
	
  
Towards	
  spectroscopic	
  quality	
  energy	
  

density	
  func5onals.	
  
	
  

Anatoli	
  Afanasjev	
  
Mississippi	
  State	
  University,	
  USA	
  

1.	
  	
  	
  	
  Mo5va5on:	
  	
  	
  understand	
  the	
  possibili5es	
  and	
  problems	
  in	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  achieving	
  the	
  spectroscopic	
  quality	
  	
  covariant	
  	
  DFT	
  
2.   	
  	
  	
  Deformed	
  	
  single(quasi)-­‐par5cle	
  configura5ons:	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  successes	
  	
  and	
  	
  problems	
  
3.   Single-­‐par5cle	
  configura5ons	
  in	
  spherical	
  nuclei:	
  going	
  

beyond	
  mean	
  	
  	
  field	
  by	
  means	
  of	
  	
  par5cle-­‐vibra5on	
  coupling.	
  	
  
4.	
  	
  	
  	
  Conclusions	
  

In collaboration with Elena Litvinova, GSI and 
               Sheeren Shawaqfeh (MSU) 



Covariant	
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  theory	
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  Deformed	
  	
  single(quasi)-­‐par5cle	
  states:	
  	
  	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  successes	
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Different	
  aspects	
  of	
  the	
  single-­‐par5cle	
  mo5on:	
  
	
  	
  1.	
  deforma;on	
  polariza;on	
  effects	
  induced	
  by	
  the	
  par;cle(s)	
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  of	
  ;me-­‐even	
  mean	
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  2.	
  response	
  to	
  rota;on	
  (test	
  of	
  ;me-­‐odd	
  mean	
  fields)	
  	
  
	
  	
  3.	
  the	
  energies	
  of	
  the	
  single-­‐(quasi)-­‐par;cle	
  configura;ons	
  	
  

Triaxial	
  CRHB;	
  fully	
  self-­‐consistent	
  blocking,	
  5me-­‐odd	
  mean	
  fields	
  included,	
  
Gogny	
  D1S	
  pairing	
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  alignment	
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  by	
  which	
  the	
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  polariza5on	
  	
  
effects	
  induced	
  by	
  the	
  par5cles	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  in	
  these	
  orbitals	
  

	
  	
  AA,	
  G.A.	
  Lalazissis,	
  P.	
  Ring,	
  	
  
Nucl.	
  Phys.	
  A	
  634	
  (1998)	
  395.	
  

The	
  impact	
  of	
  the	
  par;cle(s)	
  on	
  	
  
kinema;c	
  and	
  dynamic	
  moments	
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  Increase	
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  J(1)	
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odd-­‐proton	
  nucleus	
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  compared	
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even-­‐even	
  240Pu	
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  blocking	
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  pairing	
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  Alignment	
  	
  

proper;es	
  of	
  blocked	
  
proton	
  state	
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  for	
  	
  
configura;on	
  assignments	
  Data:	
  K.	
  Abu	
  Saleem	
  at	
  al,	
  PRC	
  70,	
  024310	
  (2004)	
  

AA,…P.Ring,	
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  press	
  



Impact	
  of	
  par;cle(s)	
  on	
  charge	
  quadrupole	
  moments:	
  
	
  	
  	
  	
  	
  	
  	
  	
  example	
  of	
  SD	
  bands	
  in	
  the	
  A~150	
  mass	
  region	
  

M.Matev	
  et	
  al,	
  PRC	
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  034304	
  (2007)	
  
R.W.	
  Laird	
  et	
  al,	
  PRL	
  88,	
  152501(2002)	
  
	
  

This	
  impact	
  is	
  rather	
  well	
  reproduced	
  in	
  non-­‐rela;vis;c	
  and	
  rela;vis;c	
  DFT	
  

Experimental	
  and	
  calculated	
  rela;ve	
  charge	
  quadrupole	
  moments	
  	
  
  ΔQ0=Q0(Band)-­‐Q0(152Dy(1))	
  of	
  the	
  149Gd(1),	
  151Tb(1)	
  and	
  151Dy(1).	
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  detailed	
  structure	
  of	
  the	
  configura;ons	
  of	
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  bands	
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  to	
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  2.	
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  395.	
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  et	
  al,	
  PRL	
  88,	
  5182	
  (1996)	
  

