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PSHE =P capture" PCN 'Wfission survival(E’ L)
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TDHF: 40Ca+238U
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Quasifission a non-equilibrium process

Time-scale is a key characteristic (zs=10-21s)
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MAD — time scales of mass-equilibration and rotation (GSI)
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“Magic” reactions with 298Pb — “cold fusion”

E/Vg = 0.98 — 1.00 (PRELIMINARY ANALYSIS)
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Effects of nuclear structure in the entrance channel:
(i) Spherical magic nuclei and N/Z matching in cold fusion
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(Z=106)
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Energy below barrier: magic numbers, N/Z matching — strong effect
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Energy below barrier: magic numbers, N/Z matching — strong effect
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Energy well above-barrier: magic numbers, N/Z matching — smaller effect
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Conclusions

" Magic numbers, N/Z matching important in cold fusion reactions
magic numbers, N/Z matching: — 48Ca+2%8Pb — exceptional!
trajectory bifurcation >224Cr + 206,208pp — fast QF + F-F



“HOT” FUSION reactions with prolate deformed actinide target nuclei
ANU: Th, U targets; Mainz/GSI: Pu, Cm, Cf targets
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Effects of nuclear structure in the entrance channel:
(ii) Static deformation alignment in “hot fusion”. Low E, = “tip” collisions
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Effects of nuclear structure in the entrance channel:
(ii) Static deformation alignment in “hot fusion”. Low E, = “tip” collisions
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Conclusions

" Magic numbers, N/Z matching important in cold fusion reactions
magic numbers, N/Z matching: — 48Ca+2%8Pb — exceptional!
trajectory bifurcation >224Cr + 206,208pp — fast QF + F-F
" Deformation alignment — “tip collisions” — low P
fast QF below-barrier — measured Pgoe
also slow QF below-barrier — Pgq - further reduction of Py
(another trajectory bifurcation)
= Challenge for models of SHE synthesis: describe competing processes...

Effects of nuclear structure in entrance-channel deformation, closed shells, transfer reactions
Average collision outcomes

Fluctuations, trajectory bifurcations and probabilities
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Fully-damped kinetic energy K. Banerjee et al., submitted
(Viola+-20%)

48C3 + 208pp ; | SEITi + EllflEipr
L Ll | | | | |

¥
0 01 020304 0 01 020304 0 0.
Mg

Increase in fast non-equilibrium processes as projectile charge increases:

ACr+ P8pp 7
| | | | | | |

I
1 0.2 03 04 05

Increasing deep-inelastic reactions (incomplete energy damping) O
Increasing mass-asymmetric fast quasifission (full energy damping) ©



180

135

160 + 208Ph  Th (Z=92)

48Ca + 28Pp No (Z=102)

A

EC.M. = 104.6 EC.M. = 170-6 EC.M. - 175-1 EC.M. = 181.7 EC.M. = 193.1 EC.M. = 220.4
E/V, = 1.40 E/V, = 0.98 E/V; = 1.00 E/V, = 1.04 E/V = 1.10 E/V; = 1.26
o [ "] [ o [T [ N [ I T, [ N

o . 1 T Teee T L 1 . |

o : :

| i O A e S s

T T T 1 T ] T i 1 T ! il T T T R ]

+ | P 1 s -

1t 1c Q_ - _j - _,,_ _,

B #H# 7 1F _.' ‘,: 7_ " \: AL _

L b 1k Je A __ . L |

i L [ Lo | ...f"';‘ 1 |...""1.: | e '\ L o ™= - _ L .T;.| L |..%\: [ i -I T I N I. 10 I I I R |

00 02 04 06 08 00 02 04 06 038

00 02 04 06 08 00 02 04 06 08 00 02 04 06 08 00 02 04 06 038

Mg

s a 3
|]oxid /sjuno)

—
o
no

10



Effects of nuclear structure in the entrance channel:
Static deformation alignment
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Mass-angle distributions — MAD
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54Cr + 238U
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Two modes of quasi-fission — effect of
deformation alignment Hinde et al., PR C53 (1996) 1290

32S + 232Th (prolate)

232Th: fissile — fission after peripheral collisions
Elimination of non-binary events: co-linear in c.m. frame

