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Statistical model Coherent superposition – reversible couplings 

Microscopic understanding of the complex 
non-equilibrium interactions of two nuclei 

r 

r 

Grazing collisions Capture Fusion 



` 

En
er

gy
 

Elongation Compact 
compound  
nucleus - 

SHE 

Capture 
barrier 

Adiabatic LDM 
potential 

(spherical shell 
stabilization) 

Nuclear fusion forming superheavy elements 

PQ.F.~1 
Quasifission 

GSI – 1980s 

PC.N. <<1 

Sudden 
potential 



En
er

gy
 

Elongation Compact 
compound  
nucleus - 

SHE 

Capture 
barrier 

SHE ground-
state energy 

(spherical shell 
stabilization) 

Fusion-fission 

(SHE fission) 

Nuclear fusion forming superheavy elements 

PC.N. 

n-evaporation 



40Ca 

Reaction to form element 112 (Copernicium)

238U 

TDHF calculation of 40Ca+238U reaction (Cedric Simenel, Aditya Wakhle) 
A. Wakhle et al., PRL 113 (2014) 182502 



PCN +PQF = 1

PSHE=Pcapture. PCN . P 6ission survival 

Quasifission: non-equilibrium process 

Sticking time: a key characteristic 

(E, L) 



Dependence of quasifission probability and characteristics 
(time scale) on collision variables (related to PCN): 

•   Compound nucleus fissility (Z2/A); 

•   Entrance channel Coulomb repulsion (Z1Z2); 

•   Angular momentum; 

•   Nuclear structure of the colliding nuclei: 

o      static deformation 
o      closed shells (magic numbers) 

 

Many 
variables! 



Dependence of quasifission probability and characteristics 
(time scale) on collision variables (related to PCN): 

•   Compound nucleus fissility (Z2/A); 

•   Coulomb repulsion (Z1Z2); 

•   Angular momentum; 

•   Nuclear structure of the colliding nuclei: 

o     deformation 
o     closed shells (magic numbers) 

 

Many 
variables! 

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 PCN 

Model should predict QF characteristics, as QF is most likely outcome 
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Strong mass-angle correlation 
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MAD – time scales of mass-equilibration and rotation (GSI) 



Mass-angle distributions – MAD 

MR 

111 MeV 16O + 196Pt 

θC.M. 

Counts/pixel 

Kinematic coincidence 
Detector angular acceptance 
-  Detect both fragments 
-  Populate matrix at MR,θCM 

-  Also at (1-MR), (π-θCM) 
 
Fusion-fission  
- symmetric about  MR = 0.5 
- and symmetric about θCM = 90o 
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235 MeV 48Ti + 186W 
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Little mass and angle evolution 
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MAD – mass-equilibration and rotation (GSI 1980’s) 



R. du Rietz et al. PRL 106 (2011) 052701 

QF Timescales from MAD 

<τ> 5x10-21s <τ> 10x10-21s <τ> >> 10x10-21s 

186W 
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Defining smooth liquid drop QF dynamics 
 
•   minimise shell effects – high Ex – high E/Vb 

•   minimise effects of angular momentum – low E/Vb 

•   Compromise: choose E/Vb = 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 

 



R. du Rietz et al., PRC 88 (2013) 054618 

Defining smooth liquid drop QF dynamics 



R. du Rietz et al., PRC 88 (2013) 054618 

W. J. Swiatecki, Phys. Scr. 24, 113 (1981) 



C.J. Lin et al., PRC 85 (2012) 014611 

48Ti + X 

Consistent with measurements showing no/small ER σ sub-barrier 

Nuclear structure effects: (i) deformation alignment
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Nuclear structure effects: (i) deformation alignment


Hinde et al., PRL 74 (1995) 1295;      Hinde et al., PRC 53 (1996) 1290 



A. Wakhle et al., PRL 113 (2014) 182502 
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TDHF calculation of 40Ca+238U reaction (Cedric Simenel, Aditya Wakhle) 
A. Wakhle et al., PRL 113 (2014) 182502 

Deformation alignment




Deformation alignment – experiment vs. TDHF 
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E/VB = 1.04 E/VB = 1.08 E/VB = 1.12 E/VB = 1.16 

54Cr + 238U (Z = 116; 292Lv) 

+ other measurements with 48Ca, 50Ti, 54Cr, 58Fe and 64Ni beams bombarding 232Th, 238U,  
244Pu, 248Cm, 249Cf targets forming Z up to 120 (thanks to Mainz radiochem., GSI targetlab) 
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48Ti + X 

C.J. Lin et al., PRC 85 (2012) 014611 

Nuclear structure effects: (ii) magic numbers
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Spherical magic nuclei – multiple magic numbers 
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Entrance channel closed shells and N/Z mismatch 

Fast N/Z equilibration. 
TDHF calculated outcomes: 
 
40Ca+208Pb 
     P(no transfer) ~ 10-4 
 

     Average transfer outcome: 
       42Ar+ 206Po  Nm= 0 
 
48Ca+208Pb 
      P(no transfer) ~ 0.5 
 

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

C. Simenel et al., PLB 710 (2012) 607 
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50,52,54Cr + 208,206,204Pb         258,260,262Sg (Z=106) 



G. Mohanto et al., ANU, in preparation 

Energy well above-barrier:  magic numbers, N/Z matching – little effect 
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G. Mohanto et al., ANU, in preparation 

Sub-barrier energy: magic numbers, adequate N/Z matching – fusion-fission? 
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16O+244Pu 

