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The angular  d i s t r i b u t i o n s  o f  e l a s t i c  s c a t t e r i n g  o f  3 H e  and a p a r t i c l e s  

o f  about 20 MeV from nuc le i  o f  Z approximately 50 were measured. Opt i -  

ca l  model parameters which reproduce the experimental data have been 

systemat ical  l y  determined. 

Foram medidas as d i s t r i b u i ç õ e s  angulares do espalhamento elástico de 

     r t í c u l a s  a de cerca de 20 Mev por núcleos com Z da ordem de 5.0. 

Foram determinados sistematicamente os paramêtros  do Modelo  Opt i co que 

reproduzem os dados exper i  rnentai s .  

1. INTRODUCTION 

As p a r t  o f  a systemat ic study o f  3 ~ e  and a p a r t i c l e  induced react ions 

i n  the region o f  Tin,  Antimony and Te l l u r i um nuc le i ,  the angular d i s -  

t r i b u t i o n s  o f  e l a s t i c a l l y  scat te red 3 ~ e  and a p a r t i c l e s  from these nu- 

c l e i ,  were measured a t  the a v a i l a b l e  i nc iden t  energy o f  about 20 MeV. 

A compi la t ion  o f  3 ~ e  and a p a r t i c l e  o p t i c a l  model parameters f o r n u c l e i  

throughout the p e r i o d i c  t a b l e  has been publ ished by Perey and pereyl. 

More recent  data and ana l ys i s  f o r  Z - 50 are avai l a b l e  i n  Refs. (2) and 

(3) .  Nevertheless, a t  the i nc iden t  energies avai l a b l e  from the Pel l e -  

t r o n  acce lera tor ,  the data are scarce i n  the reg ion o f  nuc le i  s tud ied . 

* Work submitted i n  p a r t i a 1  f u l f i l l m e n t  o f  the requirements f o r  t h e  

degree o f  Master o f  Science (A.T.M.M.). 

** Fellow o f  the FAPESP ( ~ r o c e s s  71/1435). 
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The modi f i e d  chamber a1 lows f o r  the changing o f  up t o  4 t a rge ts  wi thout  

breaking the vacuum. Up t o  f i v e  s i l i c o n  surface b a r r i e r  de tec tors  could 

be mounted on a movable arm and the posi t i o n i n g  o f  the deteetors could 

be read t o  a p r e c i s i o n  o f  1 ' .  The detec tor ,  p rov ided wi t h  c o l l  imat ing  

and a n t i s c a t t e r i n g  s l i t s ,  subtended a s o l i d  angle o f  -4 x l om4s te rad ian  

and had an angular  r e s o l u t i o n  o f  11 .4'. 

The beam cu r ren t  c o l l e c t e d  i n  a Faraday cup, which had geometrical and 

e l e c t r i c a l  suppression, was i n teg ra ted  t o w i t h i n  a p r e c i s i o n  o f  2%. A 

moni t o r  de tec tor ,  posi  t ioned a t  45' t o  the beam, provided a constant 

check on the measurements . 

Data were accumulated i n  a Honeywell DDP 516 Computer used i n the mul- 

t ichanne l  mode and l a t e r  t r ans fe red  t o  a magnetic tape through an IBM / 

/360-44 ~ o m ~ u t e r ' ' .  

2.2.-  THE ELASTIC SCATTERING ANGULAR DISTRIBUTIONS 

The angular  d i s t r i b u t i o n s  were measured from 10' t o  145' i n  5' steps 

f o r  the f o l l o w i n g  cases: 

12'sn ( 3 ~ e ,  3 ~ e ) ' 2 4 ~ n ,  22.35 MeV, . 

' 2 3 ~ b  ( a , a )123~b,  19.95 MeV, 

' 2 4 ~ e  ( a , a )l2?e, 19.3 MeV, 

' 2 4 ~ n  ( a , a ) ' 24~n ,  19.5 MeV, 

l Z 3 s b  (3He, 3 ~ e ) ' 2 3 ~ b ,  19.5 MeV, 

l Z 4 ~ e  ( 3 ~ e ,  3 ~ e ) ' 2 4 ~ e ,  19.52MeV, 

1 2 2 ~ e  (3He, 3He)lZ2~e, 19.52 &V. 

