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INTRODUCTION 

This report summarizes the work done at the John H. Williams Labora- 

tory of Nuclear Physics at the University of Minnesota during the year 

ending in August 1969. The work'was supported by the United States Atomic 

% 
~ n e r g ~  Comissidn under Contract ~~(11-1)-1265. 

Part A of this report describes.the research conducted by the faculty, 

reaeatch'associates and students of the University of Minnesota. Although 

the reactions studied involved elements ranging throughout the periodic 

table, a large fraction of the work dealt with the spectroscopy of nuclei 

in the groups from fluorine through .nickel. Attention was devoted to 

some of the rare-earth elements and also to lead and bismuth. The nuclear 

spectroscopy of these elements was investigated by elastic and inelastic 

scattering of charged particles and a number of nucleon transfer.reactions. 

The analysis of several of these experiments contributed to a better un- 

derstanding of the optical model of the nucleus. 

The proton linear accelerator was in operation until January 7, 1969 

and the model MP tandem Van de Graaff was in operation throughout the year. 

Polarized protons were produced by the linear accelerator during a large 

fraction of its operation. 

The CDC 3100 computer was used extensively for accumulation-of data 

with arrays of charged particle detectors, both in the ORTEC target chamber 

and in the split-pole magnetic spectrometer. Some computer programs de- 

veloped for aid in data taking are described briefly. 



v i i i  

P a r t  B i nc ludes  improvements t o  equipment and f a c i l i t i e s .  

P a r t  C summarizes t h e  y e a r ' s  ope ra t ion  of t h e , t w o  a c c e l e r a t o r s ,  

t he  computer, and t h e  magnetic spectrometer .  . The l i n e a r  a c c e l e r a t o r  

performed a t  high e f f i c i e n c y  u n t i l  it was shu t  down and t h e  tandem Van 

de Graaff provided more time f o r  experimental work than i n  t he  previous 

year .  

There i s  included a summary of experience wi th  the polar ized  proton 

source used o n ' t h e  l i n e a r  a c c e l e r a t o r  and a  d e s c r i p t i o n  of t h e  develop- 

ment and t e s t  work now under way on t h e  polar ized  ion  source soon t o  be 

i n s t a l l e d  on t h e  tandem Van de  Graaf f .  

The Appendix g ives  a  l i s t  of l abo ra to ry  personnel ,  of t h e  advanced 

degrees  gran ted ,  and of r e p o r t s  and pub l i ca t ions  s i n c e  l a s t  y e a r ' s  

r e p o r t .  

J. M. B l a i r  



A. RESEARCH PROGRAM 

I. ELASTIC A w  INELASTIC SCATTERING 

6* 
Search f o r  Be (2.08) 

D. K. Olsen, W. S. Chien, and R. E .  Brown 
. .; . . . .  . . . 

1 
In  the previous annual r epor t  was described a search f o r  s t a t e s  i n  

6 6 
Be by means of the  L i  (He3,t) r e a c t i o n  a t  28-M~V bombarding energy. A 

AE-E de tec t ion  system was used t o  i d e n t i f y  t r i t o n s .  Onlysthe well  known 

6 
ground s t a t e  and broad 1.67-MeV s t a t e  of Be were c l e a r l y  observed. How- 

0 0 
ever ,  a t  25 and 30 a s l i g h t  s t r u c t u r e  was obse'rved on' the  h igh-exci ta t ion-  

6* 
energy s ide  of the  Be (1.67) s t r u c t u r e ,  which would correspond t o  a  s t a t e  

6 .  ' 

i n  Be a t  about 2.08 MeV. About 800 counts were recorded . . . i n  t h i s  region ..... . - .  . 

of the  t r i t o n  spectrum. 

In  order  t o  inves t iga te  f u r t h e r  the  p o s s i b i l i t y  of a  s t a t e  i n  Be6 a t  

2.08 MeV, t r i t o n s  from the  abovd .described r e a c t i o n  were observed with 

pos i t ion-sens i t ive  de tec to r s2  i n  the  f o c a l  plane of the  s p l i t - p o l e  spec- 

trometer.3 Data were obtaihed a t  2s0 and 30°, and. no i n d i c a t i o n  of any 

add i t iona l  s t a t e  i n  Be6 between 1.89 and 2.33 MeV was 'observed. Figure 1-1 

shows the  t r i t o n  spectrum obtained a t  25O i n  a s i n g l e  de tec to r .  Had the  

s t r u c t u r e  indica ted  i n  the  above mentioned Al3-E experiment been due t o  a  

s t a t e  i n  Be6, a  peak about 5-channels wide would have been present  i n  Pig.1-1 

. . near '  an e x c i t a t i o n  energy of 2.08 MeV.   he counting,  s t a t i s t i c s  here  . . 

a r e  much b e t t e r  than previously,  the re  being about 2000 . t r i t o n  counts  near 
. . ,  . . . . .: . . . 

2.08-MeV exc i t a t ion .  

The conclusion drawn from t h i s  and the  previous experiment i e  t h a t  

6 
Be (g.8.) end Be6*(1.67) are the  only two s t a t e s  i n  ~e~ obierved i n  the  

li6(lIe3, t )  r e a c t i o n  up t o  s 8e6 e x c i t a t i o n  energy of about 11 XeV. 
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2; E l a s t i c  and I n e l a s t i c  S c a t t e r i n g  of Alphas from N 14 

D. H. F i t z g e r a l d  and R. K. Hobbie 

Recent ly,  s e v e r a l  experimenters  have inves t iga t ed  nuc lear  r e a c t i o n s  

14 
wi th  t h e  e x i t  channel a +  N . A l l  of t hese  workers have placed p a r t i -  

c u l a r  emphasis dn examining t h e  i n t e n s i t y  of t he  r e a c t i o n  l ead ing  t o  the  
, 

14 
T=l,  2.31 MeV l e v e l  i n  N . This  r e a c t i o n  i s  forbidden by conserva t ion  

of both charge p a r i t y  and i s o s p i n ,  s i n c e  i n  a l l  c a ses  t h e  i n c i d e n t  par-  

t i c l e s  and t h e  outgoing a l p h ~ - p a r t i c l e s  have T=O. The p re sen t  work was 

i n i t i a l l y  undertaken t o  extend'  t o  h igher  e x c i t a t i o n  ene rg i e s  i n  F18 t h e  

s tudy  of t he  i s o s p i n  non-conserving r e a c t i o n  t o  O + N14*(~=1). l a t e r  

it became apparent  t h a t  exc ' i t a t ion  func t ions  from the  a and a2 T-allowed 0 

r e a c t i o n  channels  l e n t  themselves t o  a s tudy  of compound nucleus c r o s s  

s e c t i o n  f l u c t u a t i o n s . .  These d a t a  were examined i n  t h e  s p i r i t  of Er icson  

1 
f l u c t u a t i o n  theory and a "coherence width" was e s t a b l i s h e d  f o r  the  

f l u c t u a t i o n s .  

E x c i t a t i o n  func t ion  d a t a  were taken a t  four  angles  corresponding t o  

ze ros  of Legendre polynomials wi th  the  fol lowing 4-values: 24.3' (4=4),  

74' (odd 41, 127.7" (4=3), and 157.6' (ad). Nitrogen t a r g e t s  f o r  t h e  

. . 



2 experiment were obtained by evaporating roughly 70 pg/cm of adenine 

2 (.c~H~N~.NH~) onto 10 pg/crn thick, commercially obtained carbon foils. 

Cross section normalization was accomplished by comparison to gas cell 

scattering data obtained using gas cell detector systems,developed by 

R. E. Brown and C. G. Jacobs. 
2 

The most apparent feature of the excitation functions is the strong 

fluctuation of the cross section with energy. The fluctuations appear 

uncorrelated at large angles and between different reaction channels. 

Accordingly, the excitation functions were subjected to an Ericson fluc- 

tuation analysis in an effort to determine if the structure is due to 

preferential formation of wide, partially overlapping levels in the com- 

pound nucleus or due to statistical process'es. Unfortunately, the results 

of the analysis are somewhat ambiguous due to finite range of data effects 

and energy dependence of average quantities,. such as structure width and 

cross section magnitude, which must be assumed constant for the analysis. 

However, the results, taken with the qualitatively observed lack of fluc- 

tuation correlation mentioned above, make it seem likely that the cross 

section fluctuations are due to statistical processes. Assuming this to 

be the case, the analysis yields an average coherence width of about 250 

keV. This is in good agreement with the results of ~ z u b a ~ , ~  who studied 

12 6 14* 18 C (Li ,al)N (T=l)  at somewhat lower excitation energies in F . 
(Dzubay 's range was 15.5-17.2 MeV of excitation;compXred with 15~3-21.6- - --- 

MeV for the present experiment.) 

The investigation of the T-forbidden reaction to the 2.31 MeV state 

in d4 also yielded results'which are difficult to interpret. The 5 
cross section at 32' (CM) ranged typically from .05$ to -4% of the a0 

cross section. (This investigation was severely limited by the presence 



. , 

of s e v e r a l  t a r g e t  c6ntaminants"whose r e a c t i o n  groups i n t e r f e r e d  a t  t h e  

o t h e r  d e t e c t o r  angles  wi th  the  %-group from N14.) I n  a d d i t i o n  t o  t h e  

T-forbiddeness of t he  5 r e a c t i o n ,  it i s  i n h i b i t e d  by angular  momentum 

and p a r i t y  conservat ion.  Thus it i s  i n v a l i d  t o  i n t e r p r e t  t h e  ?/ao y i e l d  

r a t i o  a s  an  i n d i c a t i o n  of t he  t r u e  degree of i s o s p i n  conserva t ion  i n  

N ' ~ ( C Y , ~ ) N ' ~ * .  The r e s u l t s  may be compared wi th  the  p r e d i c t i o n s  of 

 ilki ins on,^ who i n d i c a t e s  t h a t  f o r  n u c l e i  wi th  A = 4n + 2 (Az20)  a  

t r a n s i t i o n  t o  e f f e c t i v e  high 1 s o s p i n . p u r i t y  occurs  i n  t h e  e x c i t a t i o n  

reg ion  14-18 MeV. The basis '  f o r  t h i s  t r a n s i t i o n  i s  t h a t  s t a t e s  t h i s  

high i n  e x c i t a t i o n  decay too f a s t  f o r i s o s p i n  mixing t o  occur .  Indeed, 

t h e  r e l a t i v e  5 y i e l d  f o r  t h e  p re sen t  work i s  cons iderably  smal le r  than  

t h a t  f o r  o t h e r  experiments done a t  lower ' 6  where t h e  41% 

y i e l d  r a t i o  ranged up t o  306. However, t he  4 c ros s  s e c t i o n  i n  the  

p re sen t  case  shows no measurable o v e r a l l  dec t ease  wi th  inc reas ing  en- 

ergy . i n  t he  e x c i t a t i o n  r eg ion  15.3-21.6 MeV. I n  a d d i t i o n ,  f a i r l y  sharp 

s t r u c t u r e  appears  i n  t h e  e x c i t a t i o n  func t ion  throughout t he  energy range 

s tud ied ,  i n s t ead  of washing ou t  a t  h igher  ene rg i e s  a s  one would expect  

on t h e  h a s i s  of Wilkinson's p red ic t ions .  
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160 S t a t e s  Via the  14N(3He ,p)160 React ion 

A. R. Ba rne t t  and D.  Dehnhard 

An i n v e s t i g a t i o n  of the highly  exc i t ed  s t a t e s  of 160 i n  t h e  energy 

r e g i o n  between 15 MeV and 25 MeV i s  under way using t h e  14N(3~e ,p )16~  

r e a c t i o n  a t  a  bombarding energy of 24 MeV. Surp r i s ing  l i t t l e  i s  known 
1 

about  s p i n - p a r i t y  va lues  of s t a t e s  i n  t h i s  r eg ion  and almost a l l  t he  i n -  

formation has come from resonance r e a c t i o n s .  The e x c i t a t i o n  of the  T=l 

s t a t e s  i n  the spectrum can  be d i r e c t l y  compared wi th  t h e  analogous reac-  

14 
t i o n  N(t,p)'60 f o r  which angular  d i s t r i b u t i o n s  up t o  8 MeV e x c i t a t i o n  

2 3 
i n  168 (21 MeV i n  160) a r e  known. I n  t h e  ( He,p) r e a c t i o n  the  T=O 

s t a t e s  of 160 a r e  e x c i t e d ,  i n  a d d i t i o n  t o  the  T=l s t a t e s .  This  t e n d s  t o  

produce a  genera l  background s i n c e  most of t he  T=O s t a t e s  seem t o  be 

broad. Also three-body-break-up c o n t r i b u t e s  t o  t he  "background" i n  

eh io  cnorgy r eg inn .  

We used a gas t a r g e t  system a t  a  pressure  of 203 mm o f  pure 1 4 N 2  

gas  and an E-AE p a r t i c l e  i d e n t i f i c a t i o n  system f o r  t he  i n i t i a l  runs.  

3  
Th i s  e l imina ted  t h e  cons iderable  d i f f i c u l t i e s  a r i s i n g  from s t rong  ( He,p) 

3 
peaks from t h e  carbon p re sen t  i n  many, s o l i d  t a r g e t s  ( e .g i  adenine ) and 

i t  has t h e  g r e a t  advantage t h a t  abso lu t e  c r o s s  s e c t i o n s  can be obtained 

t o  high accuracy. A 700 p su r f ace  b a r r i e r  S i  t ransmiss ion  d e t e c t o r  was 

used f o r  AE and a 3 mm Si-LI  s topping  d e t e c t o r  f o r  E ;  pu lses  were analyzed 

4 
with  t h e  power-law r o u t i n e  i n  t h e  on- l ine  3100 computer. Protons with 

ene rg i e s  between 10 and 25 MeV were stopped by t h e  d e t e c t o r  t e l e scope ,  



corresponding t o  t h e  e x c i t a t i o n  r eg ion  13-27 MeV i n  160; deuterons from 

15 3 t h e  14~(3He,d)  0 r e a c t i o n  were a l s o  analyzed; He and a p a r t i c l e s  were, 

completely stopped i n  t h e  AE d e t e c t o r .  Fig. 3-1 shows a  spectrum taken 

a t  30' and covering the  energy range 18-27 MeV; the  peaks a r e  l a b e l l e d  

wi th  t h e i r  e x c i t a t i o n  ene rg i e s  i n  160. 

A r e s o l u t i o n  of 180 keV was obtained f o r  t h e  proton group, due 

mainly t o  t h e  en t rance  f o i l  th ickness  (1  m i l  H-film) and t o  kinematic 

spread ,  and p a r t i a l l y  due t o  d e t e c t o r . n o i s e .  C a l i b r a t i o n  runs wi th  a  

2 
s o l i d  12c t a r g e t  of 100 lrg/cm showed 100 keV r e s o l u t i o n .  An angular  

d i s t r i b u t i o n  was taken a t  a  bombarding energy of 24 MeV 3He a t  f i v e  

angles  between 8 = 15' and 30°.. The s t a t e s  seen  by Comfort e t  a1  3 
l a b  

were a t  15.8, 16.2, 17.1,  17.8, 18.0, 19.0, 19.4, 19..9,and 20.4 MeV and 

we f i n d  genera l  agreement. More d e t a i l e d  angular  d i s t r i b u t i o n s  a r e  being 

taken and w i l l  be analyzed with a  two p a r t i c l e  t r a n s f e r  code t o  determine 

L values  and t o  t e s t  wave func t ions  i n  160. 

The ' 4 ~ ( ~ H e  ,d)15.0 Reaction. 

A s  a  byproduct of t h i s  work we have measured t h e  angular  d i s t r i b u -  

15  t i o n  of deuteron groups from the  14N(3He,d) 0 r e a c t i o n  l ead ing  t o  150 

s t a t e s ' b e l o w  9 MeV i n  e x c i t a t i o n .  The o v e r a l l  deuteron r e s o l u t i o n  of 

130 keV (FWHM) was adequate t o  r e so lve  a l l  t h e  150 s t a t e s  except  t he  

5.188 MeV, 5.240 MeV and t h e  6.789 MeV, 6.857 MeV double ts .  A d i s t r i -  

bu t ion  between €3 . = 15' and 30' has  been taken and a  more d e t a i l e d  
l a b  

s tudy  i s  planned. The d a t a  can  be compared wi th  t h e  r e c e n t  Rochester 

3  
study5 of t he  same r e a c t i o n ' a t  a He energy of 14 MeV. An energy spec.- 

trum of the  14W(31ie,a)150 r e a c t i o n  a t  e 30' i s  shown i n  Fig.  3-2. 
l a b  
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11. SPECTROSCOPY OF NUCLEI FROM F THROUGH Ca 

Octupole and Quadrupole Transition Rates in F19 from 

Scattering of 15 MeV Deuterons 

. . 

.h. Dehnhard an8 B. M. Hint. 

Experimental results from 15.0 MeV deuterons scattered by E'l9 were 

1 reported previously. Inelastic groups-leaving F19 in its five lowest 

lying excited states had been observed using two position-sensitive de- 

tectors placed in the focal plane of a split-pole magnetic spectrometer. 

The elastic scattering cross section has now been analyzed using an op- 

tical model (see Fig. 4-1 ) B(EZ)~ values for the transitions from 

the 512 + (0.197 MeV) and the 3/2 + (1.56 MeV) states to the g.s.  were 

found to be 9 + 3 and.10 & 3 W.U. (single particle units). They were 

calculated from the p2 deformation parameter extracte'd from a DWBA anal- 

ysis (Figs. 4-2 and 4-3 ) using a complex form factor derived from the 

optical model analysis with a surface absorption term. These results 

are in good agreement with results obtained from inelastic proton scat- 

2 
tering and from Coulomb excitation experiments. 3 

+ 
However, the B(~3)i value for the 512- -, 112 transition from the 

1.35 MeV state was found to be 1.4 & 0.6 W.U. as compared to 3.8  a 0.6 

W.U. from a (p,pl) experiment2 and to 12.0 + 4.0 W.U.~ and 6.5 + 1.1 W.U. 4 

from two different Coulomb excitation experiments. The results have been 

compared to various model predkctions and will be published soon. 
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Energy l e v e l s  of N&19  from l?19(He3, t ) d 9  

D.  Dehnhard. and H. Ohnuma 

The (IIe3,t)  r e a c t i o n  on F19 leading  t o  s t a t e s  i n  t h e  mir ror  nucleus 

Ne19 has been s tud ied  a t  an inc iden t  energy of 25 MeV. An a r r a y  of t h r e e  

p o s i t i o n - s e n s i t i v e  d e t e c t o r s  placed i n  t he  f o c a l  plane of t h e  s p l i t - p o l e  

magnetic spectrometer  was used. Angular d i s t r i b u t i o n s  of t he  t r a n s i t i o n s  

t o  t h e  s i x  lowest l e v e l s  o f  PJel9 were measured between 7' and 70°(1ab). 

Complete . spec t r a  between 0  and 'about  8  MeV e x c i t a t i o n  were taken a t  8' 

and 36O(lab). Many exc i ted  s t a t e s  not  prev ious ly  known were i d e n t i f i e d .  

Severa l  s t a t e s  were found i n  t h e  reg ion  of the  i s o b a r i c  analog of t h e  

ground s t a t e  double t  of , and angular  d i s t r i b u t i o n s  t o  t hese  s t a t e s  

0 
were taken between 8  and 4g0(1ab). 

+ The f i r s t  t h r e e  s t a t e s  i n  tJel9 a r e  known t o  be 112 , 5/2+, and 

1/2- .  Olness e t  a l l  made t e n t a t i v e  assignments 512-, 3/2+, and 3/2- 

f o r  t he  1.51,  1.54, and 1.61 MeV, r e spec t ive ly .  

I n  i n e l a s t i c  s c a t t e r i n g  on F19 t h e  negat ive  p a r i t y  s t a t e s  a r e  very  

weak, while  low-lying p .os i t ive  p a r i t y  s t a t e s ,  forming a  ~ = 1 / 2  r o t a t i o n a l  

band based on Nilsson o r b i t  number 6, a r e  very s t r o n g l y  exc i t ed .  2 ~ 3  I f  

3  t h e  (He t )  r e a c t i o n  t o  exc i t ed  s t a t e s  i n  ~ e "  proceeds i s  "quas i - e l a s t i c "  

4  3 
s c a t t e r i n g  we would expect  r e l a t i v e  (He , t )  c r o s s  s e c t i o n s  t o  be s i m i l a r  

2  19 
t o  those of ( d , d l )  and ( p , p 1 ) 3  on F  . 

The t r a n s i t i o n s  t o  t he  0.275-, 1.51-, and 1.61-MeV s t a t e s  a r e  an 

o rde r  of magnitude weaker than  those  t o  t h e  ground s t a t e  and t h e  0.238- 

and 1.54- MeV s t a t e s .  Therefore ,  t he  former t h r e e  s t a t e s  a r e  most 

1 i k e l y . t h e  nega t ive  p a r i t y  s t a t e s ,  while  t he  l a t t e r  t h r e e  a r e  p o s i t i v e  

p a r i t y  s t a t e s .  



