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N/Z equilibration in damped collisions between
heavy nuclel near the Coulomb barrier
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* Stochastic transport of individual nucleons governed by an underlying
potential energy surface.”— But what is the PES?
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Fission
*Transition from a*spherical” nucleusto avery deformed, elongated

configuration

% Change of theratio Volume

Surface

Relaxation of the mass-asymmetry degree of freedom

with an increased role of surface

58N + 165Hp at E/A=5.9 and 6.5 MeV

g

M.A. Butler et al., Phys.
Rev C34, 2016 (R) (1986)

Based on angular distributions,
deduce relaxation of mass
asymmetry degree-of-freedom at
afew times 10-%! sec.







End of Practice Test !

Now for the test --

John, How many of these “themes” do you
recognize In the work that follows?



Boiling & a constant T Liquid-gas phase transition
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- Tool: HI collisions
2 A at intermediate energy
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Peripheral and mid-peripheral collisions

O\

projectile Projectile-like fragment = PLF
‘Q // Target-like fragment = TLF
tar get N
N
R+R, N\ b
WLF A\
\\ @
¢ @ .
Mid-Peripheral N Peripheral
@
# |Large cross-section

= PLF/TLF:
Y, Well-characterized (Size, E', J)
% Normal density
% Selectable



PLF": Statistical decay

_— 114Cd + 92Mo at 50 MeV/ nucleon

telescope

:: Ring Counter: o Measured PLF in the RC:
2.1°< 6, <4.2° 15 < 7 < 46

e Particles measured in LASSA

o

et al., PRC68, 011602 (R) (2003) 10" &
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Calorimetry

e

e

“A good way to measure the excitation energy isto count.”
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PLF": velocity damping

& More emitted particles
for higher damping

& Higher slope parameter
for higher damping

= Lower Zy  and higher

Z itieg TOr Nigher damping
Y Zo e INdependent
of damping

% Linear increase of E'/A

with damping

+High E'/A reached

compatible with limiting T

R. Yanez et al., PRC68, 011602 (R) (2003)



Dynamical fission

= Large asymmetry with preference for Z=6
= Large relative velocity

e Sh &

< Strong alignment along beam axis
- Large cross-section

L

Z
= tn

Z, velocity, and angular
correlations provide the
following physical picture.
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B. Davin et al., PRC65, 064614(2002) J. Colin et al., PRC67, 064603(2003)



Anisotropy 1n the alpha emission

S oL S. Hudan et al.,
i PRC70, 031601(R) (2004)
)
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Detector: high segmentation

48 rings and 16 pies

* Need to measure the PLF decay products:

A
PLF, particles and clusters 70 mm
- FIRST
LASSA 1 (A6<0.82°)
\

coverage in the angular range 2-28.5°

{ > _-Telescope 1.
N i >% occupancy
Telescope 2

Telescope 3

Ba/ﬁ

Y

- Small number of triggering channels

y clusters

- LASSA, HIRA
0 Large angular resolution (A8~0.92°)

gt il

on both sides®



Signal processing

derectors iz PICO SYSTEMS i
preamplifier B . crate
Si Csl , shaper PHILIPS
T . 7164 ADC
| | PICO SYSTEMS delay ——
—~
ORTEC 1U pie,csi discriminator PHILIPS
or
plllket plllser ! - 7186 TDC
s = == = =m — 4 ————— , - S ) S O B R B
+ / * bit register
st /

e For each channdl:

_ —1s
a dual gain shaper |
a discriminator I o . _ - : B
aTVC » 16 channels per board =

e For al channels;  *4€© _Ski pping
0 1 ADC (XLM)  USB interface

e Logic through 2 FPGAS

For each channdl:
0 shaper
o ADC
a discriminator
o TDC

LIS

16 channel-boards (=256 channels)
In 6U height rack



Particle 1dentification

dE Z°A
oC

dx E

% Higher discriminationin Z

CsI(TI)
Si- E

Energy loss given by:

