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Level energies and spectroscopic factors for isotopes of P, Si, and S are calculated with a shell model 
which includes active particles in the ld~. 2s- and ld~ shells. 

This  note p resen t s  some resu l t s  of she l l -  
model calculat ions  for the low-lying even-par i ty  
s ta tes  of nuclei  with m a s s e s  30 --< A < 33. Several  
of these nuclei  have been in tens ive ly  studied ex- 
pe r imen ta l ly  [1-4], but unt i l  now there  has been 
no comprehens ive  and detai led model offered for 
the la rge  set  of low-exci ta t ion energy data p r e -  
sently avai lable .  

In our calcula t ions  we r e s t r i c t  the she l l -model  
bas is  to a subset  of all  the Paul i -a l lowed s tates  
formed by d is t r ibu t ing  (A-16) par t i c les  in the o r -  
bits ld~, 2sz, and ld~ outside a closed (ls)  4 
(lp) 12 Core.  ~ Our r e s t r i c t e d  bas i s  compr i ses  all  
such s ta tes  having at leas t  ten ld~ par t i c les ;  in 
other words we allow no more  than two holes in 
the ld~ shell .  Then for given A, T and J t h e  n u m -  
ber  of m a n y - p a r t i c l e  bas i s  s ta tes  is  typically be-  
tween 100 and 300. (In the full s - d - s h e l l  vector  
space for these nuclei ,  typical  d imens ions  would 
be 1000 to 3000.) Our hope is  that the p e r t u r b a -  
t ive effects of fur ther  ld~ holes and of lp holes,  
i f  pa r t i c les ,  etc. can be adequately t rea ted  by 
use of a sui table  effective in terac t ion .  Indeed, 
inspect ion of the exper imenta l  data on par i t i e s  of 
low-lying s ta tes  does suggest that the neglect  of 
explicit non-s-d-shell  configurations is a better 
approximation for A = 30-33 than for nuclei near 
either end of the s-d shell. 

The effective interaction for our model was 
obtained by varying its parameters so as to best 
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fit  the observed energy levels .  We make the 
usual  assumpt ion  of a (1 + 2)-body effective 
Hamil tonian.  In our s -d  shell  bas i s ,  the most  
genera l  (1 +2)-body Hamil tonian is  specif ied by 
63 two-body ma t r ix  e lements  and 3 s i n g l e - p a r -  
t ic le  energies .  However, it is  not p rac t ica l  to 
vary al l  of these 66 p a r a m e t e r s  independently in 
a l e a s t - s q u a r e s  search .  Instead,  we r e s t r i c t e d  
the two-body effective in terac t ion  to have the 
form of the modified surface  delta in te rac t ion  
[5-% 

VT(iJ) = - 4 n A T 6 ( r - r j ) f i  j + B T • 

Here T indicates  the isospin  (0 or 1) of the two 
in te rac t ing  par t i c les ;  A T and B T are  s t rengths  
depending only on T; and f i j  is an operator  which 
has the effect of making 

f f  r i dr i ~ drj Ra(ri)R b (rj) 5 (ri-r  j ) f i j  Re (ri) Rd(rj) 

equal to unity (where Ra, Rb, Rc, R d are  the 
s ing le -pa r t i c l e  radia l  wave functions involved in 
<abJT ] VT(iJ) I cdJT>). 

In this way the 63 two-body ma t r ix  e lements  
a r e  specified by the 4 p a r a m e t e r s  A0, B0, A1, 
B 1 of the modified sur face  delta in te rac t ion .  
These  4 p a r a m e t e r s ,  together with the 3 s ing le -  
pa r t i c le  energies ,  were de te rmined  by adjust ing 
them so as to give a l e a s t - s q u a r e s  fit to the ex- 
pe r imen ta l  data for the 9 ground-s ta te  binding 
energ ies  and for 44 excitation energies  of 30Si, 
30p, 31Si ' 31p, 32Si ' 32p, 32S, 331)and 33S. 
The l e a s t - s q u a r e s  solution is  quite s table  against  
inc lus ion or exclusion of any pa r t i cu la r  level  in 
the fit t ing c r i t e r ion .  (Indeed, a p r e l i m i na r y  fit 
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Table 1 
Experimental  and calculated energies  for some even-par i ty  s ta tes  in 30 --< A -.< 33 nuclei. 