To e x t r a c t  L-values w e  performed d i s t o r t e d  wave c a l c u l a t i o n s  as-  

suming complex . co l l ec t ive  form f a c t o r s  der ived  from an o p t i c a l  model 

3  
p o t e n t i a l  f o r  He s c a t t e r i n g . 5  The angular  d i s t r i b u t i o n s  t o  t he  0.238-- 

and 1.54-MeV s t a t e s  can be f i t t e d  by an  L=2 ca l cu la t ed  curve. This con- 

+ + 
f i rms  t h a t  t hese  s t a t e s  a r e  512 and 312 s t a t e s .  It i s  i n t e r e s t i n g  t o  

no te  t h a t  t h e  (He3, t )  c ros s  s e c t i o n  r a t i o  f o r  t hese  two s t a t e s  do(0.22)/ 

da(1.54)  i s  c l o s e  t o  1 .5  a s  expected f o r  "quas i - ine l a s t i c "  s c a t t e r i n g  t o  

+ + 
t h e  512 and 312 s t a t e s  of the  r o t a t i o n a l  band. The t r a n s i t i o n  t o  t he  

1.51-MeV s t a t e  can be f i t t e d  by an  L=3 angular  d i s t r i b u t i o n .  The 1.61-' 

MeV s t a t e  angular  d i s t r i b u t i o n  has a  s i g n i f i c a n t l y  d i f f e r e n t  shape. 

I f  t h i s  s t a t e  i s  312- it may be exc i t ed  by L=l  (o r  a  mixture b f  L=l and 

L=3). No a t tempt  was made t o  f i t  L=l because it i s  not  j u s t i f i e d  t o  use 

c o l l e c t i v e  form f a c t o r s  f o r  t hese  t r a n s i t i o n s .  We conclude t h a t  t h e  

1.51-MeV s t a t e  i s  t h e  512- s t a t e  and t h e  1.61-MeV s t a t e  i s  312-. 
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(p ,.P).,, '(p , P  I ) ,  and (p ,d)-  React tons on Neon, a t  40 MeV 

D. G. Madland and N.  M. Hintz 

The experimental  work on the  (p,p) ,  (p ,p ' )  , and (p,d)  r e a c t i o n s  

on t h e  neon i so topes  has been completed. The e l a s t i c  d i f f e r e n t i a l  c ros s  

22 
s e c t i o n s  Ne(p,p) and 2 0 ~ e ( p , p )  were measured o v e r  an angular  range of 

15': 8 1 '140~.  The ( b , p l )  work on 22Ne and 20Ne described i n  t he  l a s t  

p rogress  r epo r t1  has been extended t o  backward angles  whi le  t he  ( p , p l )  

r e a c t i o n  on 2 1 ~ e  has y i e lded  l e s s  d a t a  because t h e  t a r g e t  was only a v a i l -  
. . 

ab le  with 52% enrichment. The r e s u l t s  'of  t he  (p ,d)  r e a c t i o n  s t u d i e s  in-  

c lude  angular  d i s t r i b u t i o n s  on reso lved  s t a t e s  up t o  6 MeV of e x c i t a t i o n  

i n  2 0 ~ e  and up t o  3 MeV of e x c i t a t i o n  i n  19Ne a n d  21Ne. F i n a l l y ,  t he  

gas  c e l l  geometry was measured by comparing t h e  H(p,p)H d i f f e r e n t i a l  

c ros s  s e c t i o n  wi th  t h e  1$ abso lu t e  eyperiment of Johnston. 2 

The o p t i c a l  mode.1 a n a l y s i s  of the  e l a s t i c  d i f f e r e n t i a l  c ros s  sec-  

t i o n s  i s  i n  progress .  The o p t i c a l  parameters obtained w i l l  be used i n  

' t h e  DWBA a n a l y s i s  of t h e  (p,p1)  and (p,d)  d a t a ;  
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7 .  The (p, t )  and (p ,IIe3) Reaction. on Oxygen and Neon a t  4 0  MeV 

.D. K. Oleen and R. E. Brown 

The experimental  work descr ibed  i n  t h e  1968 Progress  Report on the  ' 

3 
( p , t )  and (p,He ) r e a c t i o n s  on t h e  neon ieo topee  haa been completed. 

. .. 



. . 
. .  . . .  . 

Table 7-1 summarizes the angular distributions obtained during the 

' 20.. . 
past year. Altogether cross sections for 25 transitions from the Ne 

22 .a. 

and Ne isotope's have been measured. 

TABLE 7-1 

3 
. ( p ,  t) and (p , H e  ) Data 0btatbdd"on .m2' .ind Ne 22 . .0 

- . -  

a 

React ion ' f , ~  of Final,-State Angular Range. 

20' 3 18 
Ne (p,He )F (G.S.) I+, 0 8'-80' 

20 18 
Ne (p, t)Ne (1.88) 

+ 2 ,I.. lo0-75' 

(3.36) ?,I lo0-50' ' 

(3.61) ?,I lo0-55' 

(4.55) 1- ,1 lo0-65' 

2 2 20 
Ne (p,t)Ne (10.27) 2+, 1 . ,8O-75' 

17 
Fig. 7-1 shows the differential cross sections for the 0 (p,t) 

15 17 15 17 3 15 17 3 15 
0 (G.S.), 0 (p,t)O (6.16), 0 (p,He )N (G.S.), and 0 (p,He )O (6.33) 

reactions. The absolute cross section.scale is arbitrary; however, the 

relative cross sections between the angular distributions are 'in .correct 

2 proportion. The targets were made by oxidizing 0.9 mgm/cm nickel foils 

in a pure oxygen atmosphere having the following isotopic compositl6n: , 

3 0'~:23;4$,0'~:36.6$, 018:40.0$. The (p,He ) differential cross sections 

have less structure and are coneiderably smaller in magnitude than the 
' 

(p,t) differential cross sections. An attempt is being made to understand 

the experimental data in terms of a direct two-nucleon transfer process. 



~.b - Angle 

Fig .  7-1 



Proton Pickup From A 1  
27 

R. DeLong and D. Dehnhard 

2 
~ i l d e n t h a l  and ~ewmanl  and G. 3. Wagner e t  a 1  have observed a 

.. . 

2 7 3 26' 
r a t h e r  s t r o n g  412 t r a n s i t i o n  i n  t h e  A 1  (d,He )Mg . r e a c t i o n  t o  t he  . 

. . 26 
unresolved 4 .3  MeV t t i p l e t  i n  Mg . The s t r e n g t h  of t h i s  t r a n s i t i o n ,  

2 
(C ~ = 2 . 0 - 2 . 3 ) c a n  be explained1 by a s h e l l  model c a l c u l a t i o n  assuming, 

t h e  t r a n s i t i o n  goes mainly t o  a 4' s t a t e  near  4 MeV. Prom (t,(r) and 

( t , p )  experiments3 s t a t e s  a t  4.32 MeV and 4.33 MeV were t e n t a t i v e l y  a?- 

+ 
signed t o  be 4 . It is  important t o  know what f r a c t i o n  of the  t o t a l  

+ t r a n s i t i o n  s t r e n g t h  observed i n  Ref. 1 and .2 i s  contained i n  t h e  4 

s t a t e  proposed by theory.' Another t r i p l e t  of s t a t e s  around 4.9 MeV 

was a l s o  n o t  reso lved  i n  t he  l a t t e r  two experiments.  

3 We have s tud ied  the  r e a c t i o n  ~ l * ~ ( d , H e  ) a t  19 MeV us ing  t h e  s p l i t -  

po le  magnetic spectrometer4 and two p o s i t i o n - s e n s i t i v e  d e t e c t o r s  loca ted  

s o  a s  t o  d e t e c t  t h e  4.3 MeV and t h e  4.9 MeV t r i p l e t s  s imultaneously.  

F ig .  8-1 shows a p o s i t i o n  spectrum of t he  4 .3  MeV . t r i p l e t  from the  

3 
(d,He ) r e a c t i o n  wi th  a t a r g e t  of 20 pg/im2 ~1~~ on a 10 pg/cm2 carbon 

' 

backing. The s o l i d  l i n e  was determined by using a Gaussian peak f i t t i n g  

program. The r e s o l u t i o n  a t  forward angles  was about 1 3  keV (FWHM) and 

d e t e r i o r a t e d  a t  l a r g e r  angles .because  of t h e  l a r g e r  energy l o s s  i n  the  
- .  . ,.. 

t a r g e t .  

Angular d i s t r i b u t i o n s  were taken from 10' t o  70'. The 4.313 MeV 

and 4.330 MeV s t a t e s  a r e  exc i t ed  by 4-2 t r a n s i t i o n s .  For t he  t r a n s i -  

t i o n  t o  t h e  4.350 MeV s t a t e  an  J=0 assignment. appears  l i k e l y ,  i n  agreement 

.. . 



i5 o , . 
. . 180 . 

. . 
Channel ~ k b e r , .  . . 



wi th  t h e  t h e o r e t i c a l  c a l c u l a t i o n s ,  which p r e d i c t  a predominately ~ = 0  

+ t r a n s i t i o n  t o  a 2 s t a t e  around ' t ha t  energy. Apparently,  most of t he  

s t r e n g t h  of the  t r a n s i t i o n  t o  t he  t r i p l e t  i s  contained i n  t h e  4.313 MeV 

+ s t a t e ,  which would then  have t o  be t h e  4 s t a t e  i n  t h e  s h e l l  model ' ca l -  

c u l a t i o n s .  1 

  he' 4 .9 MeV t r i p l e t  was found t o  be only weakly e x c i t e d ,  with most 

of t h e  s t r e n g t h  being i n  t h e  4.83 MeV s t a t e .  Angular d i s t r i b u t i o n s  on 

t h i s  t r i p l e t  a r e  incomplete.  
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26 3 9. The Mg(d, ~ e )  2 5 ~ a  React ion and t h e  "Modified DwBA~' 

D. Dehnhard,and R. DeLong 

P. D.  Kunz e t  a1.l have shown t h a t  t h e  e f f e c t s  of s t rong  coupl ing  

i n  t h e  i n i t i a l  and f i n a l  s t a t e  i n  a p a r t i c l e  t r a n s f e r  r e a c t i o n  may be 

s imulated by a mod i f i ca t ion  of t h e  o p t i c a l  model parameters f o r  i n -  

coming and outgoing p a r t i c l e s .  We have appl ied  t h e i r  p r e s c r i p t i o n  t o  

26 3' 
' d i s t o r t e d  wave c a l c u l a t i o n s  f o r  t h e  Mg(d, He) 25Na r e a c t i o n  a t  20 

MeV and a t  34.4 MeV. 
Z 



The data at 20 MeV were taken with the split-pole magnetic spec- 

trometer and position-sensitive detectors. Angular distributions of 

the g.s., the 90 keV state,and the 1.07 MeV state were obtained be- 

tween 10' and 55' (1ab)(Fig. 9-1 ) The 90 keV state, not resolved 
I .  

2 
at Ed = 34 MeV , was easily resolved with the spectrometer and found 

to be only very weakly excited. "Regular" DWBA calculations with op- . . - 
tical model parameters obtained by Wildenthal and ~ e w m a n ~  from 34 MeV 

4 deuteron scattering on several nuclei and by Yntema and Dehnhard from 

3 26 
33 MeV He scattering on Mg gave only very poor fits to the experi- 

mental data at 20 MeV (Fig. 9-1, solid lines). Very good fits to the 

4=0 transition to the 1.07 MeV state and the 4=2 transition to the 90 

keV state (Fig. 9-1, broken lines) are obtained by increasing the rad- 

ius of the optical model parameters in incoming and outgoing channel 

as. sugge~tcd inRef. 1 by a facLur of (1 + xf3) = 1.2 where B is the 

deformation parameter and x (defined in Ref. 1) depends upon the 

Nilsson'coef f ic.ients, C . The applicability of the Nilsson model to 
J A *  

explain low'-lying states in 25Na is not quite elear, because the g. s. 
. . . .. . + of 25Na his J" =5/2+ and' nit 312 as expected from the rotational 

model and as observed in 23Na. However, we performed preliminary 

Coriolis band mixing calculations using a code written by J. R. Erskine 
5 

+ + 
and found that the 512 rotational state based on the ~=3/2 Nilsson or- 

+ 
bit number 7 mixes strongly with the 512 state of Nilsson orbit number 

I + 
6 and can therefore be found below the 312 state. It is not yet clear 

1 how the prescription given by Kunz et al.should be modified to include 

band mixing. Nevertheless, the considerable improvement of the fits 

+ fbr the 112 and 3/2+ states is interesting. (The regular DWBA fit for 

+ + 
the 312 state has the same shape as for the 512 g.s.(solid line).) 



+ I f  t he  5 1 2  g . s .  s t a t e  would be a pure r o t a t i o n a l  s t a t e  based on o r b i t  

+ number 7 i t  would have t o  be above the  312 s t a t e  and x would be very 
. . 

smal l  ( s e e  Table 111 i n  Ref.  I ) ,  however, through band mixing wi th  the  

+ K=l/2 band ( o r b i t  number 6)  x would probably inc rease  a s  i s  suggested 
" . . . .  

by the  experimental  po in t s  which a r e  f o u n d . j u s t  between t h e  ca l cu la t ed  

f o r  
curves  forW',=O and,,(l+@) = 1.2. For t he  34  MeV d a t a  (no t  shown) t h e  

e f f e c t  of changing t h e  r a d i u s  was much l e s s  d r a s t i c  than  f o r  t h e  20 'MeV 

d a t a .  

A t  p resent  i t  cannot be excluded t h a t  the  good f i t s  obtained by 

t h e  inc rease  i n  t he  r a d i u s  of the  o p t i c a l  model parameters may be due 

t o  o therwise  poor o p t i c a l  model parameters a t  t he  lower energy. More 
. . 

examples of t r a n s f e r  r e a c t i o n s  on s t rong ly  deformed n u c l e i  should be 

i n v e s t i g a t e d  i n  t he  way suggested by Ref. 1. 
. , 
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(3~e,d) Reactions on 2 9 ~ i  -=- 

W. W. Dykoski and D. Dehnhard 

It has been suggested1 that the strength of transitions in parti- 

cle transfer reactions may be reduced when target and final nucleus 

have significantly different shapes. Some evidence for this effect 

2 
was seen in neutron pickup reactions on Si isotopes. We are now 

3 
studying proton stripping reactions on the Si isotopes using the ( He,d) 

reaction. 

So far, Si02 targets enriched in 2 9 ~ i  to 92% were exposed to 25 M ~ V  

3 
He particles. The split-pole magnetic spectrometer together with nu- 

clear emulsion plates was used to ,detect the deuterons. Broad range 

spectra at several angles between 8' and 29' were taken and have been 

scanned between 0 and 6 MeV'excitation. A part of a typical spectrum is 

shown in the Fig. 10-1 . These data are now being analyzed. For com- 

3 
parison, we expect to study the ( ~e,d) reaction on 2 8 ~ i  and 30~i. 
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siZ9(d , p ) ~ 3 0  Reaction 

H. Ohnuma and D. Dehnhard 

29 The Si (d,p)si30 reaction has been studied at an incident energy 

of 20 MeV.   he' split-pole magnetic spectrometer and nuclear emulsion 

plates, covered with absorber foils, have been used to detect the pro- 





. . 
0 tons. A typical spectrum obtained at 25 (lab) is shown in Fig. 11-1 . 

Angular distributions have been.measured for states between 2 and 6 MeV 

excitation. The states at 2.23, 3.51, 4.81, 5.22, and 5.61 MeV are ex- 

+ cited by e=2. A recent assignment1 (~*=2 ) to the 4.808-MeV state is 

consistent with the present result. An A=2 transition to the 5.22 MeV 

+ state confirms the recent assignment2 of 3 and contradicts the old as- 

signment3 of 3-. An unresolved doublet at 3.78 MeV is probably a. mix- 

+ ture of A=0 and 4=2, in agreement with the 1' and 0 to 

the 3.767 and 3.786 MeV states, respectively. The 5.48 MeV.state is seen 

strongly excited by. 1=3, supporting the 3' assignment3 to this state. 

The strong excitation suggests that this state is not a purely collective 

octupole state as expected from neighboring nuclei, but a state formed 

29 mainly by the coupling of an f particle to the ground state of Si . 
The energy of this state is quite high compared to neighboring nuclei 

where the states with a large f component are around 3.5 MeV. The states 

at 4.83 MeV and 5.27 MeV were seen weakly excited; an Q assignment has 

not yet been mad.e. 
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111. . . "'SPECTROSCOPY OF NUCLEI FROM Sc THROUGH Ni 

12'. ~evels in ~c~~ from the da42(a,d)~c44 Reaction 

R. H. Cornett, H. Ohnuma, and N. M. Hintz 

44 In an attempt to study the energy level structure of Sc , we are 

currently at work on the ~ a ~ ~ ( a , d ) S c ~ ~  reaction with the split-pole 

spectrometer; using 25 MeV a's from the tandem Van de Graaff.accelerator. 

The (a,d) reaction will yield information complementary to that of 

3 other two-nucleon transfer experiments such as the Ca42(He ,p)Sc 44 
. . 

4 6 work done at ~eidelber~l and the Ti ( d , a ) ~ c ~ ~  experiment done here 

2 
by Wallen, Ohnuma and Hintz. The contamination free calcium target 

used necess-itated the development of the vacuum . . t-arget transfer qys- 

tem described elsewhere. 3 
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45 
The Sc ( d ,  t ) ~ c ~ ~  reaction has been studied with a 19.5 MeV deu- 

teron beam from the Williams Laboratory .. . tandem Van d e  Graaff. . . The reac- 

tion products have been analyzed by a split-pole magnetic spectrometer 

and position-sensitive detectors. The targets were metallic scandium . 



f o i l s ,  some on carbon backings. A t y p i c a l  t r i t o n  spectrum obtained a t  

20°(1ab) i s  shown i n  Fig.  13-1 . Peaks between group 11 and 15 a r e  due 

t o  p i le -up  from the  out-of-focus deuteron e l a s t i c  groups. Angular d i s -  

t r i b u t i o n s  f o r  some low-lying s t a t e s  a r e  shown i n  F ig .  13-2 . I n  Table 13-1 

. .  t he  r e s u l t s  a r e  summarized and compared wi th  previous neutron pickup 

experiments.  Sums of t he  spec t roscopic  f a c t o r s  obtained here  a r e  

a l s o  given i n  t he  Table.  The 1=3 s t r e n g t h  i s  exhausted by about 1.5 

MeV, except  f o r  t h e  analog s t a t e  a t  2.8 MeV; many s t a t e s  with d and s 

s t r e n g t h ' a p p e a r  t h e r e a f t e r .  A weak 1-1 component was observed i n d i c a t i n g  

t h a t  t h e r e  i s  a mixture of p-neutrons i n  t h e  ground s t a t e  of S C ~ ~ .  The 

f i r s t  and second exc i t ed  s t a t e s ,  which a r e  known3 t o  be I+, a r e  not  ex- 

c i t e d  i n  t he  p re sen t  experiment. 
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1 / 1 4 .  Levels  i n  Odd-Odd Scandium Iso topes  from T i ( d , a l  

R. A .  Wallen, H. Ohnuma, and N. .M. Hintz 

I n  o rde r  t o  o b t a i n  more' information on energy l e v e l s ,  s p i n s ,  and 

conf igu ra t ion  mixing i n  t he  odd-odd ieo topes ,  we have been s tudying the  

(d , a )  r e a c t i o n  on t h e  t h ree  even-even T i  i so topes  a t  Ed=19 MeV. We have 

0 
taken d a t a  a t  l abo ra to ry  angles  from 10 t o  90'. The l e v e l  of e x c i t a t i o n  

-. 

i n  t h e  T i  n u c l e i  ranged from 0 t o  5 MeV. 





Fig. 



45 TABLE 13-1. Comparison of  Various Neutron Pick-Up Reaction8 on Sc . 

Ref. 1 (p,d)  Ref. 2 (He3,*) Present work ( d , t )  



Because the  l e v e l  d e n s i t y  i s  r a t h e r  high i n  odd-odd n u c l e i ,  e s p e c i a l l y  

away from closed s h e l l s ,  and because p a r t i c l e  i d e n t i f i c a t i o n  was r equ i r ed ,  

we used p4s i t i on - sens i t i ve .  deltei320rsltand.:Che , ~ ~ l i t ~ ~ o l e  magnet.ic:,. spec t rometer .  
. . 

Using enriched se l f - suppor t ing  m e t a l l i c  t a r g e t s  of approximately 100 bg/cm 
2  

we obtained an o v e r a l l  r e s o l u t i o n  of 10 keV, FWHM. 

