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EFFECTIVE INTERACTIONS
The fission barriers of the 235U and 239Pu nuclei
          have been calculated within the 
Hartree-Fock plus BCS with blocking formalism

Two Skyrme force parametrizations have been conside red
          SIII and SkM*
They are known to reproduce reasonably well 
systematic spin and parity properties 
of the ground states of odd nuclei

The pairing correlations have been generated 
     by a seniority force whose parameters 

         have been fitted to reproduce « experimental » gaps 

for some well deformed odd  nuclei 
having reasonably high gaps in the actinide region

∆n(N , Z ) =
(�1)N

2
[ S n(N , Z ) � S n(N +1, Z )] and ∆ p(N , Z ) = ...



  

L. Bonneau, P. Quentin, P. Möller, Phys. Rev. C76, 024320 (2007)



  



  



  

These two interactions provide also reasonably good
s.p. wavefunctions 
in particular for their magnetic properties
as seen from  a recent study on magnetic moments
of some deformed nuclei

L.Bonneau, N. Minkov, Dao Duy Duc, P. Quentin, J. B artel
Phys. Rev. C91, 054307 (2015)



  



  

These interactions are quite old 
SIII (1975), SkM* (1982)
As compared to more recent ones, 
they do not include some EDF components
which were not considered in their fitting process 
(related e.g. to the square of the spin-current tensor  
or including a zero-range tensor component ) 

Yet
They show no spin instability near saturation
As we saw they seem to yield reasonably good 
spectroscopic properties
It is therefore interesting to see how good they ar e
to describe s.p. energy spectra
and consequently fission barrier distributions 
according to the spin and parity for a given fissio ning 
nucleus
However we have used sometimes the SLy5* force  to see...  



  

The parameters of the seniority force

〈i ĩ∣ṽresidual∣ j j̃ 〉 =
Gq

11 + N q

Only n-n and p-p pairing
(12 MeV s.p. window 
around the chemical potential)



  

SOME THEORETICAL ASPECTS

The time reversal breaking  
due to the presence of the « odd » nucleon
is taken into account self-consistently in the mean  field approach

It has been explicitely shown to be perturbative
One can thus define unambiguously « quasi pairs  » of states 
which are almost time reversal images

From these quasi-pairs we define a Bogoliubov-Valatin-like 
restricted Bogoliubov canonical transformation

Only seniority one states  have been considered so far
thus limiting ourselves to low energy s.p. excitati ons 

Axial symmetry  has been imposed
(a genuine limitation at least 
for the description of the inner fission barrier)
Intrinsic parity  has not been imposed
(necessary for a fair description of the outer fiss ion barrier)



  

From calculated mean field energies to nuclear ener gies

For well deformed nuclei, as the considered actinid e nuclei in their 
ground state and on the way to fission, 
we use the Bohr-Mottelson Unified Model  ansatz

where              is the calculated BCS state

The Model Hamiltonian  is

The diagonal matrix element of the intrinsic Hamilt onian
is not the calculated BCS energy dubbed as

since the latter includes a spurious rotational energy
due to the mean field approximation

It has been removed according to the Lipkin approximate ansatz 

| I M α K π> = √ 2 I + 1
16π

[ DMK
I |ΨK π

α > + (�1)I + K DM �K
I T̂ |ΨK π

α >]

|ΨMK
I >

Ĥ BM = ̂H int. +
̂⃗R2

2 J core

with ̂⃗R = ̂⃗j total �
̂⃗jodd

̂H int.

<ΨK π
α | Ĥ Skyrme | ΨK π

α >



  

One get s

One can show that

where on the rhs 
the first matrix element is calculated only with co re particles 
the second is calculated for the s.p. state 
Assuming that
one gets for the diagonal matrix element of the Ham iltonian

and finally

Ĥ BM

< I M α K π | Ĥ int. | I M α K π> =

< ΨK π
α | Ĥ Skyrme | ΨK π

α > �
1

2 J L

[ < ΨK π
α | ̂⃗jtotal

2 |ΨK π
α > � ℏ2 K (K + 1)]

<ΨK π
α | ̂⃗j total

2 |ΨK π
α > ≈

<ΨK π
α | ̂⃗jcore

2 | ΨK π
α > + < α K π | ̂⃗jodd

2 |α K π >

|α K π>
J core ≈ J L ≡ J

< I M α K π | Ĥ BM | I M α K π> = < I M α K π | Ĥ int. | I M α K π>

ℏ2

2 J
{[ I ( I + 1) � 2K2 ] + <α K π | ̂⃗jodd

2 /ℏ2 |α K π> + δK ,1 /2 a (�1)I + 1 /2( I + 1 /2)}

< I M α K π | Ĥ BM | I M α K π > = < ΨK π
α | Ĥ Skyrme | ΨK π

α > +
ℏ2

2 J

{[ I ( I + 1) � K (K � 1)] � < ΨK π
α | ̂⃗jcore

2 /ℏ2 | ΨK π
α > + δK , 1/2 a(�1)I + 1/2( I + 1/2)}



  