« Large number of strips
4, Matching of different strips
a Thickness variation :
o Gain matching
 Experiments over days
B. Davin et al.,

& Matchingintime  NiMA473, 302 (2001)
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E—Pie(channel)

102

FIRST performance
1 Resolution:
800 B ® Tl
B QA upto~ 30
: a Z up to projectile
e T2. Aupto~
e [3:Aupto=
o 200 400 600 800 1000 1200 1400 1600 & & @
T1 matched Pie vs.Csl Gsl{channel)
Telescope|Case a|Case b|Case c|Case d|Reject N 5
T1 16 /2 1004 | 1.2 | 10.8
T2 69 | 4.7 26.3 g
T3 49 | 24 27 ® =
e Second Sl of T1 =1 mm i -

e Particle with large Z

y . T. Paduszynski et al.,
% Charge split on the rings NIMAS547, 464 (2005)



FIRST@TAMU:
Commissioning experiment

o 547n+847n, 209Bi and 2’Al at 45 MeV/nucleon
 Collaboration with Universite Laval (Québec),

TAMU
 Charged particles measurement with

FIRST+LASSA
» Neutron measurement with n-TOF

Expérience FIRST 2003
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AMD: Dynamics with quantum branching

‘& é.> Initial State AMD: Antisymmetrized M olecular Dynamics

» Slater determinant of Gaussian packets as

Branching
/ X each channel

.
\\ A //f\ N

%)
% NN collisions
1. t=0: touching spheres L \Wave packet diffusion and shrinking
2. 1<ty Dynamical calculation
3. Att =t 4 cluster recognition (distance in phase space)
% Hot clusters (Z, A, R, P, E*)
4. Statistical decay and Coulomb propagation

% Cold clusters (Z, A, P) Phys. Rev. Lett. 68, 2898 (1992)

A. Ono et al., Prog. Theor. Phys. 87, 1185 (1992)
Phys. Rev. C66, 014603 (2002)
Prog. Part. Nucl. Phys. 53, 501 (2004)

/
.‘> *+c,
* @

e TDVP - Equation of motion for centroids
: .°> +..o Quantum branching processes

C1
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AMD: nucleon density

e System:

114Cd + %Mo at 50 MeV/nucleon
« Sampling of all impact parameter range

b=0-13fm
 Calculations performed on |U supercomputer

12 — 24 CPU hours per event per node

25000 events accumulated (=34 - 68 years!)

& Mass, charge, energy exchange

= Binary nature of the collision

= Transiently deformed nuclel

= Early cluster production, t ~ 90 fm/c

S. Hudan, R.T.de Souza and A. Ono, PRC (in press)



AMD: PLF" and TLF" properties

° PLF* l|_+?;?;i??"?§ °TLF*
T eTLR

1 PLF" =biggest frag. forward of C.M.
4¢99 TLF = biggest frag. backward of C.M.

| = Smooth decrease of Zp, . with b
| and saturation at ~19

ns)

4.5 "PLF

e

]

3 = Smooth decrease of Vp - with b
: » Good b selector

< |ncrease of the excitation energy
(<T) with increasing centrality

(MeV) (V) (cm/

XLF*
PN WO NIWOR

(E*/A)

| _ followed by saturation for b<6fm
. @ Similarity of PLF* and TLF’

& At b=0fm, same E*/A for PLF*
and TLF*

b (fm)

= 300 fm/c

clust

2 4 6 8 1012 2 4 6 8 10 12

b (fm) ? Thermalization
? Saturation of E*/A
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AMD: Rapid cooling

= Peripheral collisions. (E'/A) = f(t)

& Central collisions

*Higher E" for earlier times
a (E'/A)~6 MeV for t=150 fm/c
a (E'/A)~ 4 MeV for t=300 fm/c
- Rapid cooling