The system was c a l i b r a t e d  by moving s t rong  a lpha  p a r t i c l e  peaks a- 

c ros s  our d e t e c t o r s , .  i n  3  mm s t e p s ,  by changing t h e  magnetic f i e l d  of the  

spectrometer .  We then  compared our  c a l i b r a t i o n s  with t h e  G.S. and wi th  

46 
exc i t ed  s t a t e s  i n  Sc t h a t  have been measured accu ra t e ly  i n  gamma work 

us ing  bent  c r y s t a l  spectrometers .  I n  t h i s  way we were ab l e  t o  o b t a i n  ex- 

c i t a t i o n  ene rg i e s  t o  an  accuracy of one o r  two keV f o r  s t r o n g  s t a t e s  and 

two t o  fou r  keV f o r  weak o r  h ighly  exc i t ed  s t a t e s .  A number of previously 

5  0  unknoyn s t a t e s  h a v e  been i d e n t i f i e d .  A spectrum f o r  T i  ( d , a ) : ~ i ~ ~  a t  25' 

up ' t o  2.6 MeV e x c i t a t i o n  is  shown i n  Pig.  14-1. 

We are ' .  i n  , t he  p'rocess of ,comparing our angular  d i s t r i b u t i o n s  wi th  

those 0btaine.d '.'frdm Bayman's twb-nucleon t r a n s f e r  code, TWOPAR, and wi th  

DWUCK by making use of t he  c l u s t e r  approximation a s  d iscussed  by Daehnick 

1 
and Park. Prel iminary r e s u l t s  on t h i s  a n a l y s i s  were repor ted  a t  t h e  

Washington 1969 APS meeting. 
2  

To f a c i l i t a t e  our  a n a l y s i s  we observed a lpha  p a r t i c l e  e l a s t i c  s c a t -  

t e r i n g  on ~i~~ a t  21 MeV f o r  l abo ra to ry  angles  from 20' t o  170'. From 

RAROMP we obtained a  number of o p t i c a l  model s e t s  c o n s i s t i n g  of s i x  para- 

meter f i t s  t o  t h e  d a t a  and a r e  c u r r e n t l y  i n v e s t i g a t i n g  these  i n  the  (d , a )  

c a l c u l a t i o n s .  

48 
Some t e n t a t i v e  s p i n - p a r i t y  assignments a r e  f o r  Sc : GS, 6+; 0.131, 

46 
5+; 0.253, 4+; 0.624, 3+; 1.097, 7+; 1.406, 2-; 2.518, I+;- and f o r  Sc : 

GS, k; 0.052,' 6+; 0.228, 3t; 0.281, 5t; 0.290, 2-; 0.628, k; 0.774, 5+; 

0.973, 7+; 0.984, 2+;.1.125, 5+. 



Fig .  14-1 
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49. 3  
T i  (d,He ) S C ~ ~  React ion 

49 3 
The T i  (d,He )8c4' r e a c t i o n  has been s tudied  with a  19.45 MeV 

deuteron  beam from t h e  Williams Laboratory tandem Van de Graaff .  A 

s p l i t - p o l e  magnetic spectrograph and p o s i t i o n - s e n s i t i v e  d e t e c t o r s  have 

been uqed t o  analyze r e a c t i o n  products .  T h e . t a r g e t  i s  a  s e l f - suppor t ing  
. . 

, . 4 9 m e t a l l i c  f i i l ' e n r i c h e d  t o  77.3% i n  T i  . A t y p i c a l  spectrum a t  15'(1ab) 
. . . . 

. .  , 3 and t'he angular  d i s t r i b u t i o n  f o r  t he  ground s t a t e  He group is  shown i n  

Fig.  15-1 and Fig .  15-2 , r e spec t ive ly .  S t a t e s  a t  132, 254, and 624 
. . . 48. .' . . 

keV i n  SC a r e  a l s o  e x c i t e d - b y  A=3. Re la t ive  s t r e n g t h  of t hese  s t a t e s  

a r e  l i s t e d  i n  Table 15-1 .. . As shown i n  t h e  t a b l e ,  t he  p re sen t  r e s u l t s  

3  a r e  i n  good agreement with t h e  previous (d,lle ) experiment1 and the  

shell-model c a l c u l a t i o n s 2 '  3, bu t  i n  s l i g h t  disagreement wi th  t h e  ( t  ,a) 

4 r e s u l t s .  
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TABLE 15-1 . Relative Strength of a03 Component i n  the 

4  9 Proton Pick-up Reactions from T i  . 

Sta t e  i n  Sc 48 ( d , ~ e ~ )  (d , ~ e ~ )  
( t J @  

Calculations 
presen't previous Ball  '. Wong 

G.S. (6') 1.0 1 .'O 1.0 1.0 . 1.0 

/16. S t a t e s  i n  ~i~~ and ~r~~ from (p, t) Reactions 

D. G. Madland and N. M. Hintz 

4  6  48 
The T i  (p ,  t ) ~ i ~ ~  and ~ r ~ ~ ( p , ~ ) C r  react ions  have been studied 

. . 

with 40 MeV incident  protons from the Minnesota Linear Accelerator. 

The react ion products were momentum analyzed with the 180' magnetic 

spectrograph and detected with an array of 32 so l id  s t a t e  detectore.  

The over-al l  resolut ion f o r  the experiment was & 60 keV. 

The three  t a rge t s  used i n  the experiment had the following pro- 

pe r t i e s :  

t a rge t  ' i sotopic  pur i ty  a r ea l  densi ty  contaminants . 

(1) ~i~~ 77.1% 1.07 mg/cm 2 T~~~ (17 3%) 

(2) T~~~ 86.4$ 2.51 m g ~ c m  2  T~~~ (9. 6%) 

(3) Cr50 95.99 - 4.5 mg/cm 2 C 12Jc13 J H  1 (55%) 



-.- 

The experimental  procedure was to't'ake'momentum s p e c t r a  a t  two 

ang le s  ( l o0  and 20') f o r  e a c h  t a r g e t .  The e x c i t a t i o n  ene rg i e s  and t h e i r  

u n c e r t a i n t i e s ,  f o r  a l l  reso lved  s t a t e s , . w e r e  obtained from these  s p e c t r a .  

Angular d i s t r i b u t i o n s  were then  taken on a l l  such resolved s t a t e s ;  

Analysis  of t he  d a t a  us ing  t h e  two neutron t r a n s f e r  DWBA program, 

TWOPAR, by B .  F. ~ a ~ m a n , '  i s  p a r t i a l l y  complete. ' Parameters desc r ib ing  

t h e  incoming and outgoing d i s t o r t e d  waves,were taken from t h e  genera l ized  

2 
nucleon-nucleus o p t i c a l  p o t e n t i a l  of F. Becche t t i  and an  e x t r a p o l a t i o n  

3 of parame'ters obtained from 20 MeV t r i t o n  e l a s t i c  s c a t t e r i n g  experiments,  

r e s p e c t i v e l y .  
. . .  . .. . . . .- - . . -. - 

T i  (p 
4 6 44 ' 

, t ) T i  : Fig.  16-1 shows the  momentum s p e c t r a  taken a t  10' and 
. . 

20'. Resolved s t a t e s  i n  T i 4 4  a r e  found a t  0.00, 1.04, 2.10 and 2.65 MeV, 

and a  doub le t  a t  approximately 3.56 MeV. A s t a t e  is  a l s o  assigned a t  

2.40 MeV on the  b a s i s  of another  experiment ( see  Fig.  16-5 ). A l l  unla- 

48 46 beled s t a t e s  have been dete.rmined t o  be from the  T i  (p ,  t ) T i  r e a c t i o n  

by comparing the  s p e c t r a  taken  wi th  t a r g e t s  (1) and (2) which con ta in  

48 d i f f e r e n t  amounts of T i  . 
The angular  d i s t r i b u t i o n  of the  ground s t a t e  t r a n s i t i o n  i s  .shown 

i n  F ig .  16-2 together:  wi th  t h e  DWBA p r e d i c t i o n  f o r  p ick ing  up a . . p a i r  of 

I f  712 neutrons coupled. t o  angular  momentum, L 4 .  The t h e o r e t i c a l  curve 

0 
i s  approximately 3 o u t  of phase wi th  the  da t a .  Th i s  should not  neces- 

- -- - 
--- - -- A h = -  - s a r i l y  be taken a s  an i n d i c a t i o n  of s-d o r  p  components-iK t h e  T1 ground - 

s t a t e  becauae changes i n  t h e  t r i t o n  o p t i c a l  parameters w i l l  a l s o  a f f e c t  

t h e  phase. Fig. 16-3 shows the  angular  d i s t r i b u t i o n  of t h e  s t a t e  a t . 1 . 0 4  . .  . 

+ MeV which i s  assigned f = 2  , al though we have n o t  y e t  been ab le  t o  f i t  

t h e s t a t e d e s p i t e u s i n g s e v e r a l a d m i x t u r e s o f s - d a n d / o r p t o g e t h e r w i t h  

f 712 neut rons  coupled t o  angular  momentum, L=2.' On t h e  o t h e r  hand, t he  



s t a t e  a t  2.65 MeV (Fig. 16-4 ) is  f i t  n i c e l y  wi th  the  t r a n s f e r  of two 

If 712 'neutrons coupled t o  angular  momentq, L=2 and i s  t h e r e f o r e  a s -  

+ .  + 44 signed f = 2  . Thus t h e  second 2 (2.65 MeV) i n  T i  seems t o  be "pure" 

i n  the  sense of being f i t  by t r a n s f e r r i n g  p a i r s  from a  pure ( I f  7 f2 )  

+ conf igu ra t ion  whereas t he  f i r s t . 2  (1.04 MeV) has t o  be made up of a  mix- 

t u r e  of con£ igu ra t ions .  Another p o s s i b i l i t y  i s  f h a t  the  f i r s t  2' s t a t e  

i s  being exc i t ed  by a  combination of a  one-step t r a n s f e r  process  and a  
+ two-step i n e l a s t i c  and t r a n s f e r  e x c i t a t i o n .  The second 2  s t a t e  i s  a l s o  

approximately 30% s t ronge r  than  the  f i r s t  2' s t a t e  and is  a t  cons iderably  

lower energy than  predic ted  by e i t h e r  pure f  712 ca l cu la t ions4  ( s o l i d  l i n e s  

i n  middle of F ig .  16-5 ) or by f  712 - p 312 c a l c u l a t i o n s 5  (dashed l i n e s  i n  

46 44 middle of Fig.  16-5 ). I n  a d d i t i o n  t o  t he  T i  ( p , t ) T i  l e v e l  diagram, 

Fig.  16-5 a l s o  shows r e s u l t s  from s e v e r a l  o t h e r  research  groups who have 

40 44 
done Ca ( a , y ) T i  . 

Work i s  cont inuing  on f i t t i n g  the  1.04 s t a t e  and r e so lv ing  t h e  phase 

problem of t he  ground s t a t e .  

C r  (p 
50 48 , t ) C r  : Figs .  16-6 and 16-7 show t h e  momentum s p e c t r a  of t h i s  r e -  

a c t i o n  a t  l o0 ,  20°, and 25' (where t h e  contaminant s t a t e  i s  away from t h e  

f i r s t  exc i t ed  s t a t e ) .  Resolved s t a t e s  i n  cr4* a r a  found a t  0.00, 0.67, 

1 .63 (doub le t ) ,  3.15 (doublet)  and 3.54 MeV (double t ) .  

The angular  d i s t r i b u t i o n  of t h e  ground s t a t e  t r a n s i t i o n  i s  shown i n  

Fig.  16-8 toge the r  wi th  the  DWBA p r e d i c t i o n  f o r  t r a n s f e r r i n g  two ( I f  712) 

4  6  
neutrons coupled t o  angular  momentum, L=O. A s  i n  the  case  of the  T i  ( p , t )  

44 0 
T i  ground s t a t e ,  work must be done t o  remove t h e  approximately 3  phase 

d i f f e r e n c e  between experiment and p r e d i c t i o n .  Fig.  16-9 shows the  angular  

d i s t r i b u t i o n  of t he  f i r s t  e x c i t e d  s t a t e  a t  0.67 MeV. The l i n e  drawn 

through the  p o i n t s  has no t h e o r e t i c a l  e i g n i f  icance.  We have n o t  y e t  been 



ab le  t o  f i t  t h i s  s t a t e  with any degree of success,  but f e e l  t h a t  more con- 

f*gurat ion mixing i s  worth t ry ing.  It i s  worth noting t h a t  t h i s  s t a t e  

n + (assigned J a2 ) i s  the ' lowes t  f i r s t  exci ted  s t a t e  of the  even-even nuc le i  

i n  the  I f  712 s h e l l .  The doublet a t  1 .63  MeV has been assigned a s  a  mixture . . 
. . + of 0' and 4 on the  b a s i s  of i t 8  angular,  d i s t r i b u t i o n  i n  Fig. 16-10.. 

Note t h a t  . th is  group i s  very weak; about 2% of the ground s t a t e .  

48 Fig. 16-llsummarizes what w e  know about the  C r  system. The. .  

486 o the r  experiment r e fe r red  t o  i s  Ti46(Ae3,n)Cr which shows a s t a t e  a t  
. . 

t he  r i g h t ' e n e r g y  (2.37 MeV) f o r  the  exis tence  of a  ground s t a t e  ro ta -  

t i o n a l  band. We did not  see  any s t a t e  a t  t h a t  e x c i t a t i o n  energy and 

would put  the upper l i m i t  o f . i t s  s t r eng th  a t  1/10 of the  1.63 MeV group 

o r ,  equivalent ly ,  11500 of the  ground s t a t e .  
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Life t ime of t he  40-keV Doublet i n  T i  
45 

H. Ohnuma and A. A. Padmanabham 

Recent ly two ~ d w - l ~ i n ~  s t a t e s ,  one a t  37 keV and another  a t  40 

45 2  
keV, were found1 i n  T i  . A comparison wi th  a  c a l c u l a t i o n  sugges ts  

, . 
t h a t  t h e s e  a r e  312- and 512- s t a t e s .  The h a l f - l i f e  of the  37-keV 

s t a t e  was est imated t o  be between 1 psec and 0.5 msec by J e t t  e t  a l .  1 

With our  pulsed beam technique,  i t  might be f e a s i b l e  t o  measure the  

l i f e t i m e  or  o b t a i n  a b e t t e r  l i m i t  f o r  i t ,  i f  one member of the  double t  

i s  312- and decays t o  the  ground s t a t e  by an  E2 t r a n s i t i o n  and i f  t h i s  

t r a n s i t i o n  is  no t  enhanced. 

The Sc45(p,n)Ti45 r e a c t i o n  was used t o  e x c i t e  t he  double t .  The 

i n c i d e n t  beam was a  10-MeV proton beam, pulsed t o  140 ~ s e c  b u r s t s  

w i th  600 psec i n t e r v a l s .  A 5 c c  Ge(Li) d e t e c t o r  was placed a t  90' 

t o  the  beam. 37- and 40-keV gamma-rays were observed i n  t h e  "beam- 

on" spectrum. They were no t  seen  i n  t h e  delayed spectrum taken dur ing  

the  50 t o  110 psec i n t e r v a l  a f t e r  the  beam b u r s t s .  We e s t ima te  t h e  

upper l i m i t  of t h e  h a l f - l i f e  of t he  double t  a t  about 25 psec. 
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s t a t e s  i n  vS0 Studied wi th  the  ( d , t ) R e a c t i o n  

A. Sourkes,  H. Ohnuma and N. M. Hintz 

5 1 S t a t e s  i n  v50 were s tudied  by the  V (d, t )  r e a c t i o n  using 19.5 MeV 

deuterons i n c i d e n t  from the  Williams Laboratory Tandem Van de Graaf f ,  a 

s p l i t  pole  magnetic spectrometer ,  and p o s i t i o n  s e n s i t i v e  d e t e c t o r s .  The 

t a r g e t  was n a t u r a l  vanadium metal evaporated onto a  t h i n  carbon f o i l .  

F ig .  18-lshows a  t y p i c a l  t r i t o n  spectrum with the  s t a t e s  numeri- 

c a l l y  l a b e l l e d ,  where C i s  a  contaminant peak. A previous ly  repor ted  

t r i p l e t 1  a t  about 350 keV is  c l e a r l y  reso lved .  Fig. 18-2 e x h i b i t s  a  

DWBA f i t  t o  t he  g r o u n d ' s t a t e  angular  d i s t r i b u t i o n .  The s o l i d  l i n e  i s  

the  sum of the  do t t ed  curves ,  c o n s i s t i n g  predominantly of &=3 with  a  

2% j=1 con t r ibu t ion .  

~ a b l e l 8 - l s h o w s  the  pre l iminary  l e v e l  ene rg i e s  and t h e i r  spec t rosco-  

p i c  f a c t o r s .  The ene rg i e s  a r e  a l l  r e f e r r e d  t o  the  ground s t a t e  and have 

a  5 keV unce r t a in ty .  It seems t h a t  most &=3 s t r e n g t h  is  exhausted by 

1.3 MeV. A weak &=1 component was observed i n d i c a t i n g  t h a t  t h e r e  i s  a  

mixture of p-neutrons i n  t he  ground s t a t e  of dl a s  seen i n  o the r  N=28 

nuc le i .  2 ,3  
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DWBA FIT TO G.S. ANGULAR DISTRIBUTION 

C.M. ANGLE 

. Fig. 18-2 



TABLE 18- 1 

5 1 Energy l e v e l s  and Spec t roscopic  Fac to r s  'seen i n  t he  V ( d , t )  React ion 

3 
S t a t e s  i n  v50 Studied wi th  t h e  (He ,d) React ion ' 

I 

STATE 
NUMBER 

1 

2 

3 

h 

5 

6 

7 

8 

9 

10 

. 

A. M. Sourkes,  H. Ohnuma and N. M. Hintz 

--- - . 
Using a 22 MeV IIew beam - + - - -  from t h e  Williams - l a b o r a t o r y  --- Tandem - -- 

Van de Graaff i n c i d e n t  on a s e l f - suppor t ing  150 pgm t a r g e t  of 
J ' 

77.2% enrichment and al lowing t h e  magnet ica l ly  analyzed r e a c t i o n  

products  t o  f a l l  on photographic p l a t e s  covered w i t h . 4 5  m i l  poly- 

e t h y l e n e  f o i l ,  s t a t e s  i n  v50 were observed up t o  about 6 MeV exc i -  

t a t i o n ,  angular  d i s t r i b u t i o n s  being measured from 7-112' t o  50' 

l a b  i n  2-1/2O s t e p s .  Data a r e  being analyzed. 
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3 A Study of the (He ,t) Reaction on ~i~~ and Ni 60 

F. D.. Becchetti, Jr and G. W. Greenlees 

+ Angular distributions for the 0 -0' IAS (isobaric analog state) 

+ + and 0 +2 IAS* (excited'isobaric analog state) transitions for Ni 5 8 

3 3 + + 
(He , t ) ~ u ~ ~  and Nib0(He ,t)cu60 as well as the 0 -1 ground state 

58 3 transition in Cu have been measured at 24.6 MeV incident He energy. 

The split-pole magnetic spectrometer was used in conjunction with an 

array of position-sensitive detectors and suitable monitor counters. 

Natural nickel foils were used to allow an accurate determination of 

the isotopic shift in the cross sections. The experimental results 

are shown in Fig. 20'1 . 
The DWBA curve shown is a prediction for ehe &=O, AT=B U S  trans- 

58 
ition to Cu using a microscopic form factor calculated for a ~e~ and 

2 2 
triton with.(r ) = 3F , an isospin dependent nucleon-nucleon force with 
2 2 

(r ) = 3F , and a neutron excess configuration composed of a suitable 

mixture of 2p and If particles. The normalization corresponds to 
312 5 12 

3 a valume integral of 180 MeV-F for the isospin force. This is a value 

similar to those used in the (p,n) analysis of Greenlees et all and the 

values obtained from the optical model analysis of nucleon-nucleus elas- 

2 
tic scattering. A preliminary set of general ~e~ and triton optiCal 

model parameters were used (see Section 41 ). 

I The curve labeled "a" is a sum of the measured &=O and &=2 angu- 

+ + 
lar distributions taken so as to give a reasonable fit to the 0 4 1  





+ cross section. This suggests that the 0 41' transition is primarily 

an incoherent sum of &=O and 2. 

More detailed DWBA calculations are in progress. 
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21. Analysis of Inelastic ~roton\~catterin~ from ~i~~ and Ni 60 

N. Lingappa and G. W. Greenlees . 

The coupled channels analysis of inelastic proton scattering at 

40 MeV from ~ 1 ' ~  and PIi6O. is described in the Ph.D. thesis of N. . 

Lingappa. A paper on this topic is in preparation. 