On	
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  contrary,	
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Systema;cs	
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  one-­‐quasipar;cle	
  configura;ons	
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Sta;s;cal	
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  one-­‐quasipar;cle	
  states	
  from	
  experiment	
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  of	
  devia;ons:	
  
1.  Low	
  effec;ve	
  mass	
  (stretching	
  of	
  the	
  energy	
  scale)	
  
2.  Wrong	
  rela;ve	
  energies	
  of	
  the	
  states	
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  of	
  energy	
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  due	
  to	
  low	
  effec;ve	
  mass	
  
Low	
  effec;ve	
  mass	
  (~0.65)	
  

High	
  effec;ve	
  mass	
  (1.0)	
  



Accuracy of the description of the  
energies of deformed one-quasiparticle 
states in actinides in RHB calculations: 
correction for low Lorentz effective 

mass 

1.  75-­‐80%	
  of	
  the	
  states	
  are	
  described	
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  an	
  accuracy	
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  single-­‐par;cle	
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Energy scale is 
corrected for low 

effective mass 



	
  Single-­‐par5cle	
  configura5ons	
  in	
  spherical	
  
nuclei:	
  going	
  beyond	
  mean	
  field	
  by	
  
means	
  of	
  	
  par5cle-­‐vibra5on	
  coupling.	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  

Treat  
1.  the polarization effects due to deformation and time-odd mean fields in the triaxial   
      relativistic mean field approach  (AA, H.Abusara, PRC	
  81,	
  014309	
  (2010)) 
2.  energy corrections due to PVC in the  relativistic particle-vibration coupling model  
     for spherical nuclei  (according to E.Litvinova and P.Ring, PRC73, 044328 [2006]) 
3.  In both approaches  
     - NL3* parametrization [G.Lalazissis, et al PLB 671, 36 (2009)] 
     - pairing is neglected 

Hybrid	
  approach	
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How single-particle spectra are obtained in experiment  

Include        polarization effects due to  
 1. deformation (def) and  
 2. time-odd (TO) mean fields  as well as 
 3. energy corrections due to particle-vibration coupling (PVC) 



PVC – particle-vibration 
coupling  

E. Litvinova, AA,  PRC 84, 014305 (2011) 

   Detailed  
calculations  
   are also  
performed  
  for 100Sn,  
         208Pb  
   and 56Ni 



The impact of particle-vibration coupling on spin-orbit splittings. 

Both	
  members	
  of	
  the	
  spin-­‐orbit	
  	
  
doublets	
  	
  are	
  located	
  below	
  	
  

the	
  shell	
  gap.	
  

The	
  members	
  of	
  the	
  spin-­‐orbit	
  	
  
doublet	
  are	
  located	
  on	
  both	
  	
  

sides	
  of	
  the	
  shell	
  gap.	
  



The inclusion of particle-vibration 
coupling decreases the accuracy 
of  the description  of spin-orbit  

splittings. 

The absolute deviations per doublet are 
0.34 MeV [0.50 MeV], 0.23 MeV [0.56 
MeV] and 0.26 MeV [0.45 MeV] in the 

mean field (“def+TO”) [particle-
vibration coupling (“def+TO+PVC”)] 

calculations in 56Ni, 132Sn and 208Pb, 
respectively. 

The impact of particle-vibration  
coupling on spin-orbit splittings. 



The impact of particle-vibration coupling on pseudospin doublets. 

PVC	
  substan;ally	
  improves	
  
the	
  descrip;on	
  of	
  splilng	
  	
  
energies	
  in	
  pseudospin	
  
doublets	
  as	
  compared	
  	
  

with	
  mean	
  field	
  
calcula;ons.	
  

