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Microscop ic  c a l c u l a t  ions have been performed f o r  l i g h t  s-d 

shel l n u c l e i  u s i n g  the  1 inear  Response Theory (LRT), i n  which the odd-A 

nuc lear  wave f u n c t  ion i s  bu il t on the  even even (A- I )  Hartree-Fock-Bo- 

go l  iubov s o l u t i o n .  The var  i a t  ional  pararneters a r e  ob ta ined  by s o l v i n -  

t h e  l inear i zed  equat ions. The p a i r i n g  p l u s  quadrupole f o r c e  has been 

used as r e s i d u a l  i n t e r a c t i o n .  Ca lcu la ted  BE, QJ and B ( E ~ )  va lues  agree 

f a i r l y  w e l l  w i t h  a v a i l a b l e  exper imenta l  data.  

Cá lcu los  microscópicos foram r e a l  izados para núc leos leves  de 

camadas s-d, usando-se a t e o r i a  da resposta l inear ,  em que a função 

de onda nuc lear  para A ímpar é c o n s t r u i d a  sobre a solução de H a r t r e e -  

-Fock-Bogol iubov para par- par  ( A - I ) .  Os parâmetros v a r  i a c i o n a i s  são ob- 

t idos resolvendo-se as equações 1inear  izadas. A f o r ç a  de "pa i r ing" ma i s 

quadrupolo f o i  usada como in te ração  r e s i d u a l  . 0s v a l o r e s  ca lcu lados  pa- 

r a  energ ia  de l igação Q é B ( E ~ )   estão em bom acordo com a exper iênc ia .  
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1. INTRODUCTION 

S a t i s f a c t o r y  m ic roscop ic  c a l c u l a t  ion f o r  odd n u c l e i  i s  a  d i f -  

f i c u l t  problem. Th is  i s  e v i d e n t  f rom t h e  f a c t  t h a t  t h e r e  e x i s t  r e l a t i -  

v e l y  few odd-A c a l c u l a t i o n s  i n  c o n t r a s t  t o  v a s t  abundance o f  c a l c u l a - .  

t ions f o r  even-even nuc le  i .  Hartree-Fock-Bogol iubov (HFB) method is one 

o f  the m ic roscop ic  methods which i s  w i d e l y  used i n  the  c a l c u l a t i o n s  o f  

even-even nucleus.  But s a t i s f a c t o r y  a d o p t a t i o n  o f  HFB method f o r  odd 

n u c l e i  i s  b o t h  d i f f  i c u l t  and r a r e .  Only a  few HFB c a l c u l a t i o n  f o r  odd 

n u c l e i  has been done so f a r l - * .  I n  the  e a r l  i e r  a t tempts l ,  t h e  m i x i n g  

o f  one and t h r e e  q u a s i p a r t i c l e  s t a t e s  were suppressed f o r  numer ica l  sim- 

p l  i c i t y .  As a  r e s u l t ,  t h e  b l o c k i n g  e f f e c t  i n  t h e  co re  i s  neg lec ted  and 

t h e r e  i s  a  l o s s  o f  c o r r e c t  e x p e c t a t i o n  v a l u e  o f  p a r t i c l e  number f o r  t h e  

one q u a s i p a r t i c l e  s t a t e .  Hence a  method which i s  f r e e  f rom theore i c a l  

encumbrances and numer i c a l l  y  s  imple i s  des i r a b l e .  