Review Article on f Shell . 
7 12 

N. M. Hintz 

In collaboration with Ben Bayman (Minnesota), John McCullen (Arizona), 

and Larry Zamick (Rutgers), a review art.icle is being prepared summarizing 

the current s 

(ca40 to ~i 5 6 

tatus of experiment and theory for nuclei in the If shell 
712 

, inclusive). Attempts will be made to make critical compar- 

isons between theory and experiment. It is already apparent'that despite 

the large number of experiments on f nuclei there exist many gaps in the 
7 12 

data, especially electromagnetic transition probabilities, neutron pickup 

and proton transfer (resolution-25 KeV or better) and two particle trans- 

fer. Any recent or unpublished data would be welcome. 



/ 23. Gamma Rays from (a,$n) React ions on f  712 Nuclei 

A. R. Ba rne t t ,  N .  M. Hint=,  H. Ohnuma and P.  Ruenes 
' 

We have measured the  90' gamma ray  y i e l d  with a  5cc ~$ i )  d e t e c t o r ,  

fol lowing (a ,xn)  r e a c t i o n s  on s e v e r a l  f  712-shel l  n u c l e i .  Gamma rays  

of ene rg i e s  between 80 keV and 2  MeV were de tec ted  s imultaneously using 

two ADC's and with an  o v e r a l l  r e s o l u t i o n  of about 4  keV. E x c i t a t i o n  

func t ions ,were  measured f o r  a lpha  p . a r t i c l e  bombarding ene rg i e s  between 

15 MeV and 30 MeV i n  o rde r  t o  he lp  a s s i g n  t h e  o r i g i n  of t h e  numerous 

. gamma rays  seen.  

Fig.  23-1 shows a  p a r t i a l  spectrum obtained a t  25 MeV from a  pure 

48 2 48 
T i  1 mg/cm t a r g e t .  Gamma rays  from the  4 8 ~ i ( a , 2 n ) 5 0 ~ r  and Ti (a ,np)  

50 
V r e a c t i o n s  a r e  prominent. We can a l s o  i d e n t i f y  t r a n s i t i o n s  fol lowing 

( a ,p )  and & a ' )  r e a c t i o n s .  Table 23-1 l i s t s  some of t he  s t rong  l i n e s  

and t h e i r  o r i g i n s .  By c a l i b r a t i n g  the  system with va r ious  s tandard 

56 56 
sources ,  inc luding  Co( Fe(p,n) on t h e  tandem), we o b t a i n  accurac ies  

of * 0 . 5  keV i n  gamma r a y  ene rg i e s .  To t h i s  order  'of accuracy.nn non- 

l i n e a r i t i e s  can be de t ec t ed  i n  t h e  gamma system, which comprises a  TC135 

p reampl i f i e r ,  a  Canberra 1416 a c t i v e  f i l t e r  ampl i f i e r  and biased HP 5415A 

A D C ' s .  

4 6  omb bard men ti a t  25 MeV on t h e  t a r g e t  n u c l e i  42Ca and T i  showed 

44 
t h a t  t he  dominant r e a c t i o n  was. ((T,np) t o  t h e  odd-odd n u c l e i  Sc and 

4 8 ~ .  We had been i n t e r e s t e d  i n  observing s t a t e s  i n  t h e  se l f - con juga te  

44 48 
4n n u c l e i  T i  and C r  through y decays fol lowing the  (a ,2n)  r e a c t i o n  

42 
on Ca and 46Ti. Contrary t o  t he  mass-50 case  the  (a ,2n)  r e a c t i o n  was 



48 weak and could not  be i d e n t i f i e d .  Both 4 4 ~ i  and C r  have been s tudied  
1 

wi th  t h e  ( p , t )  r e a c t i o n  a t  40 MeV. 

4 2 44 We have used information from t h e  Ca(a,npy) Sc r e a c t i o n  t o  com- 

44 45 42 plement the  s tudy of Sc by t h e  Sc ( d , t )  and the  Ca ( a ,d )  r e a c t i o n s .  2 ,3  

Energy d i f f e r e n c e s  between l e v e l s  can be obtained t o  k 1 keV and the  ex- 

i s t e n c e  of expected y t r a n s i t i o n s  adds weight t o  assignments based on 

+ t r a n s f e r  d a t a  o r  on t h e o r e t i c a l  grounds. For example, t h e  7 member of 

t h e  pure f  712 conf igu ra t ion  is  expected4 t o  l i e  a t  about 1 MeV. Strong 

t r a n s i t i o n s  a r e  seen  i n  both ( d , t )  and ( ( r , d ) . t o  a s t a t e  a t  971 f 5 keV 

which i s  thought t o  be the  7+ s t a t e .  2 9 3  We. s e e  a  c l e a r  697 1 keV t r a n s -  

i t i o n  which we a t t r i b u t e  t o  t h e  decay of t h i s  s t a t e  t o  t he  271 * 5 keV, 

6' member of t he  f  712 conf igu ra t ion  and no 971 keV y ,  a s  expected. I n  

a  s i m i l a r  manner t h e  decays i n  50V can be r e l a t e d  t o  t he  spec t roscopic  

49 .3 50 50 information obtained f r o m  the  T i (  He,d) V and S1v(d, t )  V r e a c t i o n s .  5 ,6  

Fu r the r  u se fu l  y-ray d a t a  can  be obtained us ing  the  resources  of the  

3 tandem f o r  t he  r e a c t i o n s  He,ny), (p ,ny) ,  and (p,2ny) a t  s u i t a b l e  ener-  

g i e s  on appropr i a t e  t a r g e t s .  
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TABLE 23-1. Some. Gatiuna Rays Observed in 48~i+a a t  25 MeV. 

y Energy (keV) React ion Levels (keV) keV J Values 

511 annihilation 

783 (a, 2n150cr 783+ = 783 2 W  

8 34 ( a , n p ~ ~ ~ v  8 33% = 833 ?+6+ 

9 28 (~,P)~'v 9 284 = 928 312-+7 12- 

983 (m1)4R~i 9 8 3 4  = 903 24--MI I 

1039 
48 (ax') Ti 3340+2295 = 1040 M+ 

1099 (a, 2n) 50~r 1880+783 = 1097 4++2+ 

1283 (a, 2n) 50~r 3161+1880 = 1281 6++6+ 

1313 4 8 (Qa') Ti 2295+983 = 1312 4++2+ 



IV. SPECTROSCOPY OF DEFORMED NUCLEI 

1 24. The (p,t) Reaction On Even Samarium Isotopes 

P. Debenham and N. M. Hintz 

152 
The Sm (p, t)~ml'O reaction connects the two transitional samarium 

nuclei, whose ground states are mixtures of spherical and deformed com- 

ponents. ~ b h e r ~ c a l  components seem to predominate in the smL5' ground 

state mixture, while the ~m~~~ ground state appears to be mostly deformed. 

Angular distributions of tritons from the reaction at E = 19 M ~ V  
P 

were analyzed with the split-pole spectrometer and recorded on nuclear 
. . 

track plates. The plates have been scanned over a region corresponding 

to excitations of up to 2.8 MeV in sml'O. A typical triton spectrum was 

presented in the 1968 edition of the annual report.' As is typical of 

direct reactions, the L=O angular distributions for different final 0 + 

states are practically identical (see Fig. 24-1 ). 

Pig. 24-2 shows T,=2 angul a r  d i  s t r i h ~ i t i n n s  for ~evssal final c t a t e c  

whose J-values are well established to be 2. The 1.194 MeV and 1.417 MeV 

state angular distributions are similar to each other but are markedly 

different from the distribution of the 0.334 MeV state; One explanation 

for this difference is that tritons leave the reaction with enough energy 

to overcome the Coulomb barrier only if the sm150 nucleus is excited to 
_ . .  . .  . - - -  __ . - - 

less than some amount which lies between 0.334 and 1.194 MeV. 

We eliminated this explanation by repeating the experiment with an 

additional 1 MeV of bombarding energy and observing no change in the 

angular distributions for these three states. This forces us to the 



conclusion that the L=2 angular distributions are sensitive to the 

structure of the states involved. We hope to duplicate' this sensiti- 

vity by performing DWBA calculations with intrinsic wave functions of 

2 
the sort proposed by Kumar and Baranger for transitional nuclei. 

Maxwell, Reynolds and Hintz have proposed that the 1.256 MeV 0 + 

state is largely deformed.) We have found a probable rotational band 

+ based on this state, with the 2 member being the 1.417 MeV 2' state 

+ and the 4 member being the 1.809 MeV state, whose J' is unknown. The 

energy spacing of these states follows the J(J+l) rule closely and fits 

smoothly into the pattern of samarium ground state rotational bands, as 

Fig. 24-3 shows. We cannot: determine whether the 1.809 MeV state has 

+ J' = 4 until we can identify L=4 angular distributions unambiguously. 

Exposures have been made'at E = 19 MeV at a number of angles for 
P 

154 Sm (p,t). The plates. are currently being scanned. 
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152 L=2 Angular Dietr ibut ions  i n  Sm ( p ,  t ) ,  E =19 MeV 
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Energy Spacing i n  Samarium Rotational  Bands. Eo=1.256 MeV 

for A=150, 0 . 0  MeV f o r  a l l  others. 



The ( p , t )  React ion on Even . Isotopes  of Ytterbium 

N. M. Hintz ,  M. Oothoudt and P. Vedelsby ' 

t .  

During the  p a s t  yea r  a  s tudy of t h e  even i so topes  of y t t e rb ium has  

been s t a r t e d  using t h e  ( p , t )  r e a c t i o n .  The Enge Sp l i t -Po le  Spectrometer 

has  been used t o  analyze t h e  t r i t o n s  which a r e  c o l l e c t e d  on posi t ion-sen-  

s i t i v e  d e t e c t o r s  o r  nuclear  emulsion p l a t e s .  Targe t s  c o n s i s t  of 100-200 

2  
pg/cm of enr iched yt terbium i so topes  from Oak Ridge Nat ional  Laboratory 

on a  backing of 30-60 Ilg/crn2 o f '  carbon.  

Angular d i s t r i b u t i o n s  (Fig.  25-1 ) f romelab  = 10' t o  90' have been 

+ + taken f o r  t h e  0  , 2+, and 4  members of the  ground s t a t e  r o t a t i o n a l  band 

176 
of 174Yb populated by the  r e a c t i o n  Yb(p, t ) .  The 1=0 s t a t e  t akes  i t s  

maximum a t  2 7  112'; t h e  r a t i o  t o  Ruther fo rd  g i v e s  an abso lu te  c ross -  

+ s e c t i o n  of 450 f 100 b a r n s l s t e r r a d i a n .  The 0  , d i s t r i b u t i o n  has been 

f i t t e d  very  we l l  b y  a  DWBA code.' us ing t h e  p r o t o n  o p t i c a l  model para-  

meters of B e c c h e t t i  and Greenlees2 and t h e  2 0  MeV t r i t o n  parameters f o r  

3 + + 
18% of Flynn, e t  a l .  However, the  f i t s  t o  the  2  and 4  s t a t e s  a r e  

poor. It may be necessary  t o  include i n e l a s t i c  e x c i t a t i o n  i n  both  t h e  

proton and t r i t o n  channels.  

~ i g . 2 5 - 2 a  shows the  e x c i t a t i o n  spectrum up t o  about 2  MeV f o r  t h e  

176 
r e a c t i o n  Yb(p, t)174Yb a t  9 = 25'. Table 25-1 l i s t s  t h e  l e v e l s  seen 

l a b  

i n  t h i s  experiment and those  seen  previously .  Note i n  p a r t i c u l a r  t h e  

s t r o n g  s t a t e s  a t  1491 and 1888 keV which a r e  shown t o  be 0' s t a t e s  by 

angular  d i s t r i b u t i o n s  a t  f i v e  angles.' Poss ib le  r o t a t i o n a l  bands b u i l t  

174 17 2  
on t h e s e  s t a t e s  a r e  i n d i c a t e d .  R e s u l t s  f o r  Yb(p,t)  and Yb(p, t )  
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.. . + show no such s t r o n g l y  exc i t ed  s t a t e s  (Figs .  25-2band 25-2c). A 0  l e v e l  

i s  seen i n  1 7 4 ~ b ( p , t )  a t  1043 keV b u t  i t  is  only  2  112% of the  ground 

s t a t e .  

A p o s s i b l e  exp lana t ion  f o r  t h i s  d i f f e r e n c e  comes from the  p o s i t i o n s  

6  
of t h e  Ni lsson l e v e l s  (Fig.  25-3 ). A l a r g e  gap e x i s t s  between t h e  en- 

176 ergy l e v e l s  of t h e  l a s t  two neutrons  i n  Yb (712-, E l 4 3  ) and t h e  next  

h ighes t  energy l e v e l  (512-, C512], ) . This  gap provides  the  cond i t ions  f o r  

e x c i t a t i o n  of s t a t e s  descr.ibed a s  p a i r i n g - v i b r a t i o n s .  We'could then say  

t h a t  the  1491 keV 0' l e v e l  i n  174Yb r e s u l t s  from picking up a  p a i r  i n  

the  reg ion  below t h e  gap and t h e  1888 keV O+ l e v e l  r e s u l t s  from picking 

up a  p a i r  from below t h e  nex t  lowest  gap. 

For 174Yb(p,t) and 172Yb(p,t) ,  however, a  neutron p a i r  is  picked up 

from t h r e e  c l o s e l y  spaced l e v e l s ;  s i n c e  we have s t r o n g  p a i r i n g  f o r c e s  

h e r e ,  we have a  s u p e r f l u i d  reg ion  and the  e n t i r e  O+ s t r e n g t h  from (p ,  t )  

must go t o  t h e  ground s t a t e .  

According t o  t h i s  p i c t u r e ,  t h e  gap f o r  170Yb(p, t )  should produce spec- 

176 t r a  s imi . l a r  t o  those  f o r  Yb(p , t ) .  We a r e  a t  p r e s e n t  t ak ing  d a t a  t o  

check t h i s .  
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26. Isomeric S f a t e s  i n  and I 
122 

. . A. A. Padmanabham and G. W.  ree en lees 

The i n v e s t i g a t i o n  of t h e  40 MeV proton induced r e a c t i o n s  on Te 
125,124 

and Er168 t e s p o n s i b l e  f o r  the  previously  repor ted1 gamma rays  was con- 

t inued.  , Bombardment of Er166 wi th  20 MeV pulsed protons and of Te 
166 

wi th  20 MeV pulsed deuterons y ie lded  t h e  gamma rays  of i n t e r e s t  wi th  

measurable i n t e n s i t y .  The energ ies  and h a l f - l i v e s  of these  gamma rays  

were i n  good agreement wi th  t h e  previously  repor ted work. 2'3 The rea,c- 

t i o n s  were i d e n t i f i e d  by an accura te  measurement of t h e  energ ies  of the  

k  component of t h e  X-ray. involved fol lowing t h e  i n t e r n a l  conversion a 

of these  s t a t e s  and by measuring t h e  e x c i t a t i o n  func t ions  f o r  these  

.gamma rays .  

The 7 0  keV, 80 u. secs  t r a n s i t i o n  from ~r~~~ Target.  
, .. 

The energy of t h e  k  component of t h e  X-ray invo lved , ,50 .5  keV, de- a 

mands t h a t  t h e  metas table  l e v e l  be assigned t o  a  thulium nucleus.  The 

166 
p o s s i b l e  r e a c t i o n s  a r e  thus  Er (p , n ) ~ r n l ~ ~ ;  Er166(p, 2n)Tn1 '~~  and 

166 
Er (p,3n)!L'm164. The e x c i t a t i o n  f u n c t i o n  fbr t h i s  s t a t e  i n d i c a t e s  a  

th resho ld  of about 13.0 MeV f o r  t h i s  r e a c t i o n .  This r e s u l t  excludes the  



p o s s i b i l i t y  of a  (p,3n) r e a c t i o n  whose th resho ld  i s  about 17.0 MeV. The 

diminishing y i e l d  below E  =16.0 MeV a l s o  ,excludes t h e  p o s s i b i l i t y  of a  
P  

(p,n) r e a c t i o n  whose th resho ld  is  about 3.0 MeV. This conclus ion i s  sup- 

166 por ted by t h e . f a c t  t h a t  i f  t h e . r e a c t i o n  were Er (p ,n ) ,  we should expect 

167 . t o  observe t h e  isomer even more s t r o n g l y  i n  Er , s i n c e  a t  l Y . U  MeV 

t h e  c ross  ' s e c t i o n  f o r  (p,2n) is  l a r g e r  than t h a t  f o r ( p , n ) ;  however, i t  

was n o t  seen  a t  a l l  when t h e  ~r~~~ t a r g e t  was. used. Thus we conclude 
. . 

166 165 t h a t  t h e  isomeric  s t a t e  i s  produced by t h e  r e a c t i o n  Er (p,2n)Tm . 
By measuring t h e  i n t e n s i t i e s  of t h e  X-ray and t h e  gamma ray  we ob- 

t a ined  a  va lue  of 1.7 0 .4  f o r  t h e  conversion c o e f f i c i e n t  4, i n d i c a t i n g  

t h a t  t h e  t r a n s i t i o n  i s  E2 i n  c h a r a c t e r  and not  E l ,  a s  repor ted by Conlon. 
2 

The E2 c h a r a c t e r  . . of t h i s  gamma r a y  i s  i n  agreemerit wi th  t h e  measurements 

on t h e  magnetic spectrometer  by P a r i ~ . ~  These observa t ions ,  coupled 

wi th  the  f a c t  t h a t  t h e r e  was no evidence f o r  any o t h e r  isomeric t r a n s i -  

t i o n  i n  t h i s  r e a c t i o n ,  i n d i c a t e  t h a t  t h e  isomeric l e v e l  of i n t e r e s t  i s  

+ + 
t h e  712 (404) l e v e l  i n  ~m~~~ decaying by an E2 t r a n s i t i o n  t o  t h e  312 

f i r s t  exc i t ed  s t a t e .  

61.7, 94.0, 159.7 and 188.0 keV; = 80 bsecs T r a n s i t i o n s  from 

~e~~~ Target  

An a c c u r a t e  measurement of t h e  X-ray energy could no t  be mode i n  

t h i s  case  because of t h e  l a r g e  background a t  t h i s  low energy and due 

t o  t h e  energy spread i n  t h e  peak fol lowing s c a t t e r i n g  i n  t h e  aluminum 

cap around t h e  d e t e c t o r  and t h e  dead layes i n  chc deteckur  ILuclf .  

However, t h e  decaying X-ray a s  observed dur ing t h e  "beam o f f "  time i s  

found t o  be a t  a  h igher  energy than  t h a t  of t h e  c h a r a c t e r i s t i c  t e l l u r -  

ium X-ray observed dur ing t h e  "beam on" time. Thus t h e  isomeric s t a t e  

is  assigned t o  one of t h e  iod ine  i so topes .  The poss ib le  r e a c t i o n s  



a r e  thus  (d,n) (d,2n) and (d ,3nj  wi th  Q-values of +2.6 MeV, -7.3-MeV 

and -15.6 MeV r e s p e c t i v e l y .  

The e x c i t a t i o n  func t ions  f o r  a l l  these  gamma rays  a r e  found t o  

peak up around Ed = 18.0 MeV with  n e g l i g i b l e  i n t e n s i t y  f o r  deuteron 

energ ies  l e s s  than 13.0 MeV i n d i c a t i n g  a  (d,2n) r e a c t i o n .  This i s  

supported by t h e  d a t a  obtained wi th  the  l i n e a r  a c c e l e r a t o r  where 40 

124 MeV p;oton bombardment on Te125 and Te gave r i s e  t o  these  isomeric 

t r a n s i t i o n s ,  wi th  a  s l i g h t l y  l a r g e r  y i e l d  from ~ e ~ ~ ~ ,  suggest ing t h e  

124 125 122 
Te ( ~ , 3 n ) I ' ~ ~  and Te ( p , 4 n ) I  r e a c t i o n s .  Thus we a s s i g n  t h e  

122 
metas table  s t a t e  t o  I . 
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v . INTERACTION OF s INGLE PARTICLE AND VIBERATION STATES 

J 27. ( p , p l )  and ( p , t )  on S i l v e r  and Palladium I so topes  

A. W. Kuhfeld and N .  M. Hintz 

dg107 and Ag109 have been suggested a s  nuc l ides  whose e x c i t a t i o n s  

a r e  we l l -desc r ibab le  i n  terms of t h e  phonon-core model, wi th  a . p 1 / 2  pro- 

t o n  ( o r  proton ho le )  coupled t o  c o l l e c t i v e  v i b r a t i o n s  o f : t h e  neighboring 

palladium o r  cadmium i so tones .  Experiments involving e lec t romagnet ic  

122 t r a n s i t i o n  r a t e s  and Coulomb e x c i t a t i o n s ,  I n e l a s t i c  proton s c a t t e r i n g ,  334 

and i n e l a s t i c  a lpha s c a t t e r i n g 5  a l l  tend t o  suppor t  t h i s  d e s c r i p t i o n ;  wi th  

a  s l i g h t  pre,ference f o r  d e s c r i p t i o n s  i n  terms of palladium s t a t e s  r a t h e r  

than  cadmiurn s t a t e s .  It was decided t o ' s t u d y  t h e s e  va r ious  i so topes  wi th  

p a r t i c l e - t r a n s f e r  r e a c t i o n s  a s  we l l  a s  i n e l a s t i c  s c a t t e r i n g ,  t o  s e e  how 

wel l  t h e  model holds  under these  more complex r e a c t i o n s .  So f a r  we have 

108 
dons ( p , p l )  and ( p , t )  on dgloY a n d p d  , using t h e  Enge s p l i t - p o l e  mag- 

n e t i c  spect rometer  and p o s i t i o n - s e n s i t i v e  d e t e c t o r s  f o r  r e s o l u t i o n  and 

p a r t i c l e  i d e n t i f i c a t i o n .  Pd106(He3,d)Ag107 and t h e  inverse  r e a c t i n n  

1 LU 
, . a  

planned a l s o ,  a s  a r e  s i m i l a r  r e a c t i o n s  on Cdl" and Cd . 

