
Recent	progress	in	the	time-dependent	description
of	Fission	
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Outline:	
TDHF+BCS	

Application	to	fission

Collective	aspects	of	Large	Amplitude	Collective	motion	

Stochastic	Mean-Field	Theories	for	Large	Amplitude	Motion

Results	on	258Fm



Dynamical	description	of	superfluid	nuclei
Recent	progress

Nuclear	motion	of	superfluid	nuclei	on	a	mesh	(here	within	TDHF+BCS)

Scamps,	Tanimura,	Lacroix (2012-2016)

Applied	to	a	number	of	physical	process
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(G.	Scamps	talk)



Prospective	in	the	time-dependent	description	of	fission	with	pairing

Fission	with	TD-EDF	with	pairing
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Is	superfluidity important?
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Scamps	Simenel,	Lacroix,	PRC	92	(2015)
Tanimura,	Lacroix,	Scamps,	PRC	92	(2015)
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Fission	with	TD-EDF	without	pairing

Simenel,	Umar,	PRC	C89	(2014).
Goddard,	Stevenson,	Rios,	PRC	92	(2015),	93	(2016)		

Threshold	anomaly

This	problem	is	solved	in	TDHF+BCS	(or	TDHFB)

Dynamical	pairing	is	important

NB:	quantum	fluctuations	also	solve	the	problem
(see	later)



An	additional	remark	on	fission	time	scale:
Very	sensitive	to	pairing	type	and	much	longer	than	anticipated

Bulgac,	Magierski,	Roche,	and	Stetcu
Phys.	Rev.	Lett.	116,	122504	(2016)	

Confirms	the	finding	of:



From	Time	Dependent-EDF	to	collective	dynamics

Tanimura,	Lacroix,	Scamps,	PRC	92	(2015)

Microscopic	dynamic	

The	system	first	follows	the	adiabatic	
limit

Around	scission,	dynamic	is	faster	and	
Becomes	non-adiabatic

Macroscopic	evolution:
Dissipation,	non-adiabatic	effects…

Ediss ' 20MeV TKE ' 250MeV



Dissipative	regime	in	TDDFT

Po
te

nt
ia

l e
ne

rg
y 

(M
eV

)

Q2 (b)

-1980

-1960

-1940

-1920

-1900

 0  100  200  300  400

258Fm

 0

 0.1

 0.2

 0.3

 0.4

 0.5

 200  400  600  800  1000

P
2
 (

M
e
V

/f
m

/c
)

Q2 (b)

Q2
ini=159.6 b

182.4 b
193.7 b
296.3 b
398.9 b

Collective	momentum	evolution

overdamped
regime	

More	or	less	
we	confirm	the	overdamped	
regime	before	scission

Still	open	:	
Precise	values	of	
dissipative	transport	
coefficients	



Fission	of	superfluid	258Fm

Time-dependent	picture	of	fission

(courtesy	G.	Scamps/C.	Simenel)

Scamps,	Simenel,	Lacroix,	PRC92	(2015)

(from	A.	Staszczak)

Fission	along	different	paths	

-1940

-1920

-1900

0 100 200 300 400 500

E
[M

eV
]

Q20[b]

scf
aef sef scf:	symmetric	compact	fission	

sef:	symmetric	elongated		fission	

aef:	asymmetric	elongated		fission	



Fission	of	superfluid	258Fm
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Fission	of	superfluid	258Fm

Total	Kinetic	Energy

0
20
40
60
80

100
120
140
160

140 160 180 200 220 240 260

sef aef scfFi
ss

io
n

ev
en

ts

TKE [MeV]

-1950

-1940

-1930

-1920

-1910

-1900

-1890

0 50 100 150 200 250 300 350 400 450 500

E
[M

eV
]

Q20[b]

40 SPONTANEOUS FISSION PROPERTIES OF Fm, Md, . . . 777

mounted in a vacuum chamber between two 450-mm
surface-barrier detectors located in the center of a
neutron-detection tank, and fission counted for 98 d. To
avoid contaminating the detectors with Cf, the energy
response of these detectors was calibrated with fission
fragments from our Cf course after we finished the
Md counting. We calculated fragment energies by the

same procedure described earlier, and combined these
events with the previous ones.
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258'~
A. Mass and energy distributions

We present in Figs. 5 and 6 the mass and TKE distri-
butions obtained for the five nuclides after subtracting
background distributions contributed by small and
known amounts of Fm. This correction was made by
scaling downward the distributions we obtained from
250000 events collected from a mass-separated sample of
Fm to equal the total number of Fm events we found

in our sources. The Md distributions were also adjust-
ed for the 11 events coming from a Fm impurity. As
noted in the previous section, no background corrections
were necessary for Md. Unlike most previous studies
where Fm was a major fission component, we found
that subtracting the contribution from Fm had only a
slight impact on any distribution.
For the reason that we recalculated our fragment ener-

gies from the more recent calibration parameters for
Cf (Ref. 30), the histogram distributions shown in Figs.