Nuclear structure of the projectile and target can play a very significant role 



Conclusions 
§ Determination of smooth trends of Mass-Angle Distributions 

allows to quantify the effects on sticking times of: 

  deformation alignment 

  entrance channel closed shells, N/Z matching 

§ Deformation alignment – “tip collisions” - short sticking times 

  fast QF below-barrier (agrees with small PCN from σxn) 

§ Magic numbers, N/Z matching important in cold fusion reactions 

  more magic numbers are better – 48Ca+208Pb – sub-barrier F-F 

  trajectory bifurcation 52,54Cr + 206,208Pb – fast QF + F-F 

§  Actinide collisions (U, Pu, Cm) 

  New systematic MAD measurements for 48Ca, 50Ti, 54Cr, 64Ni 

  Sticking times; mass evolution towards symmetry, fusion-fission 

§   Challenge for models: reproduce quasifission observables! 
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64Ni + 238U  288 MeV 
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48Ca+238U 50Ti+238U 54Cr+238U 58Fe+238U 64Ni+238U 

+ measurements with 244Pu, 248Cm targets (thanks to Mainz radiochemistry, GSI targetlab) 





0.6 

0.7 

0.8 

0.9 

1.0 

0.5 0.6 0.7 0.8 0.9 

X
C

.N
. 

Xm = 0.4 Xeff + 0.6 XC.N. 

Pcn 
Pcn Stat Model 
48Ca 

High PCN for 48Ca+208Pb 



Z C.N. 

τ  
(1

0-
21

 s
) Crystal blocking 

Time (s) 
 10-20  10-19  10-18  10-17 

P
ro

ba
bi

lit
y 

QF FF 

(Upper limit) 

X-rays: 53% fusion-fission 
Crystal blocking: 10%-20% 

fusion-fission 



E*  (MeV)
0 10 20 30 40 50 60 70 80

σxn

0.01

0.1

1

10

~

Th220
16O+204Pb
40Ar+180Hf
48Ca+172Yb
82Se+138Ba
124Sn+96Zr

More mass-symmetric reactions:  

Pxn only ~10% of that for 16O 

σxn 
~ 

Hinde, Dasgupta, Mukherjee  Phys. Rev. Lett. 89 (2002) 272701 

 

Weak dependence on mass 
asymmetry for more 
symmetric reactions 

Z=90 

ANU 
GSI 

GSI 

GSI 
JAEA 



258No

1.0E-06

1.0E-05

1.0E-04

1.0E-03

0 10 20 30 40 50 60 70 80

Ex (MeV)

R
si

g(
5n

)

12C+246Cm

16O+242Pu

22Ne+236U

26Mg+232Th

 Z=6 

Z=8 

Z=10 

Z=12 

5n cross sections  

Sikkeland et al., Phys. Rev. 172 (1968) 1232 

Mikheev et al., At. Energ. 22 (1967) 90 

Andreyev et al., Z. Phys. A 345 (1993) 389 

Andreyev et al., Z. Phys. A 345 (1993) 389 

Z=102 

Bass 
barriers 

σxn 
~ 

C.N. 

Pxn=1 ? 

Z=102 



0.6 

0.7 

0.8 

0.9 

1.0 

0.3 0.4 0.5 0.6 0.7 0.8 0.9 

X
C

.N
. 

Xeff 

Pcn 
Pcn Stat model 

No mass-angle correlation; PCN < 1 



0.6 

0.7 

0.8 

0.9 

1.0 

0.3 0.4 0.5 0.6 0.7 0.8 0.9 

X
C

.N
. 

Xeff 

Pcn 
Pcn Stat model 

No mass-angle correlation; PCN < 1 

PCN = 0.5 

PCN = 0.1 



0.6 

0.7 

0.8 

0.9 

1.0 

0.5 0.6 0.7 0.8 0.9 

X
C

.N
. 

Xm = 0.4 Xeff + 0.6 XC.N. 

Pcn 
Pcn Stat Model 

Different mean fissility Xm for PCN compared with QF mass-angle distribution 



R. du Rietz et al., PRC 88 (2013) 054618 

Z = 6 Z = 28 Projectile Z 

Z = 82 

Z = 92 

Z = 102 

Z = 112 

Target Z 

Hg 

No 

Ti 

MAD Map 





< 5 zs ~ 10 zs > 20 zs 



34S + 232Th         266Sg (Z=106)                

ANU, to be published 

Counts/pixel 



32S + 232Th (prolate) 

102

10

1
0.4 0.2 0.4 0.20.0 0.2 0.4 0.0 0.2 0.4

b)a)

0.2

0.4

0.0

0.4

0.2

v 
  [

cm
/n

s]

v  - v       [cm/ns]|| c.m.

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

E/VB = 0.96 E/VB = 1.03 

Hinde et al., PR C53 (1996) 1290 
 

Two modes of quasi-fission – effect of 
deformation alignment 
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Towards a true understanding of superheavy 
element synthesis: 

§ Make unambiguous measurements of PCN from xn ERs – X-bomb. 
§ Measurements of all observables for selected systems: 

  Resolve discrepancies between different observables 
  MAD, crystal blocking, CN X-rays, νpre 

§ Include important degrees of freedom in models 

 and calculate all observables: 
  Fission Mass-Angle-Distributions (MAD) 

  Fission Mass-TKE-Distributions (MED) 
  Scission time distributions, n angular correlations 

  Heavy element yields 
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Fig. 1   Differences between experimental masses and a recent macroscopic (semiempirical) mass model as a function of neutron number (top 
section). Isotopes are connected by lines. The large deviations at specific neutron numbers indicate the presence of mag... 

P.  Möller , A.J.  Sierk 

80 Years of the liquid drop—50 years of the macroscopic–microscopic model 

International Journal of Mass Spectrometry, Volumes 349–350, 2013, 19 - 25 
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