The r e s u l t s  of t h e  ( p , p l )  experiments on s i l v e r  and palladium were 

q u i t e  incomplete because of t h e  g r e a t  number of c.ontaniinants i n  t h c  t a r -  

g e t s ;  t h e  only l e v e l s  f o r  which good angular  d i s t r i b u t i o n s  were obta ined 

were t h e  ground s t a t e  and t h e  oc tupo le  v i b r a t i o n a l  s t a t e ( s )  near 2 MeV 
-- - -  - - -- - - - -- - 

e x c i t a t i o n .  Normalization was done us ing t h e  B e c c h e t t i  o p t i c a l  model 

6  
program OMD t o  p r e d i c t  ground s t a t e  angular  d i s t r i b u t i o n s ;  t h i s  proce- 

dure  should g i v e  good r e l a t i v e  normal iza t ions ,  and f a i r  abso lu te  normali- 

z a t i o n s .  The angular  d i s t r i b u t i o n s  f o r  t h e  Pd108 2.030 MeV, 3- l e v e l  and 



the  very  s i m i l a r  Ag109 2.17 MeV l e v e l  were very  s i m i l a r  i n  shape,  bu t  

t h e  magnitude of t h e  s i l v e r  octupole  angular d i s t r i b u t i o n  was only  about 

35$ t h a t  of t h e  palladium angular  d i s t r i b u t i o n  a t  t h e  1 8  MeV prdton bom- 
. . 

barding energy. No nearby s t a t e s  wi th  s i m i l a r  angular  d i s t r i b u t i o n s  

were noted. This  phenomenon of "missing s t r e n g t h "  has been observed i n  

Ag109 ( a l p h a , a l p h a l )  a t  42 MeV l a b  i n c i d e n t  by S tewar t ,  Baron and 

107 
~ e o n a r d  ,5' a n d  i n  Ag (p ,p ' )  a t  1 3  MeV l a b  i n c i d e n t  by Ford, Robinson 

and c o l l a b o r a t o r s .  384 

109 
I n  Ag (p , t )Aglo7 wi th  19 MeV i n c i d e n t  protons ,  s e v e r a l  s t a t e s  of 

approximately equal  s t r e n g t h  were seen c l u s t e r e d  near t h e  2.19 MeV octu-  

pole  l e v e l ;  t h e i r  approximate e x c i t a t i o n s  were 2.21, 2.24, 2.26, and 

0 
2.29 MeV. (These s t a t e s  were seen  a t  45 l a b  on a  spectrum extending 

o u t  t o  2.60 MeV e x c i t a t i o n .  Ford e t  a13 saw no t r a c e  of these  l e v e l s  

i n  A ~ ~ ~ ~ ( ~ , ~ ~ )  a t  1 3  MeV. Angular d i s t r i b u t i o n s  f o r  t h e s e  h igher  l e v e l s  

a r e  scheduled f o r  the  nex t  (p ,  t )  run . )  

108 
Angular' d i s t r i b u t i o n s  f o r  t h e  Ag109 and Pd (p ,  t )  r e a c t i o n s  were 

obta ined i n  5' s t e p s  f o r  l a b  ang les  from l o 0  t o  75'; a l l  known l e v e l s  

108 
were included between 0  and 1.2289 MeV e x c i t a t i o n  f o r  Pd ( p , t ) ~ d 1 0 6 ,  

109 
and 0 t o  0.9490 f o r  Ag ( p ,  t )Aglo7.  This  r eg ion  included the  one- 

and two-quadrupole'-phonon l e v e l s  i n  I?d106 and t h e  one-quadrupole-phonon 

2 +  m u l t i p l e t  by Ford e t  a1.  Angular d i s t r i b u t i o n s  f o r  these  l e v e l s  

a r e  g iven i n  Fig.  27-1 . (The l i n e s  connect ing d a t a  p o i n t s  a r e  f o r  

v i s u a l  purposes on ly . )  

The ground s t a t e  angular  d i s t r i b u t i o n s  f o r  t h e  two r e a c t i o n s  a r e  

extremely s i m i l a r  i n  both  shape and magnitude. (While t h e  Ag d i s t r i b u t i o n  



Fig. 27-1 



has a  l e s s e r  magnitude than the Pd d i s t r i b u t i o n ,  t h i s  i s  l a r g e l y  a  mere 

Q-dependent e f f e c t :  the  t r i t o n s  a r e  coming o u t  near  t h e  Coulomb b a r r i e r ,  

109 
b u t  have some 600 KeV more energy i n  Pdlo8 ( p ,  t )  than  i n  Ag (p,  t )  . ) 
Likewise the  angular  d i s t r i b u t i o n  f o r  the  summed f i r s t  312- and 512- 

l e v e l s  of is  very  s i m i l a r  t o  the  angular  d i s t r i b u t i o n  f o r  t h e  

f i r s t  24- l e v e l  i n  pd106. I n  a d d i t i o n ,  the  two Ag l e v e l s  obey t h e  (2JC1) 

i n t ~ t n s i t y  r u l ~  cxpcctcd of IYICLIIL~LS uf a core m u l t i p l e t  q u i t e  w e l l ,  ex- 

cepc for the  region from 40' t o  60'. This could be J-dependence, o r  a  

proton s p i n - f l i p  L=O c o n t r i b u t i o n  t o  the  312- s t a t e .  A t h e o r e t i c a l  

a n a l y s i s  . i s  underway.using two-nucleon-transfer program TWOPAR. 

Thc two-quadrupole-phonon t e r m s . i n  t h e  Pd r e a c t i o n  a r e  s u r p r i s -  

ing ly  s t r o n g ,  sinc,e e x c i t a t i o n  of pure  two-phonon s t a t e s  i s  forbidden 

i n  f i r s t  o rde r  f o r  simple p i c k u p .  This  could  be duc t o  i n e l a s t i c  pru- 

cesses  o r  fo l lowing p a r t i c l e . t r a n s f e r ,  o r  perhaps an  admixture of the  

(H ground s t a t e  and t h e  2+ exc i t ed  s t a t e  i n t o  the  W,2+ double t .  Un- 

f o r t u n a t e l y ,  t h e  two s t a t e s  a r e  only 5.5 keV a p a r t  and could n o t  q u i t e  

be resolved.  

The 0.7867 and 0.9490 MeV l e v e l s  i n  A~'" have been assigned t o  the  

2QP 2+ m u l t i p l e t .  Both have approximately t h e  c o r r e c t  magnitude f o r  

t h i s  assignment; t h e  0.9490 angular  d i s t r i b u t i o n  f i t s  the  ~ = 2  shape with- 

, o u t  g r e a t l y  exceeding i t s  e r r o r  ba r s .  B e t t e r  s t a t i s t i c s  w i l l  be acquired 

f o r  d e f i n i t e  comment. 
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28. The Coulomb E x c i t a t i o n  of 209~ i  and the  Weak Coupling ~ o d e l  

R. A.  Brogl ia ,  J. S .  L i l l e y ,  R. Perazzo and W. R. P h i l l i p s  
. . 

The p re l iminary  a n a l y s i s  of the  Coulomb e x c i t a t i o n  of 209Bi  r epor ted  

l a s t  has been completed and a  comparison made wi th  t h e o r e t i c a l  

c a l c u l a t i o n s .  

I n  t h i s  experiment,  a  t h i c k  bismuth t a r g e t , w a s  bombarded wi th  19 MeV 

a - p a r t i c l e s  and the  y-decays of l e v e l s  populated v i a  Coulomb e x c i t a t i o n  

wcra oboo~vad  with a 7 5  r r  Li-Ge ? ~ t ~ r . t , n r .  

Fig .  28-1 summarizes the  r e s u l t s  of the  y - i n t e n s i t y  measurements. 

The e n e r g i e s  of the  l e v e l s  a r e  those  measured i n  t h i s  experimcnt and a r e  

a c c u r a t e  t o  & 0.5 keV, except  , f o r  t h e  2.598 MeV, 2.581 MeV and 2.563 MeV 

l e v e l s ,  which were Doppler s h i f t e d  and broadened, and a r e  bel ieved ac- 

c u r a t e  t o  f 1 keV. The numbers quoted i n  t h e  Figure  a r e  t h i c k  t a r g e t  
- -- 

6 - -  - 
- - - *=-- -- - - 

y - y i e l d s  i n  u n i t s  of 10 pe r  1 . 6  mC of 19 MeV He . 
Table 28-1 l i s t s  t h e  reduced t r a n s i t i - o n  p r o b a b i l i t i e s  measured i n  

t h e  experiment. The va lues  f o r  the  upward E3 and E2 t r a n s i t i o n s  were c a l -  

2 
c u l a t e d  from the  t h i c k  t a r g e t  y i e l d s  using Coulomb e x c i t a t i o n  theory.  . 

The va lues  f o r  t h e  i n d i v i d u a l  l e v e l s  of t h e  m u l t i p l e t  can on ly  b e . , i n f e r r e d ,  



Fig. 28-1 



TABLE 28-1 F-educed Transition Probabilities 

a) Sumned E3 strength to ;eptuplet. 

b, Errors quoted do not. include error in absolute efficiency of detector: 

+ 
Assumes that the 7/2 level has significant decsys to ground and f only. 

7/2 

1 

Transition 

0+2.6 a) 

0-1.608 

O+O. 897 

0-2.822 

2.58;1+0 

2.58130.897 

2.563+0 

2.598+0 

Type 

E 3 

E 3 

E2 

E2 

E 1 

E 1 

El 

E 1 

1 7 
Method of 
Measurement 

y-Intensities 

y-Intensities 

y-Intensities 

y-Intensities 

Lifetime and 
d) y-Intensities 

Lifetime and 
d )  y-Intensities 

Lifetime and 
y-Intensities 

Lifetime and 
y-Intensities 

- 

B (EL) exp 
b) 

(C.57f.03)e b 
2 3 

(1.24f.32)xlO - 2 2 3  e b 

-3 2 2 
(1.39+::63)~10 e b 

-2 2 2 
(2.9Ml.OO)xlO e b 

-6 2 
(1.45M.58)xlO e b 

(4.6~1.85)~10-~e~b 

-6 2 > G.5~10 e b - 
7 4.5~10 e b -6 2 - 

B(ELIex 
c) 

B(EL)s.p. 

31.5 

0.68 

3.8x10-~ 

0.79 

2. 1x1~-5 

6.8x10-' 

> - 7 a Y 5  

> - 7 ~ i o - ~  

B(EL) THEORY 
I I I 

- - - 

-2 2 3 
1.3~10 e b  

- 3  2 2 
0.15~10 e b 

-2 2 2 
0.3~10 e b 

-3 2 
1.25~10 e b 

2x10 -4 e 2 b 

-4 2 
9x10 e.b 

-3 2 
2.4~10 e b 

- - - 

-2 2 3 
1.3~10 e b 

-3 2 2 
1.23~10 e b 

-2 2 2 
3.4~10 e b 

-6 2 
1.5~10 e b 
(k(~=l) =4.1) 

-6 2 
4x10 e b 
(k(.i=1)=5.5) 

-5 2 8.8~10 e b 
(k(7=1) =5.5) 

-5 2 1.6~10 e b 
(k(~=1)=5.5) 

L 



s i n c e  t h e r e  e x i s t  t r a n s i t i o n s  w i t h i n  the  m u l t i p l e t  which were n o t  observed 

i n  t h i s  experiment..  The B(E1) va lues  were c a l c u l a t e d  from l i f e t i m e s  given 

by an a n a l y s i s  of t h e  Doppler-broadened l i v e s .  The Doppler e f f e c t s  were 

smal l  and s o  the  r e s u l t i n g  B(E1) va lues  have a  l a r g e  u n c e r t a i n t y .  However, 

even an approximate number g ives  q u i t e  a  s e n s i t i v e  t e s t  t o  t h e  theory.  

I n  a d d i t i o n  t o  t h e  reduced mat r ix  elements d iscussed above, t h e r e  

a r e  s e v e r a l  r e l a t i v e  t r a n s i t i o n  r a t e s  measured i n  t h e  experiment t h a t  

can be compared wi th  t h e  t h e o r e t i c a l l y  p red ic ted  va lues .  These a r e  

shown i n  Table 28-2 . Most of them came i n  a  s t r a igh t fo rward  manner 

from t h e  r e l a t i v e  y-ray i n t e n s i t i e s  shown on Fig .  28-1 . Two of them 

a r i s e  from an a n a l y s i s  of y-ray angular  d i s t r i b u t i o n s .  

The r e s u l t s  have been analyzed i n  terms of the  p a r t i c l e - v i b r a t i o n  

weak-.coupling model. I n i t i a l l y ,  only t h e  2.6 MeV, 3 - v i b r a t i o n a l  s t a t e  

208 
of the  Pb core  was allowed t o  couple--Approximation I. The B(E3) 

f o r  t h e  octupole  s t a t e  was taken t o  be 0.58 e2b3.3 Ca lcu la t ions  us ing 

kpprokimation I a r e  g iven i n  column 5 of Table 28-1 . Agreement wi th  

experiment i s  good f o r  the  B(E3) va lues  o n l y , , a n d  it is. c l e a r  t h a t  o t h e r  

degrees  of freedom must be included t o  account f o r  the  o t h e r  observed 

t r a n s i t i o n  s t r e n g t h s .  

This  has  been done i n  Approximation I1 (column 6 of Table 28-1 ) 

+ 
i n  which the  2 s t a t e  a t  4.07 MeV and t h e  1- s t a t e  a t  12 MeV i n  208Pb 

were. a l s o  included i n  t h e  coupl ing.  The t h e o r e t i c a l  r e s u l t s  g iven i n  

Table 28-2 were c a l c u l a t e d  a l s o  us ing Approximation 11. A B(E2) value  

2  2  + a 4 
of 0 . 3 . e  b  f o r  the  2  s ' ta te  g i v e s  e x c e l l e n t  agreement wi th  experiment. 

The coupl ing s t r e n g t h  k(T=l)  f o r  the  1- s t a t e  was t r e a t e d  a s  a  parameter. 

A l l  t h e  d a t a  can be f i x e d - w i t h  k(T=l)  = 5.2 & 1 .0 ,  which i s  approximately 

a  c o n s t a n t  a s  i t  should be. No a t tempt  has been made t o  determine t h e  



Table 28-2 Relntivc Transition Rates. 

Transitions 

0.8974~D 
0.897 j GD 

1.608 +.O. 897 
1.608-GD 

2.563-rO.897 
2.563+GD 

2.5'63-1.. 608 
2.563-b~D 

2.581+0.897 
2.581+GD 

*2.598+1.608 
2.598 -+GD 

2.615+0.897 
2.615+GD 

2.615-hGD 
2.615+GD 

2.740+ 1.608 
2.740+ GD 

2.82240.897 - 
2.822+GD 

Type 

- E2 
M1 

E 3 - 
E 3tM2 

El 
E l+M2+E 3. 

E 2 
E 1+M2+E 3 

E 1 
E 1+M2+E 3 

Ml+E 2. 
E 1+M2+E 3 

E 1 
M~+E 3 

- E 3 
M2 

M~+E 2 
E 3 

Ml+E2 
E2 

Method of 
Measurement 

Ang. Dist. 

y-Intensities 

y-Intensities' 

y-Intensities 

y-Intensities 

y-Intensities 

y-Intensities 

Ang. Dist. 

y-Intensities 

y-Intensities 

Ratio 
Exp . 

0.7 - 1.3 

$0.07 

5 0.08 

5 0.20 

0.88 f .. .08 

1.25 f .09 

+.4 
1.51 -.8 

0.8 -25.0 

1.44 f .18 

0.6 f 0.3 

Theory 

1.1 

... -- 

0.08 
(k(~=1)=5.9) 

LO- 
(k~=5.5) 

0.8 
(kr=4.1) 

1.2 
(k~=6.2) 

1.0 
(k~5.5) 

8 

3 

2 



. . . -. 

s e n s i t i v i t y  t o  t h e  va lues  of t h e  unbound s i n g l e - p a r t i c l e  e n e r g i e s  used 
. . 

i n  the  c a l c u l a t i o n s .  

A more complete t rea tment  of the  E l  t r a n s i t i o n s  has  been made re -  

5 
c e n t l y  i n  which t h e  in f luence  of the  g i a n t  d i p o l e  i s  taken i n t o  account 

through a n . e f f e c t i v e  charge eegf(El)  = 0.3. The corresponding B(E1) 

va lues  a r e  i n  good agreement wi th  t h i s  experiment. 

A d e t a i l e d  r e p o r t  of  ' t h i s  w o r k h a s  been completed and submitted 

f o r  pub1 i c a t i o n .  
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29. Alpha P a r t i c l e  React ion Cross Sec t ions  on *08Pb and. 2OgBi 

Below t h e  Coulomb B a r r i e r  
. . 

A. R. B a r n e t t ,  J. S. L i l l e y  and F. Chwieroth 

T o t a l  (O,n) c r o s s  s e c t i o n s  f o r  *08pb between 16 and 22 MeV and f o r  

209~ i  between 1 8  and 22 $lev have been measured by observing t h e  a - a c t i v i t y  

of the  r e s i d u h l l n u c l e ' i  211po and 212~t .  

..The. ( a ,n )  channel i s ' t h e  most important  one a t  these  energ ies .  In- 

e l a s t i c  a s c a t t e r i n g  i s  known t o  be smal l  (approximately 0 . 3  mb a t  19 MeV) 

and i s  dominated by Coulomb'exci ta t ion which i s  c a l c u l a b l e .  Other poss i -  



ble channels, (a,p) and (a,y), a1.m lead to characteristic a-active nuclei. 

They are not expected to compete significantly with neutron emission and 

no evidence has yet been seen for them. Thus. a measurement of u(a,n) below 

the (a,2n) threshold should be a good,measure of the total reaction cross 

section, . 
Normal,ly,.it is difficult to measure u accurately, particularly for 

R 

energies below the Coulomb barrier. However, in this energy region it is 

one of the few measurable quantities that is sensitive to the nuclear in- 

teraction. . As soon as the bombarding energy approaches and exceeds the 

Coulomb barrier, the elastic scattering deviates significantly from Ruthcr- 

ford scattering. The scattering and reaction cross section, determined for 

a range of energies near the Coulomb barrier, will be analyzed using an op- 

tical model description. In this way it is hoped to obtain information 

about a-penetrabilities and to learn some details about the distribution 

of matter in the outer regions of the nucleus. 

~bove 18 MeV the a-activity peaks were observed in the energy spec- 

t k a  of acaLLe~eJ tl pparcicles. ~ h e S e  peaks were clearly identifiable 

among the prompt a-distribution. Their,energies corresponded to the 

known a-decay energies, their angular distributions were isotropic, and 

they exhibited no kinematic shift with either bombarding energy or scat- 

tering angle. Measurements relative to the elastic peak gave accurate 

determinations of the (a,n) cross section since a was measured inde- 
ea 

pendently to within a few percent. Fig. 29-1 shows the (a,n) results. 1 

The 208~b(a,n) cross section has been measured below 19 MeV using 

a chopped beam and detecting the delayed activity. The beam was chopped 

with a pneumatically operated Faraday cup in a time short compared with 

the half-lives being measured. After each beam burst, the target was 



V =  180.2- ,32E M E V  

W n 1 6 . 8 3  MEV 

R R = R I = I . 4 7  f 

a R = a 1 = 0 . 4 7  f 
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moved between two detectors giving a large solid angle and complete freedom 

from beam background. Opcrstion of the experimental equipment and on-line 

analysis of the data was carried out by the CDC-3100 computer using a general- 

purpose "activity" routine ACT. Both the a-particle energy spectrum and the 

measured half-life T = 0.505 j 0.035 sec confirm the identification of  , 
1/2 

the activity as 211po. 

Cross sections determined by both methods agree quite well. The advan- 

tages of the latter technique allow measurements to be made down to energies 

approaching the a,n threshold at 15.25 MeV. (See Fig. 29-1.) 

