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ABSTRACT 

The success of  the Hartree-Fock model i n  explaining the s t ruc tu re  of 
nuclei  i n  the lower half  of  the  2s- ld  she l l  has created considerable in -  
terest i n  s tud ie s  o f  the low-lying s t a t e s  of these nuclei  by means such 
as i n e l a s t i c  nucleon sca t te r ing .  These states are qu i t e  co l l ec t ive  and 
therefore  s t rongly excited, suggesting t h e  need f o r  a coupled channel 
ana lys i s .  This  may not be necessary f o r  a l l  l e v e l s ,  however. I n  order 
t o  m a k e  a meaningful comparison o f  t h e  coupled channel and DWA treat-  
ments, it i s  necessary t o  ad jus t  t h e  D%BA o p t i c a l  model parameters so that 
both methods p red ic t  the same e l a s t i c  cross  sect ion.  Such a ogram has 
been ca r r i ed  out f o r  the s c a t t e r i n g  of  protons from 20Ne and 3$4gj using 
nuclear wave funct ions obtained from Hartree-Fock s tudies .  The r e s u l t s  
tend t o  confirm conclusions drawn i n  earlier inves t iga t ions  using a 
macroscopic model. (1) 

INTRODUCTION 

The s t ruc tu re  of t he  nuclei  i n  t he  lower h a l f  of the 2s- ld  she l l  has 
been de$cribed q u i t e  w e l l  by t h e  Hwtree-Fock (HF) model wi th  project ion.  
The low-lying states of nuc le i  i n  t h i s  mass region are highly co l l ec t ive  
and hence s t rongly  exc i ted  by i n e l a s t i c  nucleon sca t te r ing .  
expects t h a t  a coupled channel (CC) ana lys i s  will be required f o r  a l l  bu t  
the lowest levels, fo r  which the  customary d i s t o r t e d  wave Born approxima- 
t i o n  (DWBA) should be adeq ate. This belief was inves t iga ted  ( f o r  *'Ne) 
i n  an earlier publ icat ion.r3)  It was found tha t  CC and DWBA were i n  f a i r l y  
good agreement f o r  the exc i t a t ion  of the first 2+ state, but  that DWA w a s  
i n f e r i o r  f o r  t h e  4" and 6" members of  t h e  ground state band. 

One therefore  

I n  tha t  inves t iga t ion ,  the DNBA o p t i c a l  model parameters were taken 
t o  be equal t o  those obtained i n  t h e  CC ca lcu la t ion .  A more meaningful 
comparison could be made, however, if the o p t i c a l  model parameters used 
i n  the two methods were adjusted s o  t h a t  both pred ic ted  the  same e l a s t i c  
cross  sect ion.  P rac t i ca l ly  speaking, t h i s  could be managed as follows: 



2 

(1) the optimum f i t  t o  t h e  e l a s t i c  s ca t t e r ing  i s  obtained using CC; 
( 2 )  r e s u l t s  of t he  CC ca lcu la t ion  are then used as "experimental data" 
i n  an o p t i c a l  model search code; (3) the o p t i c a l  model parameters re- 
s u l t i n g  f'rom t h i s  search are then used i n  t h e  DIBA ca lcu la t ion .  

I n  t h i s  a r t i c l e  w e  compare t h e  r e s u l t s  of the CC and DWBA methods 
usin 
and ''Mg. The t a r g e t  wave funct ions are obtained by pro jec t ing  states 
of good angular momentum from i n t r i n s i c  WF states. 

such a procedure, f o r  t he  case of proton sca t t e r ing  from 20Ne 

Calculation 

The model space for  the HF ca l cu la t i sn  consis ted of a 15-state 
sphe r i ca l  basis ( s h e l l  model states through t h e  l g  she l l ) .  
o s c i l l a t o r  length was adjusted t o  y i e l d  the cor rec t  value f o r  the pro- 
j ec t ed  r.m.s. nuclear radius .  I n  table I and Figures 1 and 2 t h e  pre- 
d i c t e  
and 2& are compared w i t h  experiment. 