*Rapid decrease of Z, .«
% Decrease of ~30% between
t=150 and 300 fm/c

Different onset for different

time
—> Large cross-section with
maximum E"/A



AMD partlcle production

6 = I_lt_15l:l fmfc —
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AMD: IMF velocities

TLF mid- rapidity PLF

<b=10
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:Anlsotropy on theridge

' =PLF, TLF,
mid-rapidity components
+More overlap and
‘higher contribution from
E mid-rapidity for lower b



V,<3.5cm/ns

AMD: o on the ridge

300 — Total 5<b<10 -
m = ® PLF* emission T
= i /A Primary o ]
5 I O Cluster emission i
45 200/ =
Trm
8 I i
% __I'G - ] ...

. =
3 100000 %0 o0, 00, -
S i o ©Oop DDDODD OGQ_
LA A it Aot o il Bed o Reale Dol BB Ay po
0}— —————t—f————+—F———+
w60 b<5_
i ¥
= o
= .
' ey =
g 40 -
© i OC’D_‘_|—| — _-—l—\_I—-
S LT _
i i
) ! O s .
S oo O 0o 00Q0 =
.2 1 OOOD@ 1
> 1.
A A 838 83 8&3383 e
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= Enhanced backward emission
e |sotropic PLF emission
e |sotropic “primary” emission
(t<300 fm/c)
 Anisotropic o emission from
clusters
& Anisotropy of excited
clusters induces anisotropy
of a particles



AMD: what did we learn?

* Peripheral and mid-central collisions: binary in nature

« Formation of transiently defor med nuclel

« PLF and TLF excitation associated with velocity damping

e Saturation of (E"/A)g - for most central collisions with value
depending on cluster recognition time

%, Rapid particle emission on the dynamical timescale
& Dynamical phase and statistical decay coupling

AMD: what do we need to change?

Account for:
e Deformation
e Coulomb proximity



v, (cm/ns)

=

Deformation:
Experimental observation?

o S S R S ¥

6 E 0 >

v, (cm/ns)

‘ - Rotation ‘

o formation

= Coulomb ridge
= Anisotropy along theridge

spin @

oL emission

S. Hudan et al., PRC70, 031601(R) (2004)



V (MeV)

Langevin calculation

(Zpp prr Appps) — O+ (36, 86)
Zrp App) = (42, 90)

""" Rppp=o°

R,=20 fm

il

Thanks to: RJ. Charity, L.G. Sobotka
Washington University

Calculation with:
V(x)=—<x—c)(x+c)(§>2

1) o-PLF* interaction
2) TLF*- PLF* system Coulomb interaction

While the TLF* and PLF* separate, they
evolve smoothly on a classical trajectory.

Observed angular asymmetry
&initial deformation towards the TLF*

Persistence of the initial configuration
= High friction
= |nitial configuration near barrier

x (fm)
TLF*
O — @X_|_ .............................. >
< Ry ¢ ﬁ
. FAt 2TAt _ -
Propagation in time of the system: Ax=——+Kk 7 , with p relative to the friction, F force

due to the potential, temperature T, fluctuating term k (thermal).

As the TLF* and PLF* separate the barrier changes.



This observed asymmetry is related to the

ReSUItS Of the CalCUIation observed angular asymmetry through the spin
9

of the PLF*: time — angle association
8 B=0.4,x=-10fm....
S 7 L e No initial deformation
g 3
5 6
& [ J
g 3 B=0.2,x=-10 fm 2.5
i =
5 4
2 3
MU 3 = 2
Z -
= 2 f=04,x=-5fm =
--------------------------------------------------- ﬁ
1 B=0.2,x=-5fm = L5
0t—gz W
14 16 18 20 22 24 26 28 30 o 1
Ry (fm) ~ LN
4  Cd+Mo, ( E¥/A ) =2.35 MeV
L 05| * Cd+Mo, (E*A)=2.78 MeV
Strongly elongated initial —  %=-5fn
configuration required to P X =-101fm

‘1. 0.8-06-04-02 0 02 0.4 06 08 1.
cos(0)
% Emission time < Rotational period

% Change in x (initial deformation) with E*

observe large asymmetry



Tidal effects:
a manifestation of proximity decay

July 16 —22 1994

Comet P/Shoemaker-Levy 9
collided with Jupiter resulting
SR in at least 21 discernable
fragments with diameters

% estimated at up to 2 km.