I n  t h i s  paper we i n v e s t i g a t e  the  ground s t a t e  p r o p e r t i e s  o f  

some 1 i g h t  odd n u c l e i  w i t h i n  the  framework o f  L inear  Response T h e o r y  

(LRT) I n  t h i s  method the  wave f u n c t i o n  o f  t h e  odd-A nucleus i s  w r i t -  

t e n  as an "ansatz" b u i l t  on t h e  ground s t a t e  wave f u n c t i o n  o f  the  

neighbour ing even-even nucleus such t h a t  the  e x t r a  p a r t  i c l e  may induce 

a  genera l  r e s h u f f l  ing o f  t h e  Bogol iubov t r a n s f o r m a t i o n  o f  theeven-even 

c o r e  nuc leus.  We se lec ted  HFB ground s t a t e  f o r  even system as our s t a r -  

t i n g  p o i n t  f o r  LRT c a l c u l a t i o n .  I n  r e f i 5 )  LRT method was appl  ied t o  

t h e  pseudo nuc lear  bu t  e x a c t l y  s o l u b l e  L i p k i n  model w i t h  spec tacu la r  

success, however an appl i c a t  i o n  t o  t h e  r e a l  i s t  i c  nuc lear  problem has 

no t  been made so f a r .  

'2. THEORY 

We s t a r t  w i t h  the  HFB ground s t a t e  wavefunct ion o f  t h e  ne igh-  

b o u r i n g  even-even (A- 1)  nuc leus and add one e x t r a  p a r t i c l e  t o  i t .  The 

e x t r a  p a r t i c l e  may go t o  one o f  the  unoccupied l e v e l s  o r  may even r e -  

s h u f f l e  t h e  a c t  i ve  p a r t i c l e s  o f  the  (A-1) even-even core .  The Thouless 

~ h e o r e m ~  s t a t e s  t h a t  t h e  most genera l  quas i p a r t  i c l e  vacuum I @ ' >  wh i c h  

i s  n o t  o r thogona l  t o  I $  > can be w r i t t e n  i n  t h e  form 
O 



Thus t h i s  i s  a convenient  way t o  in t roduce  new q u a s i p a r t  i c l e  o p e r a t o r s  

(which i s  assumed t o  be t h e  r e s u l t  o f  a d d i t i o n  o f  the  e x t r a  p a r t i c l e )  

f o r  which I $ ' >  i s  the  new q u a s i p a r t i c l e  vacuum. We w r i t e  t h e  t r i a l  

wavefunct ion f o r  the  odd systern as 

where 

+ 
, and B a r e  the  quas ipar t  i c l e  c r e a t  ion o p e r a t o r s  correspond ing t o  even- 

1i 
-even core .  The s t a t e  a i s  then b locked.  i s  t h e  HFB ground s t a -  

t e  o f  t h e  ne ighbour ing (A-1 ) even-even nuc l  eus wh i c h  a1 so happens t o  be 

the  vacuum f o r  B a r e  v a r  i a t  ional  parameters. The exponent ia1 u uu 
f a c t o r  i n  equat ion (2 )  i ncorpora tes  t h e  p o s s i b i l  i t y  t h a t  t h e  quas ipar-  

t i c l e s  o f  the even-even core rnay themselves be rnod i f  ied due t o  t h e  ad-  

d i t i o n  o f  another  p a r t i c l e .  C ( " ) ' s  a r e  expected t o  be srnall s i n c e  ad- 
I-iv 

d i t i o n  o f  the l a s t  p a r t i c l e  i s  un l  i k e l y  t o  r e s h u f f l e  t h e  co re  d r a s t i -  

c a l l y .  Wi th  = O one recovers the  one q u a s i p a r t i c l e  s t a t e  b u i l t  on 
iJv 

the  even-even HFB ground s t a t e .  The Harn i l ton ian o f  t h e  rnany body system 

i s  w r i t t e n  as 

t 
H = I Eipiaj + I 14 1 i -t  

'i j k  l 'ia ja l ak (4) 
i j i j k l  

.L 

where a: i s  the  p a r t  i c l e  c r e a t  ion o p e r a t o r .  The var  i a t  i on  pararneters 
2 

C(") a r e  deterrnined by the  r n i n i r a t i o n  o f  <i?> s u b j e c t s  t o  the  r e s t r i c -  
uv 

t i o n  t h a t  <fi> has the c o r r e c t  va lue .  T h i s  i s  done by rninirnizing <H^"> = 