We have also measured the elastic scattering angular distributions for 

both 208pb and 209Bi at 19, 20, and 22 MeV and normalized the data to dis- 

tributions at 16 MeV which were taken to be pure Rutherford. The overall 

accuracy of the data is about 2%. These data are given in Figs. 29-2 and 

29-3 together with the results of,a simultaneous optical model fit to all 

2 
the scattering data using the global search routine BOMB. The model para- 

meters are given in Fig. 29-1 together with the predicted curves for the 

u excitation functions. 
R 

Tl~e cdlculated values far 0 are uniiormly higher than the experimental 
R 

ones by factors of 2 to 3, although the energy dependence of the reaction 

cross sections is reproduced best by small values of the diffuseness para- 

meters a and a A preliminary search for optical parameters which fit 
R I' 

the reaction and the scattering data simultaneously gives significantly 

poorer fits to the elastic scattering data. 
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' 30. The &adrupole Moment of t h e  2.6 ~ e "  3- S t a t e  i n  208Pb 

A.  R. Barne t t  and W. R. P h i l l i p s  

The s t a t i c  quadrupole moment, Q,  of the  2.614 MeV 3- l e v e l  i n  208Pb 

has been measured by observing t h e  angular  d i s t r i b u t i o n  of i n e l a s t i c a l l y  

s c a t t e r e d  4 ~ e  and 160 ions  fo l lowing E3 Coulomb e x c i t a t i o n .  The reduced 

+ matr ix  element, f o r  t h e  E3 t r a n s i t i o n  0 (g .s . )  --D 3 - ,  B E ~ T ,  was a l s o  ob- 

t a i n e d .  The d e v i a t i o n  of t h e  angular  d i s t r i b u t i o n s  from f i r s t  o rde r  

theory ( t h e  r e o r i e n t a t i o n  e f f e c t )  d i r e c t l y  depends on Q and i n  s p e c i a l  

c a s e s ,  a s  h e r e ,  t h e r e  a r e  no o t h e r  competing second o rder  processes .  

Both t h e  s i g n  and magnitude of Q can be determined. The r e s u l t s  a r e  

Q = -1.3 f 0.6 b 

2 3 
and ~ ~ 3 7  = 0.58 f 0.04 e L . 

Experimental angular  d i s t r i b u t i o n s  were taken over the  angular  range 

80'-170' using a m u l t i p l e  s o l i d  s t a t e  d e t e c t o r  a r r a y  a t .  a energ ies  of 

19 ,  18,and 17.5 MeV and a t  an oxygen energy of 69.1 MeV. D i f f e r e n t i a l  

i n e l a s t i c  c r o s s  s e c t i o n s  a r e  i n  the  range 10-40 ~ b / s r  f o r  a's, and 200- 

* 
300 pb/sr  f o r  oxygen . As d i scussed  e a r l i e r 1  the  19 MeV d a t a  showed 

s t r o n g  i n t e r f e r e n c e  between t h e  CE amplitude, and an amplitud'e from 

d i r e c t  nuc lea r  e x c i t a t i o n  even though the  bombarding energy was " sa fe ly  

below t h e  Coulomb b a r r i e r "  according t o  usua.1 p r e s c r i p t i o n s .  The o t h e r  

t h r e e  d a t a  s e t s  showed no such i n t e r f e r e n c e  and a r e  considered t o  be 

examples of pure E3 Coulomb e x c i t a t i o n .  They were analyzed simultaneously 

*An example of  the  oxygen d a t a  i s  given i n  Fig .  31-1 of t h i s  Report. 



using the  symmetrized s e m i - c l a s s i c a l  Coulomb e x c i t a t i o n  theory .of Alder 
. . 

2 
e t  a 1  i n  terms of the  two parameters quoted above. F ig .  30-1 shows the  

c o r r e l a t i o n  between ~ ~ 3 1  and Q; t h e  curve enc loses  parameter regions  such 

2. 
t h a t  ): f o r  t h e  26 d a t a  p o i n t s  6 2x mi." and d e f i n e s  an  ascep tab lc  region.  

Our quoted e r r o r s  a r e '  shown and are '  considerably  l a r g e r  ' than those  a r i s i n g  

from the  l e a s t  squares  - a n a l y s i s  (a lso .shown on the  f i g u r e ) ;  however, we 

f e e l  they. a r e  a p p r o p r i a t e  t o  t h e  d a t a  and the  u n c e r t a i n t i e s  i n  t h e  theore-  

t i c a l  a n a l y s i s . .  

I n t e r i m  r e s u l t s  of h i s  s tudy  have been and the  f i n a l  

r e p o r t 5  w i l l  appear i n  The ~ h j s i c a l  ~ e v i k  

. . 
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31. Neutron and Proton Tunnel l ing Reactions on 208Pb 

. . W. R .  P h i l l i p s  and A. R. Barnet t  
. . 

Neutron pickup and proton s t r i p p i n g  r e a c t i o n s  bel'ow ' the  b a r r i e r  

have been measured f o r  69.1 MeV 160 ions  on 208Pb. The bombarding en- 

2  
ergy i s  11 MeV below a  " b a r r i e r  height"  E given by E = Z,Z2e /R wi th  

C C 
113 R = 1.5(A1 

0 
React ion products were observed ,over  the  angular range 100 -170' i n  

s i x  s o l i d  s t a t e  d e t e c t o r s  arranged i n  a  p r e c i s i o n . s c a t t e r ' i n g  chamber. I n  

o rder  t o  observe t h e  r e a c t i o n  groups below the  i n t e n s e  e l a s t i c a l l y  s c a t -  

5  
t e red  group, i t  was necessary  t o  o b t a i n  a  peak t o  v a l l e y  r a t i o  of 10 :1 

i n  t h e  d e t e c t o r s ;  t h i s  was achieved by c a r e f u l  a t t e n t i o n  t o  beam d e f i n i -  

t i o n  and co l l imator  edges. Fig .  31-1 shows two t y p i c a l  s p e c t r a ,  a t .  160' 

and a t  170'. Below t h e  e l a s t i c  peak (whose s c a l e  i s  x 1/1000) i s  a  

groLp a r i s i n g  from Coulomb e x c i t a t i o n  of t h e  3- l e v e l  i n  *08Pb ( see  Sec- 

t i o n  30 i n  this  report).  nex't an nverlapping ~ e r i e s  s f  grsupe a r i o i n g  

from t h e  s t r i p p i n g  r e a c t i o n  208Pb(16~ ,170) 207Pb. The next  s e r i e s  of 

groups comes from t h e  pickup r e a c t i o n  208~b(160 ,15bJ) 209~i ,  t h e  s t r o n g  

15 
s t a t e  being from t h e  Ng.s. + 209 reac t ion .  The peak a t  

BiO. 895 MeV 

channel 295 i s  an  e l a s t i c a l l y  s c a t t e r e d  160 group of a  d i f f e r e n t  energy 

and se rves  a s  a  c a l i b r a t i o n  l i n e ;  t h e  o t h e r  groups were i d e n t i f i e d  by 

t h e i r  kinematic v a r i a t i o n s  wi th  angle.  

The d i f f e r e n t i a l  c r o s s  s e c t i o n s  were obtained i n  a  s t ra igh t fo rward  

way by comparison wi th  t h e  e l a s t i c  peak; t h e  e l a s t i c  s c a t t e r i n g  was shown 
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t o  be pure Rutherford  t o  * 0.3%. Fig .  31-2 shows the  v a l u e s  obta ined 

f o r  t h e  sum of a l l  the  t r a n s i t i o n s  l ead ing  t o  l e v e l s  i n  170 + 207Pb, and 

f o r  t h e  proton t u n n e l l i n g  l ead ing  t o  t h e  0.895 MeV f  7/2 s t a t e  of 2OgBi 

Table  31-1 g i v e s  e s t i m a t e s  of the  r e l a t i v e  t o t a l  c r o s s  s e c t i o n s  f o r  the  

i n d i v i d u a l  neutron t u n n e l l i n g  r e a c t i o n s .  

The t o t a l  c r o s s  s e c t i o n  f o r  neu t ron  pickup involving a l l  l e v e l s  i s  

2.2 0 . 1  mb. This  f i g u r e  inc ludes  a  c o r r e c t i o n  f o r  t h e  Coulomb e x c i t a -  

+ 
t i o n  of the  2  4.07 MeV s t a t e  of  208Pb, which c o n t r i b u t e s  t o  t h e  p a r t i a l l y  

r eso lved  neu t ron  spectrum. Table 31-2 g ives  va lues  f o r  the  t o t a l ' c r o s s  

s e c t i o n s  for.  the  i n d i v i d u a l  proton t u n n e l l i n g  r e a c t i o n s .  These d a t a  have 

been repor ted  a t  a  r e c e n t  Heavy Ion Conference. 
1 

Tunnel l ing r e a c t i o n s  below the  b a r r i e r  can be analyzed us ing DWBA; 2 

t h e  d i s t o r t e d  waves become Coulomb wave func t ions  and u n c e r t a i n t i e s  asso- 

c i a t e d  wi th  o p t i c a l  model parameters d isappear .  This and t h e  increased 

v e r s a t i l i t y  of heavy ion  r e a c t i o n s  would make t u n n e l l i n g  a  use fu l  source  

of spec t roscop ic  informat ion i f  the  mathematical analyses  could be i m -  

proved, a s  has  been r e a l i z e d  s i n c e  the  e a r l y  work i n  t h e  f i e l d . 3  I f  one 

makes va r ious  approximations i n  the  CWBA expreas ion4 f o r  t h e  t r a n s i t i o n  

ampl i tude,  then  t h e  angular  d i s t r i b u t i o n  of the  nucleon t u n n e l l i n g  groups 

is  g iven  by 

3 - - - - - 

~ ~ ( e ) / d o  = c cosec u/2 exp[-2 7Xk'1 cosec 6/21 

where q and k  a r e  t h e  mean Sommerfelt parameters and wavenumber i n  the  

two channels .  The q u a n t i t y  x f o r  neu t ron  t r a n s f e r  is  r e l a t e d  t o  t h e  neu- 

17 
t r o n  binding energy i n  0, Bn by = (2m B /ft2)1/2, bu t  f o r  proton 

n  n  



TABLE 31-1 

. Main Configuration of Q Relative , 

170 Level 2 0 7 ~ b  Level MeV a Total 

TABLE .31- 2. 2 0 8 ~ b  + 160 + "N + 2OgBi 

Main Configuration o f  Q a Total 

"N Level 209~i  Level MeV sib 

(.pf./2 1-1 h9 -8.32 30 * 25 
12 

(pL/2 1 - l  ' i2  -9.22 302 * 16 

i l 3 /  -9.93 80 * 20 
2 



t r a n s f e r  a va lue  l a r g e r  than t h a t  corresponding t o  the  proton s e p a r a t i o n  

energy i n  209Bi ,  B should be used. This  procedure l e a d s  t o  a more 
P , 

rap id  f a l l  o f f .  w i t h  ang le  than f o r  the  neutron t r a n s f e r .  The p r e d i c t i o n  

f o r  the  angular  d i s t r i b u t i o n  shape i s  n e a r l y  independent of angular  mom- 

entum and should apply t n  a l l  the  neutron t r a n s f e r s  and, s e p a r a t e l y ,  t o  

t h e  proton t r a n s f e r s .  The f u l l  l i n e  of Fig .  31-2 i s  t h e  curve f o r  Bi1=4 

MeV and B =14 MeV. The good f i t s  t o  t h e  angular  d i s t r i b u t i o n s  using 
P 

the CWBA suggest  t h a t  such t r ea tments  of proton and neutron t u n n e l l i n g  

r e a c t i o n s  may be v a l i d .  

~ e c e n t l ~ ~  B u t t l e  and G o l d f a r b  have examined the  6 and Q value  de- 

pendence of t h e  c r o s s  s e c t i o n s  ( 5  = 7 ) and can account q u i t e  wel l  
f  -Qi 

f o r  t h e  r e l a t i v e  s t r e n g t h s  of the  d i f f e r e n t  groups i n  both  the  proton 

and neutron cases .  I n  p a r t i c u l a r ,  the  very  weak g . s .  t r a n s i t i o n  i n  the  

15 
proton pickup r e a c t i o n ,  1 5 N  

g . s .  
+ 209Bi  , compared wi th  N g s S  . g . s .  + 

2 0 9 g i ( ~ .  90 MeV) can be understood.  Fur the r  refinement i n  thg c a l c u l a -  

t i o n s  i s  needed be fore  t h e  absolute magnit~ade n f  t h ~  prntor! t s a n p f e r s  

can be p red ic ted ;  f o r  t h e . n e u t r o n  t r a n s f e r  t h e  abso lu te  magnitudcs agree  

q u i t e  we'll w i th  experiment.  
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VI. ANALOG STATES AND COULOMB DISPLACEMENT ENERGIES 

32. Isospin Mixing for Bound Analog States in 56C0 and 58Co 

T. G. Dzubay and R.'Sherr (Princeton University) 
and 

F. D. ~ecchetti, Jr. 'and D. Dehnhard 

Transitions to levels in the vicinity of the ground state analogs 

3 'in 5 6 ~ o  and ,58~0 have been investigated using the Fe( He, t)Co reactions 

at 24.6 MeV. Two.predominantly L=O transitions, 70 keV apart, were ob- 

56 served where the analog state in. Co was expected to occur. For the 

analog state in 58~o two pure I=0 transitions spaced at 20 kev were 

observed. Tentative assignments of 0' are made for all four levels. 
i 

These phenomena are described in terms of large isospin mixing of the 

analog state (T=TO) with a T=To-1 state. The observed cross-section 

ratios and splittings are used to estimate off-diagonal matrix elements 

for the charge dependent part of the nuclear Hamiltonian of 33 key for 

56~0 and 10 keV for 58~o. The results are being prepared for publication. 

33. Measurement of Coulomb Displacement Energies Using 
3 

the (1Ie ,t) Reaction 

F. D. Becchetti, Jr. and D. Dehnhard 

and 

T. G. Dzubay. (princeton University) 

Coulomb displacement energiqs for thirty-three isotopes between 

~a~~ And Zn868 inclusive have been measured using the (He3, t) reactiqn 

at an incident energy of 24.6 MeV.' Triton spectra were taken at 8 =18' L 



us ing  a  c a l i b r a t e d  p o s i t i o n - s e n s i t i v e  d e t e c t o r  i n  t h e  f o c a l  plane of 

t h e  split-po1.e magnetic spectrometer .  Most of t he  measurements were 
4 

3 
made wi th  i a o t o p i c a l l y  enriched t a r g e t s .  The e l a s t i c  He y i e l d s  a t  18' 

were used t o  e x t r a c t  t he  t a r g e t  th icknesses  and compositions from which ." 
3 absol-ute and r e l a t i v e  (He , t )  c r o s s  s e c t i o n s  were ca l cu la t ed .  

I n  most of t he  s p e c t r a  a  s i n g l e  s t rong  t r a n s i t i o n  t o  the  IAS 

( i s o b a r i c  analog s t a t e )  of the  t a r g e t  nucleus could be i d e n t i f i e d  and 

an unambiguous Coulomb displacement energy ca l cu la t ed  from the  Q value.  

For s e v e r a l  of the  odd-even t a r g e t s  analogs t o  t h e  f i r s t  exc i ted  s t a t e  

could a l s o  be i d e n t i f i e d .  The t r i t o n  s p e c t r a  f o r  s e v e r a l  t a r g e t s  sucti 

50 a s  T i  , ~ e ~ ~ ,  ~ e ~ ~ ,  and ~i~~ showed s e v e r a l  s t rong  t r a n s i t i o n s  i n  t h e  

r eg ion  expected f o r  t he  analog s t a t e .  I n  t h e s e  cases  t h e  c r o s s  s e c t i o n s  

3 
t o  any s i n g l e  s t a t e  were lower than  expected from the  (He , t )  c r o s s  sec-  

58 58 t i o n  sys temat ics .  . . Two cases  i n  p a r t i c u l a r ,  ~e~~ - c o ~ ~  and ~e  --co , 

were inves t iga t ed  f u r t h e r .  For ~0~~ and probably ~0~~ the  r e s u l t s  i nd i -  

ca te  isospin mixing of t h e  analog s t a t e  wi th  o t h e r  0' s t a t e s  i n  t he  r e -  

s i d u a l  nucleus ( see  Sec t ion  32 ). 

The t r i t o n  s p e c t r a  obtained from Ni(He3, t ) c u  wi th  A=58,60,61,62 

and 64 a r e  shown i n  Fig.  33-1 . One channel i n  t h e  XE/E p o s i t i o n  spec- 

trum corresponds t o  about  1.7 keV i n  energy. The bottom spectrum was 

obta ined  us ing  a  68 pg/em2 n a t u r a l  n i cke l  f o i l .  The o t h e r s  a r e  f o r  63, 

2  
31 and 34 pg/cm enriched t a r g e t s  of N i  61162264 r e s p e c t i v e l y  on 15 pg/cm 2  

carbon backings. The s t a t e s  i d e n t i f i e d  a s  ground s t a t e  analogs (IAS) and 

f i r s t  exc i t ed  s t a t e  analogs (IAS*) a r e  l a b e l l e d '  wi th  arrows. The unlabeled 

+ 58 peak i n  the  A=58,60 spectrum is the  1 ground s t a t e  i n  Cu . I n  ~i~~ two 

peaks, 17 keV a p a r t ,  a r e  seen a t  t h e  energy expected f o r  the  IAS. 

3 
The (He , t )  s p e c t r a  a r e  being analyzed using t h e  peak f i t t i n g  rou- 
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t i n e  GPF. Cor rec t ion  f o r  energy l o s s e s  i n  t h e  t a r g e t ,  e t c . ,  a r e  included. 

The f i n a l  Coulomb energ ies  f o r  most t a r g e t s  should be accura te  t o  b e t t e r  

than .*  5 keV r e l a t i v e  t o  the  c a l i b r a t i o n  e n e r g i e s . .  The r e s u l t s  a r e  being 

prepared f o r  pub l ica t ion .  

3 4 .  Calcu la t ions  of Coulomb Displacement Energies 

F. D. Becche t t i ,  Jr. and G. W. Grccnlccs 

Ca lcu la t ions  of Coulomb displacement e n e r i i e s  based on the '  model 

1 
of Nolen e t  a1  have been performed f o r  s e v e r a l  l f -2p  s h e l l  n u c l e i  a s  

we l l  a s  zrgO, sn120, and Pb208.  his model y i e l d s  a  value  f o r  the  ms 

r a d i u s  of t h e  neutron excess  from which an es t imate  of t h e  d i f f e r e n c e s  

i n  t h e  neutron and proton r m s  r a d i i  can be made. The r e s u l t s  i n d i c a t e  
. . 

s u c h d i f f e r e n c e s ,  A f o r  N i 5 8  of 0 . 0 0 f  . 0 8 F ,  f o r z r g O A  = 0 . 0 2 *  
np' nP 

120 A 208 A 
.08 F, f o r  Sn = 0.05 f 0.10 F, and f o r  Pb = 0.09 f 0.10 F. 

nP nP 

The e r r o r s  r e f l e c t  u n c e r t a i n t i e s  i n  the  exchange and core  over lap correc-  

, t i o n ~ ,  and t h o  ooro neutron r a d i i .  Thcoc P C O U ~ ~ O  a r e  o i m i l a r  t e  ehsoe 

obta ined by Friedman, e t  a l , *  and by ~ c h i f f e r , ~  and i n  Sec t ion  38 of t h i s  

Keport ,  but  i n d i c a t e  d i f f e r e n c e s  smal le r  than those c a l c u l a t e d  from rea-  

sonable  s i n g l e  p a r t i c l e  p o t e n t i a l s .  
4 
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VII. THE OPTICAL MODEL OF THE NUCLEUS 

The Elastic Scattering of 9.8 MeV Protons 

Watson, '~ievers, Greenlees, Poppe 

During the past 12 months the measurements of the elastic scat- 

tering of 9.8 MeV protons have been completed. Cross section and 

polarization angular distributions have been measured for the isotopes 

54~e, 59~o, 58~i, 64~i, 68~n, 'Ozr, l2'sn, and over the angular 

range 17.5' to 160.0~. The polarization data were taken using the 

polarized beam from the Linear accelerator and the cross sections using 

a 9.8 MeV proton beam from the MP Tandem. The cross section data have 
i 

an absolute normalization uncertainty of at most 2% over the whole angu- 

lar range. The uncertainties in the polarization data' range' from 0.005. 

at the forward angles to 0.05 at the backward angles. 

The data are a t  presenc belng analyzed in terms ul: Llle s L a l l c l i i ~ J  

optical model and also using the approach of Greenlees, Pyle,and Tang. 1 

Figs. 35-1 and 35-2 show fits obtained to some of the data. 
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36. The Elastic Scattering of 16 MeV Protons 

W. Makofske, H. Liers and G. W. Greenlees 

A number of experimental modifications in measuring absolute differ- 

ential cross sections for proton elastic scattering have been made in the 

.past year. The angular acceptance of the Ortec chamber Faraday Cup has 

been enlarged to approximately 9' in order to avoid beam losses due to 



The curve is a standard optical  model f i t  t o  the data. 