The s t a t i s t i c a l  u n c e r t a i n t i e s  var ied  from less than 1% i n  the forward 

angles t o  about 3% i n  the backward angles. I n  the case o f  l Z 4 S n  + 3 ~ e  

angular  d i s t r i b u t i o n ,  some o f  the backward angle data could no t  be ob- 

ta ined  w i t h  s t a t i s t i c a l  accuracy b e t t e r  than 14%. 
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The energy r e s o l u t i o n  v a r i e d  f rom 30 t o  70 keV due t o  the  energy l o s s  

o f  the beam i n  the t a r g e t ,  k i n e m a t i c a l  broadening and d e t e c t o r  reso lu -  

t i o n .  An improvement o f  the energy r e s o l u t i o n  was ob ta ined  when a  po- 

s i t i v e  b i a s  o f  5 kV wás a p p l i e d  t o  the  t a r g e t  h o l d e r .  

P a r t i c l e  i d e n t i f i c a t i o n  was n o t  considered necessary as the o t h e r  reac-  

t i o n s  were o f  n e g l i g i b l e  cross s e c t i o n  o r  were k i n e m a t i c a l l y  w e l l  sepa- 

r a t e d  f rom the e l a s t i c  events.  

Typ ica l  spec t ra  f o r  3 ~ e  on 1 2 3 ~ b  and a on 12"e are shown i n  F igs .2  and 

On account o f  the r a t h e r  low i n c i d e n t  energy, the  angu la r  d i s t r  

do 'no t  show any d i f f r a c t i o n  s t r u c t u r e ,  b u t  are r a t h e r  srnooth. 

reduced t o  the  c e n t e r  o f  rnass systern a re  shown i n  Table 2. 

i b u t i o n s  

The data 

3. OPTICAL MODEL ANALYSIS 

3.1.  - FORM OF THE OPTICAL POTENTIAL 

The analyses o f  the exper imenta l  e l a s t i c  angular  d i s t r i b u t i o r i s  were per-  

formed wi  t h  the a i d  o f  an o p t i c a l  model search code MODOPT" which could 

be run on bo th  the  1 ~ ~ / 3 6 0 - 4 4  and the 8-6700 computers. The p o r e n i i a l  

used was o f  the forrn: 

wi t h  

I r-r A' '~ 
x  f (r ,rpax) = l + exp ( ~ o o d s - ~ a x o n )  , 
a  x 

gír, r,ax) = exp 



d 
g(r,rYax) = 4 ax c ~ ;  f (r,.r,c'a,c) (Woods-Saxon d e r i  v a t i  ve) 

and 

Z, zT e 2 

f o r  r > Rc , 
r 

where Z, and ZT a r e  t h e  a tomic  number o f  the i n c i d e n t  p a r t i c l e a n d t a r -  

g e t  r e s p e c t i  v e l y  and 

17 p a r t i a l  waves were necessary i n  the  c a l c u l a t i o n s .  The Coulornb r a -  

d i u s ,  r Mas f i x e d  a t  1.25F as suggested by Luetzelschwab e t  a1. 1 2 .  
C' 

3 .2 .  - FOUR PARAMETER G R I D  SEARCH 

I n  genera l ,  t h e  o p t i c a l  p o t e n t i  a l s  a r e  determined wi t h  ambigui t i e s .  60th 

d i s c r e t e  and con t inuous  arnbigui t i e s  o f  t h e  r e a l  p o t e n t i a i  a r e  d i s c ~ s s e d  

by seve:al au thors13-16 .  

There e x i s t  d i s c r e t e , v a l u e s  o f  the  r e a l  w e l l  depth f o r  a  f i x e d  r a d i u s  

wh ich  g i v e  a lmos t  t h e  same f i t  ( d i s c r e t e  a m b i g u i t y ) .  The r e a l  poten-  

t i a l s  determined i n  

r a d i  us o f  s t r o n g e s t  

p a r t i a l  wave by t h e  

t h e  d i s c r e t e  a m b i g u i t y  have the  same depth a t  t h e  

a b s o r p t i o n  RA which i s  r e l a t e d  t o  t h e  p r e f e r e n c i a l  

r e l a t i o n :  

where i s  t h e  Coulomb cons tan t ,  k ,  t h e  wave number d'nd R i s  chosen so 

t h a t  R ~ ( S  ) =: 0 .5  ( ~ e f . l 7 ) ,  S b e i n g  the  s c a t t e r i n g  rna t r i x .  R 
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Although the depths are  completely d i f f e r e n t ,  f o r  r > R  a l l  p o t e n t i a l s  A 
have the sare t rend and s i m i l a r  f i t s  t o  the e l a s t i c  s c a t t e r i n g  data are 

~ b t a i n e d ' ~ " ~ " ~ .  The d i s c r e t e  ambigui ty corresponds t o  the i n c l u s i o n  

o f  an add i t i ona l  h a l f  wave length  o f  the wave func t i on  o f  the most s i g -  

n i f i c a n t  p a r t i a 1  wave i n t o  the p o t e n t i a l  w e 1 1 ' ~ .  