= <H-A~+~N^> w i t h  respect  t o  C ( a )  
P V  

Lagrange r n u l t i p l i e r  AN+] (chemical 

po ten t  i a l )  i s  deterrnined f rom 

We f o l  low t h e  n o t a t  ions o f  r e f .  (5) 

The equat ion  f o r  C'") a r e  
PV 



(a) (a) (a) (a) I (x,,,,, lu I C ,, I v I + yvvP I,, 'C,, I,) j ) = -2 1~-v (a) - vtiv (a) (C (a), C (a) *) (6) 

where 

S ince C (a) i s  expected t o  be Smal l , t h  i s  equat ion  i s  then 1 inear  ized 
,,v 

by wr i t  ing 

To t h e  lowest  o r d e r  i n  C, one ob ta  ins  

sucess ive terms on r i g h t  s ide  being o f  success ive o r d e r .  

T h i s  process can be genera l  ized t o  h igher  o r d e r s  f o r  which o n l y  the  

r i g h t  s i d e  changes, l e f t  s ide rernaining t h e  sarne. The energy o f  the  

system i s  g i v e n  by 



where H. and Hl1 a r e  t h e  matr  i x  p a r t  o f  3, and i?,, o f  H (when expres-  

sed i n  terms o f  q u a s i p a r t i c l e  o p e r a t o r s  o f  t h e  even even Core . 

The quadrupole moment (Q,) and t h e  expec ta t  ion v a l u e  o f  num- 

ber opera to r  (@ can be w r i t t e n  i n  a s i m i l a r  way as  f o l l o w s .  

3. RESULTS 

l'he numer ica l  c a l c u l a t i o n s  have been perforined f o r  some odd 

mass n u c l e i  i n  t h e  s-d s h e l l .  We r e s t r i c t e d  o u r  model space t o t h e  com- 

p l e t e  I s ,  l p  and 2 s- l d  s h e l l s  open t o  a11 nucleons i n  the  nuc leus cho- 

sen. The s i n g l e  p a r t i c l e  energ ies  a r e  chosen t o  c o i n c i d e  w i t h  those o f  

~ i l s s o n ~  f o r  ze ro  deformat ion.  The r e s i d u a l  i n t e r a c t i o n  has been cho- 

sen t o  be t h e  p a i r i n g  p l u s  q u a d r u p o l e  f o r c e  o f  B a r a n g e r  and 

  um ar*. A l though i t  i s  n o t  customary t o  use t h i s  i n t e r a c t i o n  i n  the  

s-d s h e l l  n u c l e i ,  we havechosen  i t f o r  i t s s i m p l i c i t y .  Furthermore 

HFB c a l c u l a t i o n s  f o r  and s i 2 '  u s i n g  t h i s  r e s i d u a l  f o r c e  has y ie lded  

reasonable r e s u l t s  as  compared w i t h  e ~ ~ e r i m e n t ~ " ~ .  Th is  has encoura- 

ged us t o  use t h i s  s imple i n t e r a c t  ion more e x h a u s t i v e l y .  F a i r  agreement 

between c a l c u l a t i o n s  i n  the  p resen t  work and exper imenta l  r e s u l t  f u r -  

t h e r  under l  ines t h e  use fu lness  o f  t h i s  s  imple i n t e r a c t  ion beyond i t s  

u s u a l l y  accepted domain. Because o f  t h e  known importance o f  the  neu- 

t r o n- p r o t o n  p a i r i n g  i n  the  l i g h t  n u c l e i ,  we inc lude  such term a l s o  i n  

t h e  usual form o f  p a i r i n g  p l u s  quadrupole fo rce ,  a l  though c u s t o m a r i l y  

these a r e  dropped i n  t h e  r a r e- e a r t h  reg ion .  The t o t a l  Hami l ton ian  i s  