Observed	
  similarity	
  of	
  the	
  	
  
splilng	
  energies	
  of	
  proton	
  	
  
and	
  neutron	
  pseudospin	
  	
  
doublets	
  with	
  the	
  same	
  

single-­‐par;cle	
  structure	
  in	
  	
  
medium	
  and	
  heavy	
  mass	
  

nuclei	
  can	
  only	
  be	
  	
  
reproduced	
  when	
  the	
  	
  

par;cle-­‐vibra;on	
  coupling	
  	
  
is	
  taken	
  into	
  account.	
  

def+TO+PVC 
def+TO 

Exp (neutrons) 
Exp (protons) 



Spectroscopic factors 

The absolute values of  
experimental spectroscopic  
factors are characterized by  

large ambiguities and  
depend  

strongly on the reaction  
employed in experiment  
and the reaction model  

used in the analysis 



Conclusions: 
1.  Rotational response (alignment properties)  of  particle(s)  and  polarization 

     effects [in time-even (deformation) and time-odd mean fields] induced by them  
     are well reproduced in CDFT.  

2. The accuracy of the description of the energies of deformed one-quasiparticle 
configurations on the CDFT level is insufficient due to low effective mass and 

wrong relative energies  of some subshells at spherical shape. 

3. The improvement of spectroscopic properties (energies of single-particle 
configurations, wave functions) on the DFT level has its own limits.  

It ultimately requires the accounting of particle-vibration coupling which 
- substantially improves the accuracy of the description of the energies of the 

single-particle configurations  and pseudospin doublets in spherical nuclei 
- somewhat decreases the accuracy of the description of spin-orbit splittings 

	
  The	
  PVC	
  results	
  for	
  spherical	
  nuclei	
  are	
  published	
  in	
  	
  
	
  	
  	
  	
  	
  	
  	
  E.V.	
  Litvinova	
  and	
  AA,	
  PRC	
  84,	
  014305	
  (2011)	
  
Sta;s;cal	
  analysis	
  of	
  deformed	
  one-­‐quasipar;cle	
  states	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  AA	
  and	
  S.Shawaqfeh,	
  PLB	
  706	
  (2011)	
  177	
  

4. The reparametrization of  CDFT on the PVC level will be needed to further  
improve the accuracy of the description of  the energies of single-particle config. 
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      Combined polarization effects due 
to deformation and time-odd mean fields 

The polarization effects in odd-mass  
nuclei due to deformation and time-odd 
mean fields induced by odd particle are 
important. They have to be taken into 

account when experimental and  
calculated single-particle energies are 

compared. 

Their neglect (as usually done in PVC 
calculations)  is more or less justified  
only for heavy nuclei, and it is more 

justified for proton subsystem 
than for neutron one. 



Why	
  rela5vis5c	
  treatment	
  based	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  on	
  Dirac	
  equa5on?	
  

	
  No	
  rela;vis;c	
  kinema;cs,	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  HOWEVER	
  

	
  	
  	
  	
  	
  	
  	
  1.	
  	
  	
  Spin	
  degrees	
  of	
  freedom	
  as	
  well	
  
	
  	
  	
  	
  	
  	
  	
  	
  as	
  spin-­‐orbit	
  interac5on	
  are	
  obtained	
  
	
  	
  	
  	
  	
  	
  	
  	
  in	
  a	
  natural	
  way	
  (no	
  extra	
  parameters).	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Spin-­‐orbit	
  splilngs	
  are	
  properly	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  described.	
  

2.	
  	
  Pseudospin	
  symmetry	
  is	
  a	
  rela;vis;c	
  
	
  	
  effect.	
  J.Ginocchio,	
  PRL	
  78,	
  436	
  (1997)	
  

3.	
  Time-­‐odd	
  mean	
  fields	
  are	
  defined	
  
	
  	
  	
  	
  	
  	
  	
  	
  via	
  Lorentz	
  covariance	
  à	
  very	
  
	
  	
  	
  	
  weak	
  dependence	
  on	
  the	
  RMF	
  	
  
	
  	
  	
  parametriza;on.	
  AA,	
  H.	
  Abusara,	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  PRC	
  81,	
  014309	
  (2010)	
  



 The size of proton and neutron shell gaps. 

Particle-vibration coupling leads to a 
shrinkage of the shell gaps. The size 

of the shell gaps is typically 
underestimated in the PVC 

calculations as compared with 
experiment and overestimated in the 

mean field calculations. 


