assuming isotropic emission, we
calculate the backward emission, correctmg for the
detector acceptance ¢ -

Z'4 Z'ﬁ Z'B

2000
3 x1 x2
1500 ]
1000; f
500 J/ J/ :
0:::::IHH,....:':1‘.:J|‘.:'1:1:::2_::::I:H.,.H‘?—I-:‘.—::,:—::‘.I‘.::E_HHIHH|:.:‘:J|-H‘.:I-:-:+'1I:4.H:
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1500 ]
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> 500} J/ J{ :
0:::::|::::,:::.,...:ﬁ'::ﬂlrrr%_::::l::::l::.'F{’."'.".':;:HJ,:*.:*.E::::,::::I::.:,...:I:':ﬂlfr::[
!||| |||||_E [Tl | L _5||||| [ 2000' 16 + ZL—18 + ZL—ZD_
0.5-05 0909 05405 -0.909 0505 -0.9 : x13 x21 x34
1500}
TLF cos(c) r (o |
1000}
500;

The difference distributions reflect the short-lived
decays of the PLF*. The angular distributions

ok

09070509 0705090705
cos(o)
Mclntosh, PRC81, 034603 (2010)

assoclated with these decays become broader with
Increasing Z, .
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* The yield of the short-lived/dynamical component
i first increases with increasing Z,, is peaked at Z, = 6
1 and then decreases smoothly.

| » The distribution of V., associated with this process is
| significantly damped from beam velocity.

All major trends observed for the extracted yield (difference) are also observed for
the total yield observed backward.
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Projectile-Like Dynamical Breakup

* Decay mode characterized by:
- Strong alignment
- Large charge asymmetry

- Preferential emission at velocities intermediate

petween the projectile and the target

- Angular momentum results in rotation

* Relatively long lifetime

» Much larger than 100 fm/c, the

projectile-target contact time

- Larger relative velocity than standard fission

Davin, PRC65, 064614 (2002)
Piantelli, PRL88, 052701 (2002)
Colin, PRC67, 064603 (2003)
Mclntosh, PRC81, 034603 (2010)
De Filippo, PRC86, 044605 (2012)

Dynamical fission with!

i multi-neck ruptures |

<1 > (fm/c)

L x (=02

' o B=0.4

A 4 Mo+Mo
10°L < Sn+Nb _
S ]
< q%? A*;‘; :
1021 (F ;h;%% :
0 02 o4 oe o8
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Summary on Binary decay

* Since Rotation (decay) angle represents time it is a fundamental observable:
Angle between the relative velocity and the fragment “parent” velocity

» cos(a) = 1: ZL “backward” of Zn

» cos(a) =-1: ZL “forward” of Zn

Light fragment not emitted at mid-rapidity. ]

TLF

Now examine isotopic composition
of Z, as a function of rotation angle

Event Selection:
1) 2 fragments detected at forward angles: Z, and Z,, | Mclintosh, PRC81, 034603 (2010)

. A Hudan, PRC86, 021603(R) (2012)
2) Large fraction of projectile: Z,; > 0.4*Zp, ;i Brown, PRC87. 061601(R) (2013)
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Isotopic Composition vs Rotation Angle

124Xe + Sn
L L B L L L L L I B L L B L L
13- © Z =4 . tizg Z =5
(o ©
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1.2 ’ . A A 7
I 1 A
N 1
g |::::I::::|::::I::::I'"E'_::::'::::I::::I::::
Z 1 -
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116 = = a 7] 7
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112 7] 7
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rich relative to forward

emission

* Fragment neutron content

1 *Backward emission neutron-

enhanced for larger alignment

1 ® Small target effect on the

relative neutron composition

1 *Similar (N)/Z observed in 1%4Sn

fragmentation @ 600 MeV/A™

124Xe

124Sn

112Sn

1.30

1.48

1.24
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Brown, PRC87, 061601(R) (2013)