Fig.  35-1 



.C. M, SCATTERING ANGL E 
Proton elastic ~fattering polarization data for 59~0, at 9.8 MeV.  

The curve is a standard optical model .fit to the data. 

Fig. 35-2 



multiple scattering at low energies. This allows absolute normalizations 

to be determined with negligible error from multiple scattering for tar- 

get thicknesses of up to 5 mg/cm2 at an incident bombarding energy bf 5 

MeV. Tests have also been made verifying that errors in charge collec- 

tion arising from knockout electrons from the target are negligible for 

an incident proton beam. 

A system of two fixed-angle monitor detectors has also been designed 

and built for the Ortec'chamber. These detectors can be mounted out of 

the scattering plane at a number of positions along the chamber wall. 

They allow monitoring of target thickness variations due to beam movements 

and target deterioration at all angles without interfering with the present 

method of measuring the cross section on either side of the beam at the 

same angle to average out angular shifts due to beam movements. This meth- 

od also eliminates the need for overlap runs when changing target angle 

since the target thickness is measured for every run. 

These changes, coupled with small. beam defining collimators, allow 

11s to take d a t a  o f  about 1% relative AciuLacy aud 2$ absolute accmacy 

with the present system. Thus far, absolute cross sections have been 

0 
measured over the angular range between 15 and 1 6 0 5 n  2.5' steps for 

58~i, 60~i and 120sn. Partial data has been taken on 6 2 ~ i ,  64~i, 

and 208Pb. 



The E l a s t i c  S c a t t e r i n g  of 4 0 - M ~ V  Protons by 

Even I so topes  of N i  and Pn 

H. S. L i e r s ,  R. N. Boyd, C.  H. Poppe, J. A. S i e v e r s  and D .  L.  Watson 

Measurements of t h e  d i f f e r e n t i a l  c r o s s  s e c t i o n  and p o l a r i z a t i o n  f o r  

58,60,62,64Ni the  e l a s t i c  s c a t t e r i n g  of 40-MeV protons by t h e  i s o t o p e s  of 

and 64y66y68Zn1 have been completed. The d a t a  have been analyzed using 

- 2 
both t h e  s tandard o p t i c a l  model and t h e  Greenlees ,  ~ y l e  and Tang approach 

i n  which the  r e a l  p a r t  of the  c e n t r a l  p o t e n t i a l  and t h e  s p i n  o r b i t  poten- 

t i a l  a r e  obta ined from t h e  two-nucleon p o t e n t i a l  and t h e  neutron,  proton,  

and mat te r  po in t -dens i ty  d i s t r i b u t i o n s .  Root-mean-square r a d i i  have been 

e x t r a c t e d  from the  d a t a ,  bu t  no sys temat ic  t r end  i s  ev iden t  f o r  an i s o t o p i c  

sequence. Within t h e  e r r o r s ,  no symmetry dependence is  found f o r  the  r a t i o  

of the  volume i n t e g r a l  of t h e  r c a l  c c n t r n l  p o t c n t i a l  t o  t h c  maas numbcr. 

A manuscript  d e s c r i b i n g  t h e  experiment and t h e  r e s u l t s  of t h e  . ana lys i s  

has  been prepared f o r  submission t o  the  Physical  Review. 
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38. 

An Analysis of Proton E l a s t i c  S c a t t e r i n g  Using P o t e n t i a l s  Derived 

from Nucleon Density D i s t r i b u t i o n s  and Two-Body P o t e n t i a l s  

6.  W. Gre~nl ,Pen ,  W. Mnknfake a.nd G ,  J, pylc  

1 ' 

Recently Greenlees,  Pyle,and Tang developed an o p t i c a l  model i n  

which t h e  r e a l  p a r t s  of t h e  p o t e n t i a l  were der ived from nuclear  mat te r  

d i s t r i b u t i o n s  and t h e  nucleon-nucleon fo rce .  When appl ied t o  proton 

e l a s t i c  s c a t t e r i n g  a t  14.5,  30.3,and 40 MeV the  model was ab le  t o  f i t  

the  d a t a  as  we l l  a s  s tandard o p t i c a l  model t rea tments  d e s p i t e  having 

fewer a d j u s t a b l e  parameters.  For a  given range of two-body f o r c e ,  

va lues  f o r  t h e  nuc lea r  rms mat te r  r a d i i  could be obta ined.  These 

v a l u e s  were g r e a t e r  than corresponding r m s  proton r a d i i ,  dsr ived from 

e l e c t r o n  s c a t t e r i n g  and muonic x-ray work, and implied t h a t  t h e  nuclear  

neutron rms r a d i i  were g r e a t e r  than t h e  nuc lea r  proton rms r a d i i  by 

about 0.6 F f o r  a l l  n u c l e i  considered when a  Yukawa two-body f o r c e  of 

2  
m s  r a d i u s  2.25 F was used. 

Although t h e  model, a s  developed i n  Ref. 1, g ives  a  f i r s t  order  

t rea tment  of t h e  problem, the  a c t u a l  a n a l y s i s  of d a t a  involved two ad- 

d i t i o n a l  assumptions i n  t h e  c a l c u l a t i o n  of t h e  i s o s p i n ' a n d  s p i n - o r b i t  

terms. In  t h e  p resen t  a n a l y s i s ,  these  approximations have been removed 

and proton d a t a  a t  30.3 MeV analyzed using t h e  complete model. It i s  

found t h a t  t h e  neutron-proton r m s  r a d i i  d i f f e r e n c e s  a r e  reduced by 0.1- 

2 
0 .2  F f o r  a  Yukawa two-body f o r c e  of m s  r a d i u s  2.25 F . However, t h e  

f i t s  t o  the  d a t a  a r e  found t o  be r e l a t i v e l y  i n s e n s i t i v e  t o  both t h e  



magnitude of the isospin term and the range of the direct part of the 

nucleon-nucleon force. When these quantities are chosen to agree with 
. . 

a recent analysis of low energy nucleon-nucleon data, which used a 

Gaussian shape, a further reduction is effected in the nuclear neutron- 

proton rms radius differences to values around zero for medium-weight 

elements and 0.1-0.2 F for heavy elements. 

Confirmation is provided that the volume integral and the rms 

radius of the real central potential are well-defined quantities which 

can be extracted from elastic scattering data as was suggested in Ref. 

2 
1 and by Becchetti et al. This result is insensitive .to detailed form 

of the potential used. 
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Further 0pti=al'Model Analysis of 30.3'~e~ proton Elastic Scattering Data 

'G. W. Greenlees and W. Makofske . . 

Recently elastic scattering data on 58Ni., 120Sn and 

208Pb at 30.3 MeV have become available over the angular range £;om 

10~-165~ in five 'degree intervals with an absolute accuracy of 0.005- 

0.02:' ~hese data, together with the corresponding differential croBs 

section daia,2 are being analyzed with the standard optical model and a 



vers ion  i n  which t h e  r e a l  p a r t s  of t h e  e f f e c t i v e  i n t e r a c t i o n  p o t e n t i a l  

a r e  derived from t h e  nuc lea r  d e n s i t y  d i s t r i b u t i o n  and components of t h e  

nucleon-nucleon fo rce .3  Prel iminary r e s u l t s  seem t o  i n d i c a t e  t h a t  t h e  

model cannot f i t  medium weight n u c l e i  nea r ly  a s  we l l  a s  heavy nuc le i .  

Th i s  suggests  t h a t  some f e a t u r e ,  perhaps A dependent, i s  l ack ing  i n  pre- 

s e n t  formulat ions  of t h e  o p t i c a l  model. 
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40. 

Opt ica l  Model Analysis of I-Ie3 and Alpha-Par t ic le  E l a s t i c  S c a t t e r i n g  

J. S .  L i l l e y  and D. D. L e a v i t t  

1 
Opt ica l  model a n a l y s i s  of 29 MeV He3 e l a s t i c  s c a t t e r i n g  d a t a  re -  

vealed s e v e r a l  parameter s e t s  which gave .approximately equ iva len t  f i t s .  

The combination of l a r g e  r a d i u s  and small  d i f fuseness  f i r s  t o  t h e  d a t a  , 

were a s  good a s  f i t s  from 'a small  r a d i u s  and l a r g e  d i f fuseness .  Good 

113 f i t s  t o  the  d a t a  were achieved wi th  r a d i i  from 0.99 A l l 3  t o  1 . 3  A , 
- - - - - -  - --. 

d i f f u s e n e s s  from 0.6 t o  0.89, and p o t e n t i a l s  from 90 t o  360 MeV. The 

p o t e n t i a l  form f a c t o r s  f o r  a l l  thcsc  f i t s  shared a  common po in t  of in -  

t e r s e c t i o n  a t  a  r a d i u s  i n  the  i n t e r a c t i o n  region.  Volume i n t e g r a l s  f o r  

these  f i t s  ranged from 240 MeV-P2 t o  825 Me"-12. Data analyzed extended 

out  t o  l e s s  than 100 degrees .  For l a r g e r  ang les ,  t h e  p red ic ted  c r o s s  



s e c t i o n s  of t h e  d i f f e r e n t  f i t s  va r i ed  s i g n i f i c a n t l y .  To s e e  i f  some of . . 

these  ambigui t ies  can be reso lved ,  we a r e  measuring s c a t t e r i n g  c r o s s  

s e c t i o n s  over the  e n t i r e  angular  range. Measurements a r e  p r e s e n t l y  being 

made o n ~ i ~ ~  and ~ i ~ ~ ,  and w i l l  be extended t o  o t h e r  i so topes .  Since  

t h e . c o u n t i n g  r a t e  a t  l a r g e  ang les  is very  smal l ,  t h e  p a r t i c l e  i d e n t i f i -  

c a t i o n  computer r o u t i n e  has  been modified t o  handle incoming d a t a  from 

t h r e e  d e t e c t o r s ,  a l lowing simultaneous measurements of t h r e e  ang les .  

3  
'.' Compared.to He e l a s t i c  s c a t t e r i n g  d a t a ,  a lpha s c a t t e r i n g  d a t a  d i s -  

p l i y s  much more d i f f r a c t i o n  s t r u c t u r e  and thus  al lows l e s s  ambiguity i n  

t h e  o p t i c a l  model parameters.  F i t s  t o  a lpha s c a t t e r i n g  d a t a  tend t o  favor  

a -1ar'ge r a d i u s  a'nd small  d i f f u s e n e s s .  Again, l a r g e  angle  d a t a  i s  s c a n t .  

' 39 However, r e c e n t  P o l i s h  d a t a ,  K (a,a)K39, suggests  a  p o s s i b l e  angular  

dependence of the  parameters,  t h a t  i s ,  b e t t e r  f i t s  a t  l a r g e  angles  wi th  

l a r g e  d i f f u s e n e s s  and smal l  r a d i u s ,  whi le  t h e  forward angles  a r e  b e t t e r  

f i t  wi th  smal ler  d i f f u s e n e s s  and l a r g e  r a d i u s .  We p lan  t o  i n v e s t i g a t e  

t h e  complete angular  s c a t t e r i n g  range f o r  o t h e r  n u c l e i  t o  s e e  i f  t h i s  

same dependence is  e x h i b i t e d ,  and t o  determine what form f a c t o r  i s  r e -  

quired ' to g ive  a  good f i t  over t h e  e n t i r e  angular  range. 

References 

1. Baugh, Pyle ,  Rolph,and S c a r r o t t ,  E l a s t i c  S c a t t e r i n g  of 29 MeV He 3  

by Complex Nuclei ,  ' p repr in t ,Univers i ty  of Birmingham, England (1966). 
. . .  

% .  

2'. ~ r o b r o w s k a , '  Budzanowski, Grotowski, Jarczyk,  Micek, Hiewodniczanski, 

S t rza lkowski ,  and Wrobel, E l a s t i c  S c a t t e r i n g  of A l p h a , P a r t i c l e s  on 

3 9 ~  Nuclei  i n  t h e  Energy ,Range from 22.1 MeV t o  28.2 MeV, I.N.T. 

Cracow Report ,  6 1 3 1 ~ ~ .  



Standard  @@tical Model Psrsmctcro 

F. D. Becchetti, Jr. and G. W. Greenlees 

The analysis of nucleon-nucleus elastic scattering using the stand- 

ard optical model has been completed and the results are in press (Physical 

Review). 

The technique used in the nucleon-nucleus analysis, i.e., the simul- 

taneous fitting of a large amount of d a t a  in terms of explicit parameter- 

ization of the optical with energy, (N-z)/A,. etc. is being 

extended to the analysis of He3 and tritbn elastic data. 

A preliminary set of has been found that gives a reasonable 

2 
fit to theHe3 and triton data analyzed (X IN= 13). These parameters are: 

3 
He : VR= 136.4 - 0.17E + 55(N-Z)/A 

W = 41.3 - 0.33E + ~~(N-Z)/A P 

triton: V = 165.0 - 0.17E - 7(~-Z)/A 
R 

These parameters are in no way unique and represent only one of sev- 

eral sets that give comparable fits to the data. The inclusion of spin 

L 
orbit coupling improves the fits only slightly (X /Nr9) but for convenient 

- 

use in DWBA calculation thk parameters given here are f6T Vso=O. 



V I I I .  EXPERIMENTAL AND DATA ANALYSIS.PROCEDURES 

~ n g e  S p l i t - P o l e  Spectrometer Programs 

M. Oothoudt and P. Vedelsby 

During t h e , p a s t  y e a r ,  f i v e  programs have been w r i t t e n  t o  a i d  i n  

analyzing photo-pla te  s p e c t r a .  A l l  o f . t h e  programs use c a l i b r a t i o n s  

g iv ing  e i t h e r  the  d i s t a n c e  along t h e  f o c a l  p lane  (d) a s  a  func t ion  of 

the  r a d i u s  of cu rva tu re  (p) i n  t h e  main f i e l d  of the  magnet o r  P a s  a  

f u n c t i o n  of d.  The c a l i b r a t i o n  was obta ined by making exposures a t  

s e v e r a l  magnetic f i e l d  s e t t i n g s  f o r  a  peak of known energy; a  s e p a r a t e  

c a l i b r a t i o n  must be made f o r  each p a i r  of s e t t i n g s  f o r  the  screws which 

p o s i t i o n  the  p l a t e  ho lde r .  
. . 

PROGRAM MMM r e a d s , s c a n n i n g  r e s u l t s  from t h e  card reader  and d i s -  

p lays  the.spect ,rum on t h e  o s c i l l i s c o p e .  Tagging channels of a  peak r e -  

s u l t  i n  i n t e g r a t i o n  of t h e  peak.and c a l c u l a t i o n  of i t s  c e n t e r  of g r a v i t y .  

From t h i s  d i s t a n c e  the  B p  va lue  of the  peak, i t s  abso lu te  energy,  and i t s  

Q va lue  a r e  c a l c u l a t e d .  

PROGRAM ESPKIN is  a  kinematics program t o  a i d  i n  i d e n t i f y i n g  peaks 

by t h e i r  B p  and d  va lues  found wi th  MMM. Given r e a c t i o n  d a t a  on a  s e t  

of up t o  150 r e a c t i o n s ,  the  program c a l c u l a t e s  r e l a t i v i s t i c a l l y  c o r r e c t  

kinematics and p r i n t s  o u t  r e s u l t s  i n  o r d e r  of dec reas ing  B e  and d. 

PROGRAM F c a l c u l a t e s  t h e  frequency necessary  t o  p lace  a  peak a t  a  

g iven l o c a t i o n  along the  f o c a l  p lane .  . . 

PROGRAM D c a l c u l a t e s  t h e  l o c a t i o n  of a  peak f o r  g iven r e a c t i o n  para-  

meters.  Using PROGRAMS F and'D, one may c a l c u l a t e  t h e  frequency neces- 

s a r y  t o  p lace  t h e  peak of h i g h e s t  Bp of i n t e r e s t  a t  the  h i g h e s t  convenient  



d  of the  p l a t e s  whi le  making s u r e  t h a t  o t h e r  peaks of i n t e r e s t  do no t  

f a l l  on f i l e  marks o r  i n  j o i n t s  between p l a t e s .  

PROGRAM Q c a l c u l a t e s  the  abso lu te  energy and r e a c t i o n  Q value  of 

peaks found a t  g iven d  va lues .  

A program which c a l c u l a t e s  nuc lea r  r e a c t i o n  Q-values is  developed. 

This  program i s  smal l  enough t o  f i t  t o  t h e  CDC 3100 computer, s o  t h a t  an  

experimenter can c a l c u l a t e  necessary  Q-values i n  the  c o u r s e ' o f  h i s  exper i -  

ment. ~-v.lu.s a r e  based on t h e  1964 Mass ~ a b l e l  and a d d i t i o n s  and cor rec -  

t i o n s  a r e  made according t o  r e c e n t  l i t e r a t u r e .  2,3,4,5 

This  program can 

I )  m a k e a  t a b l e  of mass excesses  and masses; 

11) c a l c u l a t e  Q-values f o r  

1 )  one r e a c t i o n  on a l l  known n u c l e i ;  

2)  one r e a c t i o n  on a l l  s t a b l e  (normally a v a i l a b l e )  n u c l e i ;  

3) r e a c t i o n s  wi th  one i n c i d e n t  p a r t i c l e  on one t a r g e t  nucleus 

and va r ious  outgoing p a r t i c l e s ;  

- -- 

4) one reac-tion on F ie  t a r g e t ;  

111) make a  Q-value f o r  up t o  11 incoming p a r t i c l e s  and 22 outgoing 

p a r t i c l e s  on a l l  s t a b l e  (normally a v a i l a b l e ) '  .nucle i .  

The program can t ake  more than one outgoing p a r t i c l e  f o r  a  r e a c t i o n ,  thus  

enab l ing  one t o  c a l c u l a t e  Q-values f o r  r e a c t i o n s  such a s  ( a ,3n) .  
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44. . Digital 'leaky Integrator" Routine to .Compensate for 

Beam Intensity Variations 

A. R. Barnett, J. H. Broadhurst and R. W. Goodwin 

The standard methods of determining the effective charge in an 

activity measurement are: 

1) Saturate the activity by bombarding for a time T,,T - 
1/2' T1/2 - 

the known half-life, so that the activity at the start of the counting 
. . .  

cycle is proportibnal ti the current (corrected for the time taken to 

turn off the ' beam and begin counting). 

2) '  omb bard for a time Tl;- 
1/2' thus approximating to an instantan- 

eous charge Q at T=O, where Q = 1d't(l-1'/2)idt+. :) and A is the decay con- 
' . .  

stant, ln2/T 112' 

3) Use a leaky current integrator and allow the acc'umulated charge 
, 

to decay with a time constant set equal to the decay rate of the activity 
. . 

to'be'measured so that the effective charge at the start of the counting 

period is proportional to the activity. 
, . 

Each of these methods'has well known disadvantages. In method .l) 

undesired background activities can be built up and ideally the current 



should be c o n s t a n t ;  i n  method 2) one approximates t o  the  exponent ia l  ac-  

t i v i t y  inc rease  by i t s  l i n e a r  f i r s t  p a r t  bu t  may not  produce enough a c t i -  

v i t y  pe r  c y c l e ,  a g a i n  t h e  c u r r e n t  i s  assumed cons tan t ;  and i n  method 3) 

one has  the  hardware problem of varying ( o f t e n  high)  r e s i s t a n c e  va lues  

i n  o r d e r  t o  achieve t h e  c o r r e c t  decay cons tan t  i n  a  s e p a r a t e  pre l iminary  

experiment . 
We have overcome many of these  d isadvantages  i n  a  simple manner by 

m u l t i s c a l i n g  the  beam c u r r e n t  i n t e g r a t o r  ou tpu t ;  t h a t  i s ,  by d i v i d i n g  

t h e  t o t a l  bombarding p lus  wa i t  period i n t o  ( i n  our c a s e )  128 equal  time 

i n t e r v a l s  and record ing  t h e  number of beam c u r r e n t  i n t e g r a t i o n  (BCI) 

pu l ses  i n  each.  For our BCI,  f u l l  s c a l e  c u r r e n t  g ives  an  output  of 100 

pulses lsec . .  The d a t a  can be recorded i n  an  a r r a y  and processed on- l ine ,  

o r  subsequently.  The e f f e c t i v e  charge a t  any l a t e r  t ime T (when t h e . d e -  

t e c t o r s  began record ing  a c t i v i t y  d a t a )  can be e a s i l y  c a l c u l a t e d  a s  

C 
L qie 

-A(T- t i )  where qi i s  the  charge recorded a t  the  time element l abe led  

t i . '  The a c t i v i t y  d a t a  a r e  recorded i n  a  normal m u l t i s c a l i n g  system such 

a s  by t h e  program  ACT.^ Since the  beam i n t e n s i t y  f l u c t u a t i o n s  have been 

recorded,  accumulated over  a s  many bombarding record ing  c y c l e s  a s  de- 

s i r e d ,  one i s  n o t  r e s t r i c t e d  t o  the  bombarding time i n e q u a l i t i e s  of meth- 

ods 1 )  and 2 ) .  An important  a d d i t i o n a l  advantage i s  t h a t  t h e  e f f e c t i v e  

charge can be c a l c u l a t e d  f o r  a l l  of s e v e r a l  a c t i v i t i e s  which may be pre-  

s e n t  i n  the  d a t a ,  wi thout  r e p e a t i n g  the  experiment. 