Nucleus F i r s t  Second Third Fourth 

A T J Eex Eth Eex Eth Eex Eth Eex Eth 

30  0 1 1 5 6 . 2 2  1 5 6 . 3 1  0 . 7 1  0 . 9 3  3 . 0 2  3 . 3 4  - 3 . 7 5  

30  0 2 1 . 4 5  1 . 6 5  2 . 7 2  2 . 3 4  [1] 4 . 3 4  4 . 7 5  [1] - 5 . 0 5  

30  0 3 1 . 9 7  2 . 1 9  2 . 5 4  2 . 9 5  - 3 . 3 9  - 4 . 5 1  

30 0 4 4.18 5.01 - 6.08 - 6.44 

30 0 5 3.74 5.11 - 6.01 - 6.92 

31 1_ £ 168.50 168.67 3.14 3.56 *5.25 3.91 - 5.16 2 2 

31 ~ 3__ 1.26 1.17 3.51 4.06 4.26 4.53 - 4.80 2 

31 2 £ ! 2 2.23 2.35 3.29 2.86 4.19 4.75 - 4.98 

1 2?_ 3.41 3.56 4.18 - 5.57 - 5.79 31 

31 ! -~ - 5.10 5.66 - 6.70 - 7.18 2 2 

32 0 0 183.56 183.45 3.78 3.87 - 7.63 - 8.38 

32 0 1 4.70 4.76 6.61 - 8.22 - 8.44 

32 0 2 2.24 1.97 4.29 4.90 5.55 5.63 - 6.83 

32 0 3 - 5.88 7.20 - 7.67 - 8.22 

32 0 4 4.47 5.48 [14] 6.19 - 6.99 - 8.23 

Binding energies  (corrected for Coulomb energies  as in ref.  
energ ies  for the excited s ta tes .  Levels marked by as te r i sks  
where noted, experimental  energies  are taken from ref.  4. 

w a s  m a d e  to  e n e r g i e s  f o r  A = 30 and  31 only .  The  
r e s u l t i n g  H a m i l t o n i a n ,  and  the  c a l c u l a t e d  e n e r g y  
l e v e l s  up t h r o u g h  A = 33, w e r e  e s s e n t i a l l y  i d e n -  
t i c a l  to  t h o s e  p r e s e n t e d  h e r e  [8].) The  o p t i m i z e d  
v a l u e s  of t he  m o d i f i e d  s u r f a c e  d e l t a  i n t e r a c t i o n  
s t r e n g t h s  o b t a i n e d  f r o m  the  30-33 f i t  a r e  A 0 = 
= 0.892 MeV,  A 1 = 0.873 MeV,  B 0 = - 1 . 0 7 1  MeV 
and B 1 = 0.708 MeV;  and  the  o p t i m i z e d  b ind ing  
e n e r g i e s  of t he  ld~ ,  2s,: ,  and ld~ n u c l e o n s  a r e  
- 7.55, - 5.73, and - 3.3~ MeV r e s p e c t i v e l y .  

T a b l e  1 s h o w s  s o m e  of t he  s p e c t r a  f r o m  t h e s e  
c a l c u l a t i o n s  , t o g e t h e r  wi th  t he  e x p e r i m e n t a l l y  
d e t e r m i n e d  e n e r g y  l e v e l s .  The  d e v i a t i o n s  b e t w e e n  
c a l c u l a t e d  and  e x p e r i m e n t a l  e n e r g i e s  in t h i s  
t a b l e  a r e  t y p i c a l  of a l l  t he  r e s u l t s .  T h e  r . m . s .  
d e v i a t i o n  f o r  t he  53 p i e c e s  of da t a  in t h e  f i t  was  
0.34 MeV,  and  the  a v e r a g e  a b s o l u t e  dev i a t i on  
w a s  0.27 MeV.  In v i e w  of t he  s i m p l e  and  r i g i d  
n a t u r e  of t he  i n t e r a c t i o n ,  we  f ind  the  e n e r g y  
l e v e l  a g r e e m e n t  qu i t e  p l e a s i n g .  P a r t i c u l a r l y  s i g -  
n i f i c a n t  a r e  t he  s e v e r a l  i n s t a n c e s  in wh ich  the  
o b s e r v e d  e n e r g y  s p a c i n g s  of t h r e e  o r  f o u r  l e v e l s  
of one  sp in  in a g iven n u c l e u s  a r e  r e p r o d u c e d  in 
t he  m o d e l  s p e c t r a .  It i s  not  ye t  c l e a r  w h e t h e r  t he  
few s u b s t a n t i a l  d e v i a t i o n s  t ha t  do o c c u r  a r e  to be  
t r a c e d  to d e f i c i e n c i e s  in t he  m o d e l  s p a c e  o r  to 