thds 



The parameters QT T ,  and GT T ,  a r e  f ixed i n  t h e  f o l  l ow ing  fash ion .  We 
3 3 3 3 

per fo rm a cranked HFB (CHFB) c a l c u l a t  i o n  f o r  ~ e "  and choose the va lues  

o f  QT T ,  and GT T ,  so as t o  ge t  t h e  best  o v e r a l l  agreement o f  t h e  c a l -  
3 3 3 3 

c u l a t e d  members o f  t h e  ground s t a t e  r o t a t  i ona l  band w i t h  t h e  experimen- 

t a l  ones. T h i s  se t  o f  parameters a r e  kept  f i x e d  f o r  a l l  t h e  n u c l e i  i n -  

v e s t i g a t e d .  The va lues  adopted f o r  these parameters a r e  

- 
'pP - 'nn = 'np = 'pn 

= -0.550 MeV 

Gnn = S = -0.325 MeV, G = G = -0.17 MeV 
PP EP P n  

For each odd nucleus we perform a CHFB c a l c u l a t i o n s  f o r  t h e  

ground s t a t e  o f  t h e  even-even ( A- I )  nuc leus.  The Bogol iubov t r a n s f o r -  

mat ion  i s  r e s t r i c t e d  t o  mix p a r t i c l e s  and ho les  o f  a  g i v e n  k i n d  and pa- 

r i t y  o n l y .  E f f e c t  o f  neutron p r o t o n  p a i r i n g  i n  t h e  Hami l ton ian  i s  taken 

by surnming a p p r o p r i a t e  terms over  b o t h  p a r i t y  s t a t e s  o f  neu t ron  and 

p ro ton  i n  the  p a i r i n g  po ten t  ia1 A.  S ince t h e  HFB equa t ions  a r e  so lved 

i t e r a t  i v e l  y  f o r  each par i t y  s t a t e  o f  p r o t o n  and neu t ron  separa te l  y, t h e  

surn i n  the  p a i r i n g  p o t e n t i a l  i s  ob ta ined  f rom t h e  s o l u t  ions o r  t h e  pre-  

v ious  i t e r a t i o n  ( f o r  o t h e r  i s o s p i n - p a r i t y  s t a t e s ) .  T h i s  w i l l  lead t o  

the  c o r r e c t  treatrnent when s e l f - c o n s i s t e n c y  i s  achieved. The energy 
+ 

sca le  Eu i s  a j u s t e d  t o  f i t  the  f i r s t  2 s t a t e s  o f  t h e  e v e n - e v e n  nu- 

c l e u s .  Wi th  t h e  energy sca le  Ew and w i t h  no o t h e r  f r e e  parameters, we 

c a l c u l a t e  the mat r i cec  X (a) ,  Y(a) and Z(a) and so lve  t h e  LRT equat ions 

f o r  The c a l c u l a t i o n s  a r e  repeated f o r  v a r i o u s  blocked s t a t e  a . 
The p a r t i c u l a r  one r e s u l t i n g  i n  t h e  lowest  v a l u e  o f  energy i s  chosen 

as the ground s t a t e .  Both energy and i n t r i n s i c  quadrupole moment (4, ) 

o f  the  ground s t a t e  have been c a l c u l a t e d .  

For c a l c u l a t  i on  o f  b i n d  ing energy (BE) we need a cons tan t  s i n -  

g i e  p a r t i c l e  w e l l  dep th  (V,) which i s  determined f rom t h e  HFB c a l c u l a -  

t ion  f o r  a  neighbour ing even-even nucleus and kept f ixed f o r  severa1 

neighbour ing n u c l e i .  The r e s u l t  o f  o u r  c a l c u l a t i o n  a r e  presented inTa-  

b l e  1 .  S ince t h e  Hami l ton ian  chosen does n o t  i n v o l v e  t h e  Coulomb i n t e -  

r a c t i o n  between the  p ro tons  we compare t h e  c a l c u l a t e d  BE w i t h  the  ex-  

per imenta l  BE c o r r e c t e d  f o r  Coulomb r e p u l s i o n :  