Isotopic Composition TR

_ e Z =4
vs Rotation Angle oL O #%n o™si avai ]’
647 + 647, 209Bj 27 2 g B Jas
* (N)/Z dependence on decay angle for a - h ]
given Z LR i 14
- Backward decay neutron-rich relative to 1_2% 455 7,
forward decay N L@ 1
2 e ? 5 Jero
- Fragment neutron content enhanced for 1_15% » 1>8
larger alignment O S s ¢
5_"5_ ’ :—iﬁ.B
- Larger (N)/Z values for the Bi target ¥ “=9
1.1— — 6.6
- Stronger effect observed for Be e - 5 i
fragments LSO Y Jea
15— & 2 &
— “Amplification” of the extremes by R ¥ T
{3 - - 8 tH)
the “missing °Be B o@ cos(a) o e
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Relating Decay Angle to Time

* The rotation angle can be related to time via the 84 Jh

. , t=— with w=
rotational frequency m: w

Lad

* The angular momentum, J, is determined by the use of a
standard statistical emission code to mimic the case of
“forward” decay =>J=6+1 h

h
o

N
o

NN
N_B

- The value of J is independently confirmed by o
particle’s out-of-plane distribution.

(]

Yields (arb. units)
®

1.6

* The moment of Inertia, left, IS calculated for a non-
spherical dinuclear shape [Carjan, PRC45, 2185 (1992)] and a
temperature T = 3-5 MeV

Consistent with previous data
Casini, PRL71, 2567 (1993)
Piantelli, PRL88, 052701 (2002)

= ® = 0.4-0.5x10%1 rad/s

Brown, PRC87, 061601(R) (2013)
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N/Z Equilibration Timescale

A(N) = (N(t)) — N(t = 0) No rotation ©t=0
o | ! ! ! | ! ! ! ! | ! L
cos(o) — time %:&_ L
i e -
* Neutron number of Z. changes for i T
times as long as 1000 fm/c e A
5y T
e Stronger dependence for Z. =4 > i . -
< 0.5 —
* Target dependence with the < | i )
strongest slope for the most  [ez=a — 0By
neutron-rich target ——
- o 7Z=5 O Bi T
» Equilibration rate of <N> . eZ=6 i XINEE
governed by the initial N/Z - | Y | _
gradient in the dinuclear system o 50 1000

time (fm/c)
Brown, PRC87, 061601(R) (2013)
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time Density

~ @@ @@

“Normal”

N/Z Symmetric Collision
“Nomal”

Low

Isospin drift acts to
make low density region
neutron rich.

Isospin diffusion acts to
make the system
homogeneous In isospin.
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Isospin Drift and Diffusion Timescales
“Zn+%Zn @ 45 MeV/A

* |sospin diffusion occurs on the

Thériault,
PRC74, 051602 (2006)

1.5

o gy - timescale of up to ~1000 fm/c "::Ma' Mg
** VT e The impact of isospin drift has [TT7 H}H
. | independently been observed as  § IR { k + ._
204 RS - neutron enrichment of low density 7| |l . . ... .
| region. RIEERERERREEPEERLL
if: o * Isospin drift occurs on a faster | Ceeo®
A I . escalg,ﬁﬁ 100 fm/c BRI "zp ,"ze,“ T
0 500 1000 .

time (fm/c)

Physical picture

Low density region

Z 1.5 \
. Diffusion
1= Drift
08y~ 200400 600 800 4000 200

time (fm/c)
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Conclusions

» Dynamical binary decay provides an effective means to access
Isospin equilibration out to long times t ~ 1000 fm/c

» For symmetric projectile-target combinations, in a first stage
drift precedes diffusion establishing an isospin disequilibrium.

> In a second stage, both drift and diffusion contribute in an
attempt to return the system to i1sospin equilibrium with a net
flow of neutrons out of the light fragment observed.

» Need microscopic calculations (TDHF 2, *MD?) to better
understand this process and relate these observations to

ok

sym

op

and E

Sym
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