612 

9 are l is ted for the ground s ta tes  along with excitation 
were not included in the l eas t - squa res  search.  Except 

t h e  m o d i f i e d  s u r f a c e  d e l t a  i n t e r a c t i o n  a s s u m p t i o n .  
A t e s t  of s o m e  i m p o r t a n t  f e a t u r e s  of the  m o d e l  

w a v e  f u n c t i o n s  o b t a i n e d  f r o m  t h e s e  c a l c u l a t i o n s  
i s  p r o v i d e d  by c o m p a r i n g  c a l c u l a t e d  and e x p e r i -  
m e n t a l l y  o b s e r v e d  [11-15]  v a l u e s  f o r  s i n g l e - n u -  
c l e o n  s p e c t r o s c o p i c  f a c t o r s .  Th i s  c o m p a r i s o n  
i s  shown in t a b l e  2. Again  the  a g r e e m e n t  b e t w e e n  
t h e o r y  and  e x p e r i m e n t  i s  good.  In p a r t i c u l a r ,  t he  
r e l a t i v e  s t r e n g t h s  o b s e r v e d  fo r  2s_, and  ld_~ 
t r a n s f e r  a r e  we l l  r e p r o d u c e d .  T h i s  i n d i c a t e s  tha t  
t h e  t h e o r e t i c a l  wave  f u n c t i o n s  g ive  the  c o r r e c t  
r e l a t i v e  occupa t i on  p r o b a b i l i t i e s  fo r  t h e s e  two 
o r b i t s .  T h e  a b s e n c e  of e x p e r i m e n t a l l y  o b s e r v e d  
s t r o n g  ld~ s t r i p p i n g  t r a n s i t i o n s ,  wh ich  i m p l i e s  
t ha t  the  ld~ s h e l l  i s  e f f e c t i v e l y  ful l  in the  g ro u n d  
s t a t e s ,  i s  a l s o  c o r r e c t l y  r e p r o d u c e d  by the  m o d e l  
T h e  m a i n  d i s c r e p a n c y  b e t w e e n  the  m o d e l  and  e x -  
p e r i m e n t  s e e m s  to be  the  l ack  of enough ld~ 
s i n g l e - h o l e  s t r e n g t h  in t he  s e c o n d  2 ~+ l eve l  c a l c u -  
l a t e d  f o r  A = 31, T = ½ (31p_  31S)" 

T h i s  w o r k  i s  b e i n g  e x t e n d e d  to c o n s i d e r  the  
A = 34 and  35 n u c l e i ,  e l e c t r o m a g n e t i c  t r a n s i t i o n  
r a t e s ,  and  a l t e r n a t i v e  f o r m s  of the  e f f e c t i v e  i n -  
t e r a c t i o n .  The  c o m p u t a t i o n a l  m e t h o d s  u s e d  in 
t h i s  w o r k  a r e  d e s c r i b e d  in r e f s .  15 and  16. 
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Table 2 
Experimental and calculated spectroscopic factors. 

Final state 
Transition S x Sth 

(j?T, Ex(MeV)) 

3C)Si(3He,d)31p [10] * ½+, 0.00 0.68 0.95 
3+ , 1.26 0.67 0.74 

5+ , 2,23 0.065 0,06 
I+ , 3.14 0.02 0.07 
5+ , 3.29 0.003 0.01 
3+ , 3.51 0.004 0.14 

30Si(d,p)31Si [11] 3 +, 0,00 0.86 0.70 
1+ , 0.75 0.27 0.17 
5+ , 1.70 0.02 0.002 
3+ , 2.32 0.96 0.01 

_5+ 2.79 0.04 0.01 2 , 

32S(h,~)31S [12] ** 1 + 0.00 1.9 2.12 , 
32S(p, d)31S [13] 3 + 

, 1,24 2.0 1.66 

~÷ 2,23 5.5 4.52 2 , 

½ +, 3.08 weak 0.02 

5 + 3,29 1.5 0.02 , 

~+, 3,43 weak 0.01 

3 + 32S(d,p)33S [14] ~ , 0.00 0.69 0.61 

1+ , 0,84 0.27 0.28 

+ 1.97 weak 0.002 2 , 
3+ , 2.31 0.05 0.08 
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