The continuous ambigui t y  occurs f o r  values o f  r and V. such t h a t  the 
O 

product V, r: i s  constant .  

Two new parameters were introduced by Greenlees e t  aZf t o  charac ter ize  

the d i f f e r e n t  p o t e n t i a l  f a m i l i e s :  J , ,  thevo lume i n t e g r a l  per p a i r o f  

pa r t i c l es ,< r i> ' / 2 ,  the root  mean square rad ius .  

For the Woods-Saxon form fac to r ,  

wi t h  R. = r. A 1 l 3  and Jo = J/(A A  ) ,  A and A are the mass 
I T  I T  

the i nc iden t  p a r t i c l e  and o f  the t a r g e t  respect ive ly .  J ,  var 

c r e t e  steps o f  100 M ~ V . F ~  f o r  the d i f f e r e n t  fami l  ies19.  

The root  mean square radius f o r  the Woods-Saxon form f a c t o r  

numbers o f  

es i n  d i s -  

s  g iven by, 

and should be constant  as a  f unc t i on  o f  V, w i t h i n  one fam i l y .  

Based on a  procedure suggested by ~ a u ~ h ' ~ ,  a  g r i d  search on the parame- 

t e r s  V, and r, was performed wi t h  the l Z 3 s b  + ct data. Volume absorp- 

t i o n  was used i n  t h i s  procedure. No sp in- orb i  t term was included. V, 

was va r i ed  f rom 40 t o  240 MeV i n  s  teps o f  20 Mev and r. f rom 1 . I 5  t o  

1.4 F  i n  steps o f  0.05 F. For each (Vo , ro )  se lec ted p a i r ,  a  s imul ta -  

neous search was performed on the fou r  parameters a o ,  Wv, r and av. 
v  
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The minimum X2 va lues  were o b t a i n e d  w i t h  r, = 1.4 F f o r  va lues  o f  V a t  
o 

i n t e r v a l s  o f  -80 MeV. For  r, = 1.2 F, even though the  x2 minima were 

s l  i g h t l y  worse, a  spac ing  o f  -40 MeV between t h e  minima was found. No 

v i s u a l  d i s t i n c t i o n  c o u l d  be made between the  f i t s  o b t a i n e d  w i t h  r0=1.2 F 

and r,, = 1.4 F. 

A f o u r  parameters g r i d  search was a l s o  per formed w i t h  the  1 2 3 ~ b  + 3 ~ e  

data,  f o r  r, = 1.2 F and 1.4 F. For r, = 1.2 F, a  V, spac ing  o f  -40 

MeV between the  X2 minima was ob ta ined .  However, f o r  r, = 1.4 F, on 

one minimum w i  t h  V, = 40 MeV was found.  

These r e s u l t s  a r e  surnmarized i n  F ig .4 ,  w h i l e  t h e  v a r i a t i o n  o f  t h e  i n d  

v i d u a l  parameters as a f u n c t i o n  o f  the  r e a l  depth V,, f o r  r, = 1.2 F , 
i s  p resen ted  i n  F ig .5 .  S t a r t i n g  f r o m  t h e  parameters which gave minima 

f o r  r, = 1.2 F and 1.4 F i n  1 2 3 ~ b ( a , a ) 1 2 3 ~ b  a n a l y s i s ,  and f o r  r,= 1.2 F 

i n  1 2 3 ~ b ( 3 ~ e ,  3 ~ e )  Sb a n a l y s i s ,  a  f i v e  parameter  search was per formed.  