One get s in particular for the  rotational band head

TEST OF THE QUALITY OF THE BAND HEAD SPECTRA

We exclude data pertaining 
-  to bands attributed to particle-vibration coupli ngs
-  to bands with an excitation energy > 650 keV

(a typical gap value) since we deal only with senio rity 1 states

We assume that  inter-band Coriolis couplings are not significant

Moments of inertia J and decoupling parameters a are calculated
using the standard formulae 
-  for J , Inglis-Belyaev (neglecting the small time-reversa l violation)

renomalized to take into account missing Thouless-V alatin terms

- for a , the expectation value of the             operator  
for the s.p. state of the « odd »  particle, (assum ing K = + 1/2)

{α , I = K ,π}

Eα K π
b.h. = <ΨK π

α | Ĥ Skyrme |Ψ K π
α > + ℏ2

2 J
{2K � < ΨK π

α |
̂⃗jcore

2

ℏ2
|ΨK π

α > � δK ,1/2 a }

ĵ+ T̂



  
∆rms(keV) = 250 (SIII), 350 (SkM*), 650 (SLy5*)



  

 The situation is slightly worse for neighbouring o dd-proton nuclei

This might be due to the use of the Slater approximation  
  for Coulomb exchange energy and field terms 

∆rms(keV) = 450 (SIII), 500 (SkM*), 460 (SLy5*)



  

J. Le Bloas, Meng-Hock Koh, P. Quentin, L. Bonneau,  J.I.A Ithnin, 
Phys . Rev. C84, 0143310 (2011)

The Slater approximation pushes systematically s.p.  levels 
    upwards (occupied), downwards (unoccupied)



  

Intrinsic quadrupole moments calculated Q
0
(in barns)  

 vs those deduced from experimental B(E2)
for even nuclei in the region  

     Experimental spectroscopic 
 quadrupole moment Q (S) (in barns)
           vs those deduced from 
                      calculated Q

0

   for odd nuclei in the region



  

SPECTRUM IN THE FISSION ISOMERIC WELL (239Pu)



  

SPECTRUM IN THE FISSION ISOMERIC WELL (235U)
No available data



  

A SELECTION OF SOME FISSION BARRIER RESULTS

238Pu

240Pu

236U

234U

With Rot. Correction

BCS Energy

SkM*
Even-Even Nuclei
Intrinsic Parity Conserved



  

  FISSION BARRIERS 
OFTHREE PLUTONIUM 
          ISOTOPES

238Pu

240Pu

239Pu

With Rot. Correction

Intrinsic Parity Conserved

SkM*



  

     FISSION BARRIERS 
   OFTHREE PLUTONIUM 
             ISOTOPES
 SPECIALIZATION ENERGIES

238Pu

240Pu

Intrinsic Parity Conserved
    With Rot. Correction

Energies adjusted at 
ground stateSkM*



  

 EFFECT OF INTRINSIC PARITY BREAKING
            ON THE FISSION BARRIERS

 With Rotational Correction

SkM*

SkM*

SLy5*



  

 PROJECTION ON GOOD PARITY STATES ITS     
 EFFECT ON THE OUTER FISSION BARRIERS

240Pu

from the outer barrier on
the projection does not affect 
the deformation energy

T.V. Nhan Hao, P. Quentin, L. Bonneau, Phys. Rev. C 86, 064307 (2012)



  

 POSSIBLE AMBIGUITY IN NON-PROJECTED CALCULATIONS 
     IN THE INNER PART OF THE OUTER FISSION BARRIER S

    239Pu
   SkM*

7/2 states 7/2+

7/2-

λ

7/2+

7/2-

s. p. energies 

Total energies

Parities



  

FISSIONING
NUCLEUS     E

A
 (Eval.)    E

A
 (Calc.)  E

B
 (Eval.)   E

B
(Calc. )

       
234U

4.80 5.42 5.50

       
235U *

5.25 7.18 6.00 5.94

5.00 6.21 5.67

     
238Pu

5.60 6.45 5.10

     
239Pu **

6.20 7.71 5.70 4.66

     
240Pu

6.05 7.25 5.15 5.50 ***

236U

SkM*  

Axial symmetry is imposed near inner barriers (an e ffect of ~1 MeV)
* 7/2- ** 1/2+ *** HTDA Pairing Calculations



  

CONCLUSIONS

WHAT HAVE WE LEARNED ?

- « Old » effective interactions provide rather goo d 
spectroscopic properties  (especially SIII) and
fission barrier heights  (especially SkM*)
Yet with error bars at least of a couple of 100 keV

- Specialization energies  may reach the 1 MeV range 

WHAT REMAINS TO BE DONE ?

- Break the axial symmetry  at least near the inner barrier

- Improve on the treatment of pairing beyond BCS 
use a particle number conserving approach as the HTDA

- Explore the capacities of « new » Skyrme parametrizations
(SLy5* did not prove to be a successful bet)