The harmonic 

radi i ,  reduced t r a n s i t i o n  r a t e s  B(E2), and energy spec t ra  f o r  20Ne 

The coupled channel treatment of  i n e l a s t i c  s ca t t e r ing  involves the 
so lu t ion  of  a set  of coupled d i f f e r e n t i a l  equations 

subjec t  t o  t h e  boundary conditions that  there be outgoing waves i n  a l l  
channels c bu t  incoming waves only i n  the e l a s t i c  channel c . When t h e  
nucleon-nucleu n te rac t ion  V can be expanded i n  i r reducibfe  tensors  
one f i n d s  t h a t  tlci 
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where (alJ1) and (a J ) refer t o  the i n i t i a l  and f i n a l  nuclear states, 
respec t ive ly ,  and j, ,a$d j, t o  the i n i t i a l  and f i n a l  p r o j e c t i l e  states. 
The reduced matrix elements of VLsJ(r,A) 
nuclear wave func t ions  are of the €33’ type, by t h e  methods discussed i n  
re ference  5. 

can be obtained, when t h e  

r.6) 
To represent  t h e  i n t e r a c t i o n  between t h e  incoming proton and t h  

t a r g e t  nucleons, w e  have employed the  Glendenning-Veneroni p o t e n t i a l  

-(r/1.85)2 (PTE + 0.6 pSE> V(r)  = -52.0 e 

The o p t i c a l  p o t e n t i a l  U, t ( r )  
matrix elements of t h e  ef9ective in t e rac t ion :  5 

i s  a pwametr iza t ion  of the diagonal 

Opt ica l  model parameters f o r  t h i s  study are given i n  t a b l e  I1 (note: t h e  
Cc ca lcu la t ion  was made using I2 p a r t i a l  waves). 

RESULTS 

Comparisons of t h e  e l a s t i c  s c a t t e r i n g  c ross  sec t ions  pred ic ted  by 
CC and DWBA are presented i n  Figures 3 and 4. 
meters ( s e e  table 11)  were obtained using the procedure ou t l ined  i n  t h e  
Introduction ( t h e  CC r e s u l t s  are the “data” i n  Figs.  3 and 4). Except for 
t h e  s t r eng th  o f  the absorptive p o t e n t i a l  (which must be l a r g e r  i n  a DWBA 
ca l cu la t ion  t o  corn ensa te  f o r  t h e  missing channels), t h e  parameters change 

The DWBA o p t i c a l  model para- 

only s l i g h t l y  far 5 %e. For 24Mg it  proves necessary t o  make s u b s t a n t i a l  
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changes i n  other  parameters as wel l .  

Figures and 6 show t h e  various proton sca t t e r ing  cross sec t ions  
f o r  20Ne and 34Mg, respect ively,  as predicted by both t h e  CC and D B A  
methods, By construction, the  e l a s t i c  cross sec t ions  predicted by each 
are near ly  iden t i ca l ;  t h e  2" cross sec t ions  are a l so  i n  good agreement. 
For both nuclei ,  however, predicted values o f  cross  sec t ions  f o r  ex- 
c i t i n g  the higher l e v e l s  depend s t rongly on which method i s  used. 

ures  7 and 8 compare the CC cross sec t ions  t o  the experimental 
data  e T8 The i n e l a s t i c  cross sec t ions  invariably underestimate the 
data ,  although f o r  the  2" l e v e l s  t h e  discrepancy i s  not l a rge ,  

proton sca t t e r ing  on 20Ne. 
cannot be fit unless  t h e  deformation parameter 84 
v a h e  of t he  order of  &. 
(0' -?i 4') i s  roughly as e f f ec t ive  as the i n d i r e c t  exc i ta t ion  (0* 9 2' + 4') 
i n  contr ibut ing t o  t h e  4" cross sect ion.  The DWBA ca lcu la t ion  includes 
only t h e  former,  and so  may be expected t o  underestimate the CC r e s u l t  
by about a f ac to r  of 2;  t h i s  i s  borne out by t h e  4" cross  sec t ions  dis- 
played i n  Figure 5. 