E/V, = 0.96 E/V, = 1.03
0.4 ] a|.) T R T | RETER ARSI o By . 102
T 02f =
~~ L —
5 oot o,
=102 -
-04 : :

04 -02 00 02 04 -04-02 00 02 04

" Vem [cm/ns]



¥

MAD:

E/Vg = 0.93
E=143.2 MeV

O

32G + 232Th
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Hinde et al., PRL 101 (2008) 092702
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Mass-symmetric fragment angular anisotropies
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Mass-symmetric component shows large angular anisotropies — QF!
Supports previous interpretation of deformation alignment effect on dynamics

deduced from similar anisotropy results for 10O + 238U
Hinde et al., PRL 74 (1995) 1295;  Hinde et al., PRC 53 (1996) 1290



MAD — time scales of mass-equilibration and rotation (GSI)

160° R. Bock et al., NP A388 (1982) 334
J. Toke et al., NP A440 (1985) 327
W.Q. Shen at al., PRC 36 (1987) 115
B.B. Back et al., PRC 53 (1996) 1734
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QF Timescales from MAD

Experimental MAD
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COLD FUSION
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"HOT” FUSION reactions with prolate deformed actinide target nuclei
ANU: Th, U targets; Mainz/GSI: Pu, Cm, Cf targets
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Mass-symmetric and mass-asymmetric — trajectory bifurcation

Mass-symmetric component is narrow — fusion fission?
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9 c.m.

Counts

Spherical magic nuclei and N/Z matching
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Mass width

Entrance channel closed shells and N/Z mismatch

N/Z equilibration will cause early energy damping as nuclei overlap:
- more elongated “entry point” to diffusive motion

037 Fast N/Z equilibration.
TDHF calculated outcomes:

0.2 40Ca+208pPh

| o 48Ti+200Hg - P(no transfer) ~ 10

OMR | o asTir208Pb _

@ 44Ca+204Ph Average transfer outcome:
0.1 | A 48Ca+204Pb *2Ar+ 2%Po Nm= 0

- @ 40Ca+208Pb

" A 48Ca+208Pb ~48Ca+208pPp
oo bi i o . . . P(no transfer) ~ 0.5

-1 0 1 2 3 4 O C. Simenel et al., PLB 710 (2012) 607
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Mass-
symmetric
fission
fragment
angular
distributions

« Mass-symmetric component shows large angular anisotropies — QF (B.B. Back 1983)
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- « Mass-symmetric component shows large angular anisotropies — QF (B.B. Back 1983)
asSS
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S " s, 22 Hinde et al., J. Nucl. Radiochem. Sci. 3 (2002) 31
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Conclusion from measured beam energy dependence of 160 + 238U angular anisotropies:

“In attempting to form very fissile nuclei near their equilibrium deformation, only reactions associated
with passage over the highest fusion barriers can result in the compact shapes which lead to the
survival of evaporation residues.”

PRL 74 (1995) 1295
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Defining smooth liquid drop QF dynamics

® minimise shell effects — high Ex — high E/V,
® minimise effects of angular momentum — low E/V,
® Compromise: choose E/V, = 1.05-1.10

o effects of spherical magic numbers attenuated by Ex
o effects of deformation alignment averaged out
o in angular momentum regime relevant to SHE production



Analogy between QF dynamics and nuclear masses

®* Smooth liquid drop dynamics (Coulomb, nuclear, viscosity)

® Modification of dynamics due to shell structure (PES and viscosity)
Ultimate goal: reliable model including all relevant physics to predict P

Model should predict QF characteristics, as QF is most likely outcome



Defining smooth “liquid drop” QF dynamics

3ZS +208%

48Ti +170Er 48Ti "‘208Pb

48Ti +238LJ

64Ni ‘|‘208Pb

13 MADZ 34

MADI 40

E/Vg = 1.05-1.10

* effects of spherical
magic numbers
attenuated by Ex

* deformation effects
averaged out

® dynamics not
dominated by high
angular momentum



Microscopic Energy (MeV)
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80 Years of the liquid drop—50 years of the macroscopic—microscopic model
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Nuclear structure of the projectile and target can play a very significant role

C. Simenel et al., PLB 710 (2012) 607
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