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Pairing	  effects	  on	  dynamics	  

Collec1ve	  mo1on	  and	  Transfer	  reac1on	  

Effect	  of	  quantum	  fluctua1ons	  on	  large	  amplitude	  collec1ve	  mo1on	  



Outline	  of	  the	  talk	  
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	  (from	  A.	  Staszczak)	  



Pair	  transfer:	  the	  nuclear	  structure	  and	  reac1on	  perspec1ve	  

Nuclear	  reac1on	  on	  a	  mesh	  
TDHF	  is	  a	  standard	  tool	   |�ii :	  Slater	  

i~d⇢

dt
= [h(⇢), ⇢] Single-‐par1cle	  evolu1on	  

Simenel,	  Lacroix,	  Avez,	  arXiv:0806.2714v2	  

BCS	  limit	  of	  TDHFB	  (also	  called	  Canonical	  basis	  TDHFB)	  
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Introduc1on	  of	  pairing:	  TDHFB	  
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Quasi-‐par1cle	  evolu1on	  
(Ac1ve	  Groups:	  France,	  US,	  Japan…)	  

TDHFB	  =	  1000	  *	  (TDHF)	  

TDHFB	  is	  very	  demanding	  

Reasonable	  results	  for	  collec1ve	  mo1on	  

Some1mes	  more	  predic1ve	  than	  TDHFB	  

Ebata,	  Nakatsukasa	  et	  al,	  PRC82	  (2010)	  

Scamps,	  Lacroix,	  Bertsch,	  Washiyama,	  PRC85	  (2012)	  

Stetcu,	  Bulgac,	  Magierski,	  and	  Roche,	  PRC	  84	  (2011)	  



Pairing	  effect	  on	  nuclear	  collec1ve	  mo1on	  
Comparison	  TDHF+BCS	  /	  QRPA	  

Illustra1on	  with	  the	  GQR	  	  
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QRPA:	  C.	  Losa,	  et	  al	  PRC	  81,	  (2010).	  

QRPA	  

TDHF+BCS	  

Q22	   Q20	  

Almost	  no	  difference	  between	  TDHF+BCS	  and	  TDHFB	  (QRPA)	  

Main	  effect	  of	  pairing	  is	  to	  set	  the	  right	  deforma1on	  	  



Systema1c	  in	  Spherical	  nuclei	  
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Scamps,	  Lacroix,	  PRC88	  (2013)	  



Systema1c	  in	  deformed	  nuclei	  
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Excita1on	  operators	  	   Q2K

K = �2,�1, 0, 1, 2



Systema1c	  in	  deformed	  nuclei:	  fragmenta1on	  and	  damping	  

|K|=2

|K|=1

|K|=0

0.8

0.9

1.0

1.1

E
|K

|
/
E

2
+

-0.2 -0.1 0.0 0.1 0.2 0.3 0.4

δ

0.8

0.9

1.0

1.1

-0.2 -0.1 0.0 0.1 0.2 0.3 0.4

prolate	  oblate	  

Energy	  splijng:	  

c)

b)

a)

0.0

0.5

1.0

Γ
|K

|=
2
[M

eV
]

-0.2 -0.1 0.0 0.1 0.2 0.3 0.4
δ

0.0

0.5

1.0

1.5

Γ
|K

|=
1
[M

eV
]

0

2

4

Γ
|K

|=
0
[M

eV
]

Damping	  is	  more	  complex:	  

High	  order	  deforma1on	  is	  important	  
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From	  one	  to	  two	  nuclei	  



The	  goal:	  describe	  1n,	  2n	  pair	  transfer	  	  process	  dynamically	  

Illustra1on	  of	  useful	  data	  (for	  us)	  

Corradi	  et	  al,	  Phys.	  Rev.	  C	  84	  (2011)	  
Potential	

Dissipation	

D

Our	  goal:	  

Consider	  system	  with	  pairing	  in	  the	  GS	  

Perform	  1me-‐dependent	  simula1on	  	  
Close	  to	  be	  compared	  with	  experiments	  



How	  does	  it	  look	  like	  from	  a	  1me-‐dependent	  point	  of	  view?	  

(Courtesy	  G.	  Scamps)	  



Dynamics	  with	  pairing	  	  

Potential	

Besides	  the	  numerical	  difficulty,	  	  
interpre1ng	  results	  is	  not	  so	  easy…	  	  
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46Ca	  or	  not	  46Ca	  ?	  	  
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Requires	  2	  projec1on	  (total	  and	  len	  side)	  

The	  no	  pairing	  limit	  ?	  

HFB	  :	  spherical	  	   HF:	  deformed	   We	  used	  a	  generaliza1on	  of	  TDHF	  to	  sta1s1cal	  
Density	  matrix	  (filling	  approxima1on)	  

P1n, P2n, ...



Dynamics	  with	  pairing:	  
Illustra1on	  	  

(Courtesy	  G.	  Scamps)	  

Double	  projec1on	  scheme	  (total	  and	  len	  side)	  

Ini1al	  1me	  
Single	  projec1on	  scheme	  (only	  on	  the	  len	  side)	   46Ca	  +	  40Ca	  



Dynamics	  with	  pairing:	  
Illustra1on	  	  

(Courtesy	  G.	  Scamps)	  

Double	  projec1on	  scheme	  (total	  and	  len	  side)	  

Ini1al	  1me	  
Single	  projec1on	  scheme	  (only	  on	  the	  len	  side)	   46Ca	  +	  40Ca	  



Dynamics	  with	  pairing:	  
Results	  on	  Ca+Ca	  reac1ons	  	  

P1n

P2n no	  pairing	  
with	  pairing	  

First	  conclusion	  

P1n, P2n, ...