B ' E '  (N' ')no Cou l omb 
= BE ( N ,  Z) + ( N ,  Z) (1 6)  



Where 'E(N> z)no ~ ~ ~ l ~ ~ b  i s  the  q u a n t i t y  t o  b e  compared w i t h  o u r  c a l c u -  

l a t i o n .  The Coulornb energy E i s  es t imated  f o r  n u c l e i  i n  t h e  s-d 
cou l 

She l l  f roni r e f  .ll as  f o l l o w s  

where Z1 = Z-8, C = 3.557 MeV, a = .376 MeV, b = . I94  MeV [Z1/2] i s  the  

l a r g e s t  in teger  Z1/2. F o u r t h  column o f  Table 1 1 i s t s  t h e  c a l c u l a t e d  

BE o f  t h e  odd n u c l e i .  F i f t h  column 1 i s t s  t h e  exper imenta l  v a l u e  o f  

(BE)no Cou l ornb 
e s t  imated f rom equat ion  (1 6) and (1 7 ) .  The agreement i s  

q u i t e  encouraging. I n  t h e  seventh and e i g h t  column o f  t a b l e  1 we p re -  

sented c a l c u l a t e d  and exper imenta l  va lues  o f  quadrupole moment o f  t h e  

ground s t a t e .  The agreement i s  q u i t e  good espec ia l  l y  f o r  NeZ1, Naz3, 

~ 1 ~ ~ .  F i n a l  l y  we c a l c u l a t e d  reduced e l e c t r i c  quadrupole t r a n s i t i o n  r a -  

t e s  ( f rom f i r s t  e x c i t e d  s t a t e  t o  G . S .  o f  t h e  ground S t a t e  r o t a t  i ona l  

band) u s i n g  t h e  r o t a t i o n a l  model formula 

The l a s t  two columns o f  t a b l e  1 l i s t  the  c a l c u l a t e d  and exper imenta l  

B(E2) va lues .  Except f o r  ~ e ~ ~  t h e  agreement w i t h  exper iment  i s  n o t  so 

good. However we should no te  t h a t  B ( E 2 )  has been c a l c u l a t e d  w i t h  r o t a -  

t i o n a l  model formula (equa t ion  (18))  and n o t  by d i r e c t  c a l c u l a t i o n  o f  

t h e  t r a n s i t i o n  m a t r i x  element. 

CONCLUSION 

Iri t h  

n u c l e i  i n  t h e  

i s  work the  LRT method has been appl  

s-d S h e l l .  The m o t i v a t i o n  i s  t o  inve  

ied  t o  some odd-A 

s t i g a t e  how t h i s  me- 

thod f a r e s  i n  the  d e s c r i p t i o n  o f  t h e  ground s t a t e s  o f  odd n u c l e i .  We 

have chosen t h e  p a i r i n g  p l u s  quadrupole-quadrupole r e s i d u a l  f o r c e  o f  

Kumar and Paranger w i t h  n-p p a i r i n g  inc luded.  S ince one has o n l y  t o  

so lve  a  system o f  l inear  inhornogenous equat ions (eq. (I I ) ) ,  t h e  compu- 

t e r  t ime  f o r  t h i s  c a l c u l a t i o n  i s  s u b s t a n t i a l l y  reduced, compared t o t h e  

usual HFB method adopted f o r  odd n u c l e i .  The f a i r  o v e r a l l  agreement o f  
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t h e  c a l c u l a t e d  q u a n t i t i e s  w i t h  experiment i n d i c a t e  t h a t  t h e  LRT method 

i s  s u i t a b l e  f o r  a m ic roscop ic  d e s c r i p t i o n  o f  odd n u c l e i .  
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