The r e s u l  t i n g  parameters,  t o g e t h e r  wi t h  t h e  J ,  and <r i> ' / '  va lues  a r e  

shown i n  Tables 3 and 4, f o r  a p a r t i c l e s  and 3 ~ e  r e s p e c t i v e l y .  The pa- 

rameters marked wi t h  (*) i n  Table 3 and Table 4 were used as s t a r t i n g  

parameters f o r  t h e  o t h e r  angu la r  d i s t r i b u t i o n s .  I t  i s  known t h a t  t h e  

b e s t  f i t s  a r e  o b t a i n e d  when the  p o t e n t i a l  depth i s  120-180 MeV f o r  3 ~ e  

and 160-240 MeV f o r  a  p a r t i c l e s .  Wi th  t h i s  c r i t e r i o n ,  the  parameters 

g i v e n  i n  Table 5 were chosen as t h e  most adequate and the  cor respond ing  

f i t s  a r e  shown i n  F ig.6.  

3.3.- THE IMAGINARY PART OF THE OPTICAL POTENTIAL 

M a i n t a i n i n g  t h e  parameters o f  t h e  r e a l  p o t e n t i a l s  l i s t e d  i n  T a b l e  5 ,  

at tempts  were made t o  de te rmine  t h e  s u r f a c e  a b s o r p t i o n  p o t e n t i a l s  (Woods- 

-Saxon d e r i v a t i v e  fo rm f a c t o r )  f o r  the  Sn and Te angu la r  d i s t r i b u t i o n s .  

I n  t h e  case o f  Sb, a  more d e t a i l e d  s tudy  was p e r f o r m e d . T h e r e s u l t s  a r e  

i n c l u d e d  i n  Table 3 and Table 4. No e s s e n t i a l  d i f f e r e n c e s  i n  t h e  qua l i -  

t y  o f  t h e  f i t s  were observed between volume and s u r f a c e  a b s o r p t i o n  po- 

t e n t i a l s ,  as expected, s i n c e  t h e  a n g u l a r  d i s t r i b u t i o n s  a r e  r a t h e r  
smoot.,14 , 1 8 9 1 9  



E= 19.95 MeV 

E = 19.3 MeV 

E = 49.52 MeV 

F i g .  6 - Ra t i o  o f  the experimental cross sec t i on  t o  Rutherford cross 

sec t i on  f o r  e l a s t i c  s c a t t e r i n g  o f  3 ~ e  and a p a r t i c l e s .  The curves are 

ca l cu la ted  w i t h  the best  f i t  parameters o f  Table 5 .  The e r r o r  bars are 

shown when l a r g e r  than the s i z e  o+ the p o i n t .  



I n  the case o f  angular  d i s t r i b u t i o n s  w i t h  a marked d i f f r a c t i o n  pa t te rn ,  

a surface imaginary term gives,  i n  general, a b e t t e r  f i t  than a volume 

term2' .  

3.4. - THE SPIN-ORBIT TERM 

A sp in  o r b i  t term o f  - 2 MeV, as suggested by Luetzelschwab e t  a2.12, ' 

U rone  e t  aZ. l4 and by Cage e t  a ~ .  19,  was included i n  the ana lys is  w i -  

thout  any s i g n i f i c a n t  improvement i n  the f i t ,  as was expected f o r  a 

s t ruc tu re less  angular d i s t r i b u t i o n .  As no p o l a r i z a t i o n  data p e r t i n e n t  

t o  the present resul ts.  were avai  l ab le ,  the sp in- orb i  t term was not  i n -  

cluded i n  the f i n a l  f i t .  

4. DISCUSSION AND CONCLUSIONS 

An examination of Table 4 shows tha t  the v a r i a t i o n  o f  the parameters 

f o l  lows the systernatic behavior observed by Cage e t  al , ' '  and by ~ a u ~ h ' ' ,  

namely: a, and r decrease whereas w o r  w and a?, i ncrease f o r  increa- v S v 
s i n g  V o .  

The rad ius  o f  s t rongest  absorpt ion o f  the p o t e n t i a l s  (Table 4)  which f i  t 

the 3 ~ e  s c a t t e r i n g  on Sb i s  9.9 F and corresponds t o  R = 7, whereas f o r  

a s c a t t e r i n g  on Sb (Table 3 ) ,  RA = 10.3 F which corresponds t o  R = 9 

(Fig.7) .  These values are i n  agreement wi t h  Cage e t  aZ. I 6  and Weisser 

e t  aZ. l 8  a1 though the corresponding R values d i  f f e r  s l  i g h t l y  f rom those 

ca, lculated imposing the cond i t i on  t h a t  Re(S ) = 0.5 (Ref.17). R 

The values o f  V,, obtained i n  the g r i d  search o f  1 2 3 ~ b ( a , a ) 1 2 3 ~ b  are 

p l o t t e d  as a f unc t i on  o f  r ,  i n  Fig.8. The mean value o f  J ,  var ies  by 

about 100 MeV 

For some fami 

values o f  r,.  