A somewhat d i f f e r e n t  s i t u a t i o n  p reva i l s  i n  the case of 24Mg. Here 
the  best macroscopic model f i t s  t o  the data ,  shown i n  Figure 10, are 
achieved fo r  deformation parameter values such t h a t  I @41<<@2. Conse- 
quently one would expect t h a t  t h e  D M A  ca lcu la t ion  of  the 4" cross 
sect ion,  which treats only the  d i r e c t  exc i ta t ion ,  would considerably 
underestimate the CC r e s u l t ,  
Figure 6 *  

Figure 9 gives the r e s u l t  o f  a macroscopic calculation'') f o r  
It i s  evident t h a t  t h e  4' cross  sect ion 

This  implies t h a t  t h e  direct exc i ta t ion  
i s  given a pos i t i ve  

2 

This  indeed occurs, as may be seen i n  

DISCUSSION 

The primary objec t  of t h i s  inves t iga t ion  has been t o  study the  re- 
l i a b i l i t y  of DWA-predicted cross sect ions f o r  the l i g h t  deformed nuclei  
i n  the 2s- ld  s h e l l ,  using a microscopic model t o  describe t h e  nuclear 
s t a t e s .  The DMBA appear t o  be qu i t e  adequate f o r  exc i ta t ion  of the 2" 
l e v e l  i n  both 20Ne and 2tMg, but c ross  sect ions f o r ' t h e  higher-lying 
l e v e l s  are altered s ign i f i can t ly  by the CC calculat ion.  n p a r t i c u l a r ,  
t h e  DWBA and CC predict ions fo r  the 4' cross sec t ion  i n  2bfg a r e  very 
d i f f e r e n t ,  which can be understood i n  terms of the deformation parameters 
used by the macroscopic model, 

As  a by-product of th i s  inves t iga t ion ,  however, we have dramatic 
evidence of t h e  r e l i a b i l i t y  of the  KF model of t h e  nucleus. 
the use of a macroscopic model i n  analyzing nuclear reac t ions  i s  simply 
t o  parametrize the sca t t e r ing  data i n  terms of gross f ea tu res  of  the 

I n  one sense, 
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nucleus--namely i t s  quadrupole and hexadecapole moments, measured by 
the parameters f32 and 84. Thus, when calculat ions of sca t te r ing  
cross sect ions performed using HF nuclear wave f'unctions exhibi t  t h e  
same behavior as calculat ions using the macroscopic model, one can i n f e r  
that  t h e  momen.ts, o r  shape, of the nucleus must be qui te  w e l l  described 
by the  mmode l .  
moments i n  the i n t r i n s i c  state, which are listed i n  table 111: t h e  small- 
ness of the  24Mg hexadecapole moment i s  s t r ik ing .  
indicat ions that  the HF wave function, which i s  obtained en t i r e ly  from 
energy considerations and w i t h  no regard t o  the sca t te r ing  data,  i s  
providing a t  least qua l i t a t ive ly  the sort of shape var ia t ion  which is 
necessary t o  explain the  i n e l a s t i c  cross sections.  

Further evidence o f  t h i s  i s  provided by the nuclear 

These a re  encouraging 
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TABLE I. - COMPARISON OF PREDICTED AND EXPERIMENTAL RADII 
24 AND E2 RATES FOR ( a) "Ne and ( b )  Mg 

Predicted 2+78 

Experiment 2 79 I 

Predicted 

Experiment 

( a )  "Ne 

B E25 0' - 2') 
J.fnl4 

204 

286*15 

B(E2; 2' - 4+) B(E2; 4"4- 6') 
e2. fm4 e2. fm 

I 

B(E2; 0' - 2') 
3%. e2. f m 4  

3.04 I 374 

3 02p0.03 436246 

B(E2; 2' - 4') 
e2. fm4 
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TABLE 11. - COMPARISON OF CC AND DWBA OPTICAL MODEL 

% 
MeV 

20Ne, 55. 
cc 

N e 9  54, 20 

DFSBA 

24M!z, 49. 
cc 

2"Mg 46. 
DMBA 

9 

PARAMl3TJBS FOR 20Ne 

=-I--= 7.05 3-50 

0.30 5.29 

r 
0 

fm 
S 

?m 

L .265 

1.251 

1.19 

L e 163 

AND 24Mg 

2 
S 

fh 

0.61 

0.61 

0 562 

4c 

0.552 

TABLE 111. - MASS QUADRUPOLE (Q2)  

AND IFMADECAPOLE ($) MOMENTS FOR 

20Ne AND 24Mg 

LS 

fm 

a 

0.33 

0.33 

0.546 

0.546 
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