Scamps,	  Lacroix,	  PRC	  87	  	  (2013)	  
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Link	  between	  pairing	  strength	  	  
and	  pairing	  gap:	  

Vb-‐E=4	  MeV	  

Vb-‐E=6	  MeV	  

Strong	  beam	  energy	  	  
dependence	  

Enhancement	  of	  the	  	  
pair	  transfer	  probability	  



Present	  status	  

The	  dynamical	  approach	  is	  compe11ve	  	  
Compared	  to	  other	  approaches	  

P2n	  is	  underes1mated	  

(Other	  effects	  are	  important!)	  

P1n	  is	  not	  so	  well	  reproduces:	  
	  
(Problem	  with	  the	  single-‐par1cle	  field)	  

Comparison	  with	  experiment	  
Corradi	  et	  al,	  Phys.	  Rev.	  C	  84	  (2011)	  

Exp	  
Our	  calcula1on	  

Calc.	  based	  on	  HFB	  
GS+	  first	  2+	  (from	  Corradi	  publica1on)	  

96Zr	  +	  40Ca	  



Missing	  quantum	  effects	  	  
in	  collec1ve	  space	  

two-‐body	  

three-‐body	  

one-‐body	  

Mean-field:  
(DFT/EDF)  

Self-consistent 
Mean-field 

Single-‐par1cle	  are	  quantum	  objects	  

Collec1ve	  DOF	  are	  classical	  objects	  

Quantum	  fluctua1ons	  in	  collec1ve	  space	  	  
Needs	  to	  be	  introduced	  beyond	  the	  mean-‐field	  

Mean-‐Field	  is	  here	  
Or	  here…	  



Physics	  missed	  in	  dynamical	  mean-‐field	  theory	  
Illustra1on	  	  

The	  mean-‐field	  dynamic	  is	  quasi-‐classical	  

No	  quantum	  tunneling	  in	  collec1ve	  space	  

No	  spontaneous	  symmetry	  breaking	  	  

Quantum	  fluctua1ons	  are	  underes1mated	  

?	  

	  (from	  A.	  Staszczak)	  



Adding	  noise	  to	  mean-‐field	  theory	  
	  	  

Quantum'Monte+Carlo'

Stochas3c'TDHF'

Stochas3c'Mean+Field'

⇢ij(t0) ⇢ij(t)

The	  many	  facets	  of	  stochas1c	  methods	  



The	  stochas6c	  mean-‐field	  (SMF)	  concept	  applied	  to	  many-‐body	  problem	  

Ayik,	  Phys.	  LeF.	  B	  658,	  (2008).	  	  

MF	  

Collec1ve	  phase-‐space	   Quantum	  fluctua1ons	  

The	  dynamics	  is	  described	  	  
by	  a	  set	  of	  mean-‐field	  	  
evolu1ons	  with	  random	  	  

ini1al	  condi1ons	  

The	  average	  proper1es	  of	  ini1al	  sampling	  should	  iden1fy	  with	  proper1es	  of	  the	  mean-‐field.	  

SMF	  in	  density	  matrix	  space	  

⇢(r, r0, t0) =
X

i

�⇤
i (r, t0)ni�j(r0, t0)

⇢�(r, r0, t0) =
X

ij

�⇤
i (r, t0)⇢

�
ij�j(r0, t0)

⇢�
ij = �ijni

�⇢�
ij�⇢

�
j0i0 =

1
2
�jj0�ii0 [ni(1� nj) + nj(1� ni)] .

SMF	  in	  collec1ve	  space	  
Q(t0)

Q�(t0)

Q
�(t0) = Q(t0)

�Q(t0) = (Q�(t0)�Q�(t0)
2
)



Descrip6on	  of	  large	  amplitude	  collec6ve	  mo6on	  with	  SMF	  
The	  case	  of	  spontaneous	  symmetry	  breaking	  

Lipkin	  Model	  

ε	


See	  for	  instance	  :	  Ring	  and	  Schuck	  book	  
	  	  	  	  	  	  	  	  	   	  	  	  	  	  	  	  	  	  	  	  Severyukhin,	  Bender,	  Heenen,	  PRC74	  (2006)	  

p=1	   p=2	   …	   p=N	  

J
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α

N=40	  par1cles	  
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Time

Exact	  dynamics	  

Mean-‐field	  
is	  sta1onary	  



Descrip6on	  of	  large	  amplitude	  collec6ve	  mo6on	  :	  symmetry	  breaking	  
The	  stochas6c	  mean-‐field	  solu6on	  
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One-‐body	  observables	  	  
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Lacroix,	  Ayik,	  Yilmaz,	  PRC	  85	  (2012)	  
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Formula1on	  in	  quasi-‐spin	  space	  

E H
F
/(

εN
)

α



D.	  Lacroix	  et	  al,	  PRB90	  (2014)	  

Recent	  progress	  and	  conclusions	  

Extension	  to	  include	  pairing	  correla1on	  

Valida1on	  in	  lajce	  models	  (Hubbard	  like)	  

D.	  Lacroix,	  D.	  Gambacurta,	  S.	  Ayik,	  PRC	  87	  (2013)	  

B.	  Yilmaz,	  S.	  Ayik,	  D.	  Lacroix,	  	  
O.	  Yilmaz,	  PRC90	  (2014)	  

Nuclear	  collisions	  

Project	  :	  fission	  and	  LACM	  