5 and 6 do not quite correspond to those given in Ref. 1.
Another di8'erence is that we have nearly tripled the
number of observed fission events from Md since the
publication of Ref. 1.
The most significant and unique feature of the TKE

distributions is their pronounced deviation from a single
Gaussian shape. In four of the five nuclides, decided
asymmetry is imparted by conspicuous tailing in either
energy direction from the central peak. This is the first
observation of this phenomenon, the TKE distributions
from other actinides being uniformly Gaussian with only
minor divergences. Detection of this feature was made
possible by reducing the interference from the SF of
Fm and improving the fragment-energy resolution over

that of our earlier work. Closer inspection of these TKE
distributions reveals that the peak of each distribution is
not randomly located along the energy axis, but is posi-
tioned near either 200 or 233 MeV. The asymmetric tails
of the TKE curves result in distributing an appreciable
portion of the events into one or the other of these two
main energy regions.
Based on these observations, we considered that the

TKE curves for at least four of the nuclides were a com-
posite of two separate energy distributions, with each
most likely being Gaussian. The fifth, [104], may well
have a residue of the high-TKE component, but we can-
not be sure because of the statistically few events in the
high-energy region. By taking the FWHM from the
TKE distribution for [104] as a fixed parameter and
model for the lower-energy Gaussian, we resolved each of
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FIG. 5. Provisional mass distributions (no neutron correc-
tions) obtained from correlated fragment energies. The mass
bins have been chosen to be slightly different for each nuclide.
The distributions are net after subtracting a small Fm com-
ponent.
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TKE	seems	compatible	with	
experiments

Dynamic	seems	almost	adiabatic	
up	to	scission	point	and	then	is	
Well	describe	by	TD-BCS	

Some	conclusions

Scamps,	Simenel,	Lacroix,	PRC	92	(2015)

Remaining	problem

Fluctuations	are	underestimated	

Weight	of	each	paths?	



Beyond	the	independent	quasi-particle	picture:	ongoing	work		

Need	to	describe	configuration	mixing	
and	its	propagation

Our	objective:	use	the	stochastic	
mean-field	approach	to	describe	fission

Lacroix,	Ayik,	EPJA	(Review)	50	(2014)

One	possibility	is	to	use	Time-Dependent	
Generator	Coordinate	method
(beyond	adiabatic,	number	of	DOFs,	…)

tD tD tD tD time

Vlasov

BUU, BNV

Boltzmann-
Langevin

Adapted from 
J. Randrup et al, NPA538 (92). 

Fermi	energy

Quantum'Monte+Carlo'

Stochas3c'TDHF'

Stochas3c'Mean+Field'

⇢ij(t0) ⇢ij(t)

Coulomb	
barrier		energy



Success	of	the	stochastic	mean-field	theory

Two-Level	Lipkin Model
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Exact SMF

Lacroix,	Ayik,	Yilmaz,	PRC	85	(2012)

Progress

Extension	to	superfluid	systems:
TDHFB	with	fluctuations

Lacroix,	Gambacurta,	Ayik,	Yilmaz,	PRC	C	87,	061302(R)	(2013)

Mapping	initial	fluctuations	with	complex
Initial	correlations
Yilmaz,	Lacroix,	Curecal,	PRC	C	90,	054617	(2014).

Application	to		optical	lattice:	better	than	
non-equilibrium	2-body	green	functions

Lacroix,	Hermanns,	Hinz,	Bonitz,	PRB90	(2014)

Equivalent	to	simplified	un-truncated
BBGKY	hierarchy	
Lacroix,	Tanimura,	Ayik,	EPJA52		(2016)



TD-EDF	for	fission
Basic	aspects	of	stochastic	mean-field

SMF	in	density	matrix	space
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How	to	conceal	microscopic	deterministic	approach	and	randomness	?

Lacroix,	Ayik,	EPJA	(Review)	50	(2014)
Quantum'Monte+Carlo'

Stochas3c'TDHF'

Stochas3c'Mean+Field'

⇢ij(t0) ⇢ij(t)

Constrains:
-Generates	a	sample	of	microscopic	
trajectories	(typically	300)
-Each	trajectory	is	8-10	days	CPU	time

Some	trajectories	illustration



How	to	conceal	microscopic	deterministic	approach	and	randomness	?

Tanimura,	Lacroix,	Ayik,	submitted	to	PRL

From	deterministic	to	statistical	approach
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Additional	remarks

Tanimura,	Lacroix,	Ayik,	submitted	to	PRL
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Quantum	fluctuation	versus	dynamical	pairing	



How	to	conceal	microscopic	deterministic	approach	and	randomness	?
Pre-scission	neutron?	

Post-scission	neutron	?	
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Summary

TDDFT	codes	including	pairing	are	now	developed		

This	open	new	applications	perspectives
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Applications	to	fission

Fission	of	superfluid	nuclei

Collective	mass	and	dissipation

Fission	time-scale

Beyond	mean-field	with	quantum	fluctuations	

First	application	with	sampling	of	initial	
phase-space	in	TD-EDF

TKE	and	mass	distribution	of	258Fm
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Towards	a	systematic	study	
of	spontaneous	and	induced	fission	