the roo t  mean 

F f o r  adjacent  fami 1 ies 

ies,  the valueç o f  were ca l cu la ted  f o r  d i  f f e r e n t  

These r e s u l t s  are shown i n  Fig.9.  A s l i g h t  v a r i a t i o n  o f  

square radius,  as a 

ment wi t h  Cage e t  aZ. 19 ,  a1 though 

w i t h i n  one fami l y .  

f unc t i on  o f  r , ,  i s  observed i n  agree- 

i t  had been introduced as a constant 



No p r e f e r e n c e  f o r  a  s u r f a c e  o r  volume i '  

ted .  

As a s p i n - o r b i  t te rm was n o t  necessary 

were n o t  looked  f o r .  

maginary fo rm f a c t o r  was detec-  

e f f e c t s  due t o  t h e  t a r g e t  s p i n s  

As can be seen i n  F i g .  6 ,  a l l  the  a p a r t i c l e  angu la r  d i s t r i b u t i o n s  

(19.3 - 19.9 M ~ V )  have t h e  same o v e r a l l  t r e n d .  A s i m i l a r  behav iour  i s  

a l s o  observed f o r  3 ~ e ,  excep t  i n  t h e  case o f  "'5n rneasured a t  a  s i  i gh -  

t l y  h i g h e r e n e r g y  ( 2 2 . 3 ~ e V ) .  Thecompar ison  b e t w e e n a  p a r t i c l e  and 

3 ~ e  angu la r  d i s t r i b u t . i o n s  measured a t  t h e  same energy shows a l a r g e r  

d i f f u s e n e s s  f o r  a p a r t i c l e  than f o r  3 ~ e .  Bock e t  aZ. 2 2  have observed a 

l a r g e r  d i  f fuseness  f o r  3 ~ e  than  f o r  a p a r t i  c l e  wi t h  da ta  ob  t a  i n e d  a t  

equal  momenta. 

Systemati  c  measurements a t  h i g h e r  er ierg ies a r e  needed t o  o b s e  r v e  the  

dependence o f  o o t i c a l  model p o t e n t i  a1 on more compl i c a t e d  e f f e c t s  such 

as rnass number o f  t a r g e t s ,  s p i n - s p i n  i n t e r a c t i o n s  and i s o t o p i c  s p i n .  
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Targe t  
Chemical 

Compos i t i  on 

' " ~ e  meta l  1 i c 

l2 ' ~ e  m e t a l l i c  

1 2 4  Sn SnO, 

l Z 3 s b  SbO 
2 

Table 1 - Enrichment f a c t o r s  o f  t h e  t a r g e t s  s t u d i e d .  
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Fig.7 - Plots of the depth of real optical potentials of Tables 3 and 4 

as a function of the real radius R . 



Fig.8 - V a r i a t i o n  o f  p o t e n t i a l  V as a f unc t i on  o f  r. obtained i n  the 

search f o r  123~b(c i , a )  l2 3 ~ b .  The corresponding Jo values o f  each fami l y  

are a l s o  shown. 

To= 260 MeV. F~ 

.- 

Fig.9 - V a r i a t i o n  o f  <r2>1/2  as a f unc t i on  o f  r . The open c i r c l e s  cor-  
o 

respond t o  the fami l y  wi t h  2, = 260 k v . F 3  and the crosses t o  To = 380 

M ~ V .  F3.  



"sb(a.a)'"Sb E - 19.95 MoV 

Table 2 - Ra t i o  o f  the rneasured e l a s t i c  cross sec t i on  t o  the Rutherford cross sec t i on  and the corresponding 
vi 
vi absolute e r r o r .  
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l ement  V. (MeV: 

12'Sb 8 3 . 4 8 *  

1 3 4 . 4 7 %  
l 9 6 . 2 4 *  

2 3 3 . 4 7 *  

8 4 . 5 1  

1 3 4 . 1 1  

1 9 4 . 8 5  

2 3 2 . 9 4  

12'Sn 9 4 . 0 2  

1 8 4 . 1 2  

2 2 0 . 7 2  

1 8 0 . 7 7  

12'Te 6 6 . 4 5  

1 4 2 . 7 4  

2 0 5 . 1 5  

1 7 2 . 0 2  

Table 4 - ~otential families obtained for 3 ~ e .  
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