Coulomb interaction ‘
% V(I‘ ) oC }
g r :: “
>
r Transverse Longitudinal

—> Higher E - Lower E4


http://www2.jpl.nasa.gov

Tidal effects: gradient in the field

» Change of the relative velocity
0 Transverse decay with higher relative energy
0 Longitudinal decay with lower relative energy
* Decay angle depend%nce of the probability

P(E)ce T and V =f(R)= P(E,R)

0 Higher probability to decay transverse to the emission direction

o Effect depends on:
o Time spent in the field
& Stronger effect when decaying close to the * source”
0 Field gradient



['=3.5 MeV

['=1.51 MeV

['=6.8 eV

* Relative Energy Determined by Quantum State

Tidal effect: ®Be

11.35 MeV

3.03 MeV

11.44 MeV

gr. st.

3.12 Me

8 Be 93 keV

a-ta

25

20

o).

Fau (*CAr aa) X

E/A =60 MeV

o, Goy=30°

(.4 Mel

l 6563 Me‘-.-’-}

] 5 . .
o | Be2as! p Q)
. Pt | 114 Mev :
L f“ .;ll"r‘ 4
‘f “..1-'“- I LI l _ J'#.F ....... -
100 200 300
q (Mev/c)

 Tools to measure the existence and properties
of short-lived intermediates
 Decay into two identical particles
%, Same acceleration after decay
 Probe of different lifetimes
» 11 MeV sate decays practically on the nuclear surface

J. Pochodzalla et al.,

PRC 35, 1695 (1987)



Tidal effect: data selection R. Yanez et al., PRC68,

011602 (R) (2003)

114Cd +92Mo at 50 MeV/ nucleon

e

E
| S
7 >
6 £
£ :
2, >
;-;' 3 =
2 L I I I | [ &
20 40
LE L. E (MeV)
' s e w4 o 5 . =lsotropic emission forward of PLF'

Data selection:
¢15< 7, <46
e 8<VLH <95 E/A=2-4MeV
» 2 o particles forward of PLF (6 < 100°)



Tidal eftect: correlation function

11.35 MeV

1~3.5MeV 11.44 MeV
Background
E / '=1.51 MeV 2.03 Mey .12 MeV
';E , ﬁ*w# r6.8 oV —E—x
#m# SBe 93 keV a+a
™,
Sy + Peak at 3 MeV
> ")
< No Ground State Peak
I | Ll

| lDI 12 | l—L lri:u
o (MEV)
e Background primarily due to sequential emission of alphas
» Background constructed by the mixed event technique

» Take two alphas from two different events



‘ ¢ Tidal effect:
angle dependence
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= 11 MeV state only for transverse decay



T1idal effect:
Simple 1dea with promising outcomes

 Ability to observe and characterize short-lived resonances
» Measured Tidal Effect on 2Be

& Experimental observation of the Coulomb proximity
e Monte Carlo Simulation in progress

0 Alternate background construction

a Quantify the observed tidal effect



Conclusions

e Peripheral and mid-peripheral collisions:
a good opportunity to study warm nuclei/ nuclear matter
« On ashort timescale:
= production of fragments
0 Def or med
%, Large role of the surface
0 Excited
& Coupling bet ween dynamics and st atistical decay
= Coulomb proximity

In the near future

 Experiment at GANI L (E432)
> | nvestigat e t hermodynamics & dynamics in intermediat e ener g\
HIl collisions
e Fission experiments: Study of very def ormed nuclei
ap,d+Pt, W, Os,..at LBNL
o 204,208, 209Bj + p at MSU-NSCL (05105)