An example of t h i s  technique a r o s e  when we were determining the  

(O,n) t o t a l  c r o s s  s e c t i o n  of 208pb and 2098i by Q - a c t i v i t y  measurements 

2  
of the  r e s i d u a l  n u c l e i  211po and 212At.  I n  the  f i r s t  use,  211po, only 

one a c t i v i t y  i s  p r e s e n t  wi th  a  h a l f - l i f e  of 0.505 s e c ,  and t h e  program 

ACT was s e t  up w'ith a  bombarding p lus  w a i t  time of 2.56 s e c ,  thus  d i -  



g i t i z i n g  t h e  beam i n  128 channels of 20 mseclchannel. This  was followed 

by 32 count ing pe r iods  of the  a - d e t e c t o r s  of 100 msec, each record ing  

128 channels of energy informat ion from t h e  ADC. For t h e  209Bk((1,n)212At 

r e a c t i o n ,  however, a c t i v i t i e s  a r e  formed, 2 1 2 ~ t ( ~ .  30sec) a d  21 2mAt 

(0 .12sec)  which have d i f f e r e n t  a-decay s p e c t r a .  By.analyzing r e p a r a t e l )  

t h e  d i f f e r e n t  energy regions  of the  s p e c t r a  and e v a l u a t i n g  the e f f e c t i v e  

charge f o r  each a c t i v i t y ,  i t  i s  p o s s i b l e  t o  measure s imul taneously  the  

(a ,n )  t o t a l  c r o s s  s e c t i o n  . t o  the  ground s t a t e  and t o  , the  i s & e r i c  s t a t e  

of 21.2Ac. I h i s  i n f o ~ m a t i o n  i s  of d i r e c t  re levance t o  the  t o t a l  r e a c t i o n  

measurement of a ' s  on 209Bi  a t  ene rg ies  we l l  below t h e  Coulomb b a r r i e r .  2  
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45. 
0 

0  Measurements wi th  t h e  S p l i t - P o l e  ~ a ~ n e t i c  Spectrometer 
. . 

W. W. Dykoski and.D, Dehnhard . 

. . .  
The double focus ing  p r o p e r t i e s  of ' t h e  Enge spl i t -pol .& mabnetio 

0 
spect rometer  make i t  easy t o  do experiments a t  0  . I n  many experiments,  

0 
t h e  measurement of the  c r o s s  - s e c t i o n  a t ' O  . i s  of cons ide rab le  i n t e r e s t .  

29 3 
We have performed several~test'experiments'using the  S i (  He,d) r e a c t i o n  

. . a t  25 MeV. 

Between the  t a r g e t  and spec'trometer en t rance  a p e r t u r e  we placed ' a  
% 

s e t  of guard s l i t s  to '  prevent  the' beam fr'om h i t t i n g  t h a t  a p e r t u r e .  The 

s i z e  of the  guard s l i t s  was such t h a t  they d i d  no t  l i m i t  t h e  s o l i d  angle  

g iven by t h e  en t rance  a p e r t u r e .  A Faraday cup was placed i n  the  f o c a l  

p lane  of t h e  spect rometer  and a  .pos i t . ion-senk i t ive  d e t e c t o r  was' placed 

a t  a  l a r g e r  p-vslue. The d e t e c t o r  was covered wi th  a polyethylene absor-  
. " 

b e r  f o i l  of 30 m i l l s '  t h i ckness  t o  s t o p  any doubly scat ' te red 3 ~ e .  

3  
The p o s i t i o n  spectrum from t h e  2 9 ~ i (  He,d) r e a c t i o n  t o  the  0.678 

MeV and 0.709 MeV doub le t  i n  3 0 ~  is  shown i n ,  the  F ig .  45-1 . We have 

n o t  y e t  t r i e d  t o  d e t e c t  p a r t i c l e s  a t  a  p-value smal ler  than t h a t  of t h e  

p a r t i c l e  beam because we expected cons ide rab le  background due t o  s l i t  edge 

s c a t t e r i n g .  
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F i g .  45-1 



B EXPERIMENTAL 1NSTRUMENT.ATION 

Vacuum Target  Trans fe r  System 

H. Ohnuma 

I n  o rde r  t o  make contaminat ion-f ree  t a r g e t s  f o r  m a t e r i a l s  which 

a r e  e a s i l y  oxydized o r  absorb humidity i n  t h e  a i r ,  a  new evaporat ion 

chamber, t r a n s f e r  box, and a  s t o r a g e  chamber were designed.  One can 

evaporate  up t o  f o u r  t a r g e t s  i n  the  chamber, 'put them i n  t h e  t r a n s f e r  

box, and a t t a c h  i t  t o  t h e  t a r g e t  chamber f o r  the  s p l i t - p o l e  spec t ru -  

meter,  which i s  evacuated beforehand. One can s t o r e  t a r g e t s  i n  a  

vacuum s t o r a g e  chamber when they a r e  no t  used. This  system has suc- 

c e s s f u l l y  been used f o r  calcium t a r g e t s  s o  f a r .  

47 .  % Target  P repara t ion  F a c i l i t i e s  

George O t t  

The i a s t  year  has  seen  a .  cons ide rab le  expansion of the  t a r g e t  pre- 

p a r a t i o n  f a c i l i t y .  A,new vacuum system f o r  evaporat ion and s p u t t e r i n g  

'has been cdmpletid. g iv ing  the  l a b o r a t o r y  a  t o t a l  of t h t e e  vacuum systems 

a v a i l a b l e  ' f o r  t a r g e t  p repara t ion .  , Two of t h e  systems use o i l  d i f f u s i o n  
. . 

pumps and the  t h i t d  is a  turbo-molecular system. There has been put i n t o  

o p e r a t i o n  a one-ki lowat t  continuous duty  R.F. g e n e r a t o r t h a t  provides 

power f o r  s p u t t e r i n g .  

The chemical s t e p s  i n  t a r g e t  p r e p a r a t i o n  have been made more e f f i -  

c i e n t  by the es tab l i shment  of a  chemical l abora to ry  i n  a  room having a  

fume hood which i s  ad jacen t  t o  t h e  t a r g e t  p repara t ion  room. 



The t a r g e t  l abora to ry  processed and completed over 150 r e q u e s t s  f o r  

t a r g e t s  making a  . t o t a l  . o f  near ly-  500 ind iv idua l  t a r g e t s  from the  follow- 

ing elements : . 

Aluminum, Antimony,. Barium, Bismuth, Beryll ium, Boron, Cadmium, 

Calcium, Carbon, Chromium, Cobal t ,  Copper, Erbium, F luor ine ,  

Gadolinium, Germanium, Gold, Indium, I r id ium,  I r o n ,  Lanthanum, 
. . 

~ e a d ,  ~ i t h i u m ,  Magnesium, Nickel ,  Nitrogen,  Palladium, Phosphorus, 

Samarium, Scandium, Selenium, S i l i c o n ,  S i l v e r ,  Tellurium, Terbium, 

T in ,  Titanium, Vanadium, Ytterbium, and Zirconium. 

Samar,ium t a r g e t s ,  which had previously  been troublesome when us ing 

Lanthanum f o r  reducing the  oxide  of Samarium, have now been made wi th  

g r e a t  ,success using Titanium a s  t h e  reducing agent .  It was found t h a t  
1 ' 

Lead, which i s  furnished i n  i s o t o p i c  form a s  t h e  n i t r a t e  by Oak Ridge, 

made t a r g e t  p r e p a r a t i o n  e a s i e r  i f  i t  was f i r s t  heated i n  a  t e s t  tube 

over a  Bunsen burner  thereby reducing it t o  t h e  oxide  before  i t  was 

placed i n  the  vacuum evaporator  t o  make the  ra rgec .  

48. High Reso lu t ion  Proton Spectrometer (HRS) f o r  the  Los Alamos 

Meson Physics'  F a c i l i t y  (LAMPF) 

N. M. Hintz 

For t h e s p a s t  s e v e r a l  y e a r s  t h e  author  has been a  member of the  HRS 

des ign  co&it t ,ee :a t  Los Alamos.. The group 'has  been r e s p o n s i b l e  . f o r  e s -  

t a b l i s h i n g  s p e c i f i c a t i o n s  and weighing des ign  t r a d e - o f f s  f o r  a  spectrometer 

t o  be used p r i m a r i l y  f o r  proton-nucleus~experiments near 800.MeV. Also 

t h e  HRS group considered a  number of problems a s s o c i a t e d  wi th  beam back- 

ground, t a r g e t i n g ,  and d e t e c t i o n  systems; 



The LAMPF beam i s  t o  have a  maximum energy of 800 MeV, energy spread . . 

3.5 MeV and emit tance  of 0.075 n cm-mrad. Currents  of up t o  100 pa un- 

po la r i zed  o r  600 nac po la r i zed  should be a v a i l a b l e  i n  t h e  HRS a r e a .  

E a r l y  i n  t h e  game i t  was r e a l i z e d  t h a t  l i t t l e  use fu l  nuclear  s t r u c t u r e  

informat ion could be obta ined un less  t h e  o v e r a l l  energy r e s o l u t i o n  were .  

cons ide rab ly  b e t t e r  than  t h e u 7  MeV beam spread.  A f i g u r e  of 100 keV, 

0 
FWHM, f o r  p+Mg24 a t  45 was o r i g i n a l l y  chosen, bu t  t h i s  has r e c e n t l y  been 

reduced somewhat and it  i s  now expected that the  o v e r a l l  r e s o l u t i o n  w i l l  

be b e t t e r  than  50 keV, e s p e c i a l l y  f o r  heav ie r  t a r g e t s  where kinematic 

energy v a r i a t i o n s  wi th  l a b  ang les  a r e  l e s s  s e r i o u s .  

Various, s imple schemes were s tud ied  i n  f i r s t  o rde r  by t h e  committee, 

a f t e r  which d e t a i l e d  caLcuLations were made by H. Enge (MIT) and K. Brown 

(SLAC) on f a n c i e r  systems. The nea r ly  f i n a l  proposal. which h a s  emerged 

i s  a s  fo l lows:  An H- beam from t h e  l i n a c  i s  . s t r i p p e d ,  ben t ,  d ispersed 

( h o r i z o n t a l l y )  and then  "twisted" (x-y, y+x) t o  g ive  a  v e r t i c a l l y  d i s -  

persed beam 1 cm wide by 1 3  cm high on t h e  t a r g e t .  The spect rometer ,  

whose d i s p e r s i o n  i s  matched by t h e  beam a n a l y s i s  system, i s  t o  c o n s i s t  

of a  quadrupole followed by two 75' uniform f i e l d  s e c t i o n s  (QDD) wi th  

shaped en t rance  and e x i t  boundaries t o  c o r r e c t  aberraLiuns .  The bending 

r a d i u s  w i l l  probably be i n  the  v i c i n i t y  of 4  meters t o  g ive  higher  d i s -  

p e r s i o n  and t o  a l low ground s t a t e  ( p , t )  r e a c t i o n s  t o  be s tud ied  (-18 M: 

a t  R=4m). An acceptance s o l i d  angle  of 2-3 msr should be a n t i c i p a t e d .  

The e n t i r e  system, magnets, mount, and s h i e l d i n g  w i l l  weigh around 1000 

tons  'and s t and  over 50 f e e t  t a l l .  

Because of t h e  d i s p e r s i o n  matching, t h e  o v e r a l l  system w i l l  be 

achromatic from l i n a c  ou tpu t  t o  magnet f o c a l  plane.  Thus, only energy 

l o s s  i n  the  t a r g e t  w i l l  be measured. 

F i n a l  c a l c u l a t i o n s  (by Enge and Brown) a r e  now underway i n  second 



order  and by ray  t r a c i n g .  Our schedule c a l l s  f o r  f i n a l  magnet and beam 

handling o p t i c s  t o  be completed by September 1969 so then engineer ing 

design can proceed. 

. . 

49. Magnetic Pa i~__SIxc t rgmete r  

R. A.  Wallen and N. M. Hintz 

' 

work on this p r o j e c t  was d iscont inued i n  t h e  f a l l  of 1968 because 

of l ack  of the  funds required t o  compLete the  needed e l e c t r o n i c s  and 

computer i n t e r f a c i n g .  



ACCELERATOR PERFORMANCE AND DEVELOPMEm 

Linear Accelerator Machine operation 

,Peter Stasz 

The Linear'Accelerator was officially shut-down at 4 : 2 3  p.m. on 

January 7, 1969. During the final months' of operation only necessary 

repairs were done to the machine to keep it operational so as to make 

available maximum experimental time. The ratio of 40 MeV to 10 MeV 

experimental time was roughly 55% to 45%. 

During the period from September 1968 until shutdown the .time 
. . 

available was divided as follows: 

Experimental 2340 hours 78.5% 

Trouble 382 hours 12.8$ 

Maintenance and Warm-up 159 hours 5.4$ 

Surplus 97 hours 3.34 

2978 hours 100% 

Disl-L ibuLion of experimental time : 

10 MeV Unpolarized 8 hours 0.4s 

10 M ~ V  Polarized 1062 hours 45.4% 

40 MeV Unpolarized 1008 hours 43.1% 

40 MeV Polarized 262 hours 11.q 

The resnatrons operated well during the.last year with resnatron 1 

having logged 15,894 hours without repair. 

Resnatron Nominal Power Level Hours Run Openings 

1 0.6 MW 2815.5 None 

2 2.4 MW 1850 1 

3 3.2 MW 0 None 

4 (driver) 0.8 MW 2815.5 1 



f 51. . . ~ e n e r a l '  Operat ion of the  Tandem Van de Graaff  

C .  H. Poppe and P. S t a s z  

A s  i n  previous y e a r s ,  t h e  Tandem was scheduled f o r  24-hour a  day 

opera t ion ,  seven days a  week, wi th  t h e , e x c e p t i o n  t h a t  Monday morning i s  

reserved f o r  r e g u l a r  maintenance. I n  February i t  was decided t o  make 

the  f i rs t .Monday of every  month an extended maintenance so  t h a t  jobs 

~ Q Q  long t o  be completed dur ing t h e  r e g u l a r  hal f -day maintenance could 

be completed a t  monthly i n t e r v a l s .  

From August t o  December, 1969 the  machine r a n  extremely we l l  and 

i t  was not  necessary  t o  e n t e r  t h e  tank,  By Dec'ember, however, a  l a r g e  

backlog of major maintenance and r e p a i r  items had accumulated, s o  it 

was decided t o  schedule a  shutdown and e n t e r  the  tank.  No unusual prob- 

lems were encountered and a f t e r  checking r e s i s t o r s ,  sc reens ,  e t c .  and 

i n s t a l l i n g  replacements when necessary ,  t h e  t ank  i n s i d e  was cleaned and 

c losed again .  A t  t h i s  time a  home-made e i n z e l  l e n s  was i n s t a l l e d  i n  

the  source ,  r e p l a c i n g  t h e  o r i g i n a l  HVEC u n i t  on t h e  duoplasmatron source  

assembly. The g l a s s  i n  the  HVEC e i n z e l  l e n s  was a t t acked  by L i . v a p o r  

from t h e  Li charge exchange cana l  and had developed. a  l eak .  The new de- 

s i g n  used a  p o r c e l a i n  i n s u l a t o r  i n s t e a d  of g l a s s . a n d  i s  designed t o  t h a t  

i t  i s  d i f f i c u l t  f o r  L i  t o  'deposi t  on the  i n s u l a t o r .  

Af te r  t h i s  scheduled shutdown, t h e  machine aga in  r a n  w e l l  u n t i l  

Ap,ril 29 a t  which t ime t h e  charging . b e l t  broke a f t e r  7394 hours of run- 

n ing time. Inspec t ion  of the. b e l t  tunne l  showed t h a t  t h e  breaking of 

t h e  b e l t  had caused no damage t o  t h e  b e l t  guides .  The b e l t  had apparen t ly  



worn through i n  one s p o t  and the  subsequent t e a r  developed from t h a t  

p o i n t .  A new b e l t  was i n s t a l l e d  and an a t tempt  was made t o  a l i g n  the  

b e l t  tunne l s .  A t  t h i s  time it was discovered t h a t  the  suppor t  b racke t s  

t o  which t h e  b e l t  guides  a r e  a t t ached  were c a s t  i n  such a  way t h a t  each 

b e l t  guide would be s l i g h t l y  bowed downward. This bowing could be a s  

much a s  0.070 i n .  a t  t h e  c e n t e r  and was highly  v a r i a b l e .  Furthermore, 

i n  t h e  dead s e c t i o n s  between a c c e l e r a t i n g  columns, t h e  b e l t  guides were 

supported by a  d i f f e r e n t  kind of b racke t  which d i d  n o t  impart  such a  

bowing t o  t h e  guides .  Hence, t h e r e  would be a d i s c o n t i n u i t y  i n  the  b e l t  

tunne l  a t  each dead s e c t i o n .  It was .suggested t h a t  th i ' s  would be a major 

c o n t r i b u t o r  t o  b e l t  wear and an a t tempt  t o  improve the  s i t u a t i o n  was made 

by shimming t h e  b e l t  guides  .a t  t h e  dead s e c t i o n s  i n  such a  way t h a t  they 

would be bowed approximately t h e  same a s  the  o t h e r s .  

During t h e  b e l t  change a  c a r e f u l  i n s p e c t i o n  of t h e  a c c e l e r a t i n g  

column was made, looking f o r  s e c t i o n s  which showed heavy t r a c k s  between 

e l e c t r o d e s .  On t h e  suggest ion of t h e  High Voltage Engineering Company, 

t h e  wors t  of these  s e c t i o n s  were shor ted  o u t .  A computer program which 

c a l c u l a t e d  beam t r a j e c t o r i e s  through i n c l i n e d - f i e l d  a c c e l e r a t i n g  tubes  

was used t o  i n s u r e  t h a t  t h e  s h o r t i n g  of s e c t i o n s  was done i n  such a  way 

s o  a s  t o  cause l i t t l e  o r  no change . in  t h e  p o s i t i o n  and angle of the  beam 
> 

l e a v i n g  the a c c e l e r a t o r .  I n  a l l ,  more than 10% of t h e  a c c e l e r a t i n g  c o l -  

umn was shor ted  ou t .  

Af te r  t h e  b e l t  change, terminal  vo l t age  d id  not  reach the  former 

maximum even a f t e r  cons ide rab le  cond i t ion ing .  The columns appeared t o  



cond i t ion  w e l l ,  b u t  whenever t h e  terminal  was pushed beyond 7 MV, sparks  

t o  the  t ank  wa l l  wduld occur every  5 t o  10 minutes. Consequently, on 

June 9 t h e  t ank  was aga in  en te red .  It was discovered t h a t  a g r e a t  d e a l  

of b e l t  m a t e r i a l  i n  the  form of d u s t  and f l a k e s  was deposi ted  i n  many 

p laces .  The m a t e r i a l  was apparentl 'y coming from wearing of t h e  i n s i d e  of 

the  b e l t , o n  t h e  bottom b e l t  guides  of the  upper b e l t  tunne l .  It was ,de-  

cided t o  r e a l i g n  the  upper b e l t  tunnel  i n  o rde r  t o  decrease  b e l t  wear. 

A l l  of t h e  upper b e l t  guides  and b e l t  guide b racke t s  were removed and . . 

the  b racke t s  were machined s o  t h a t  t h e  h o r i z o n t a l  s u r f a c e  which suppor ts  

t h e  b e l t  'guide, w i l l  t r ansmi t  l i t t l e  i f  any torque t o  t h e  guide.  Hence, 

t h e  bowing of t h e  guides  mentioned above disappeared and t h e  e n t i r e  b e l t  

tunnel  could be a l igned  a c c u r a t e l y  wi th  r e s p e c t  t o  a piano wire  s t r e t c h e d  

over the  motor and a l t e r n a t o r .  

Af'ter t h i s  t ank  opening t h e  machine o p e r a t i o n  was complicated by a 

s e r i e s  of minor problems, inc lud ing  low source  ou tpu t  and t r o u b l e  .with 

t h e  300 kV i s o l a t i o n  t ransformer .  These problems were overcome and the  

machine r a n  we l l  a t :  9 .5  MV on t h e  terminal .  (The experimental  program 

d i d  no t  r e q u i r e  any h igher  v o l t a g e s . )  . . 

I n  o rde r  t o  check b e l t  wear and t o  s e e  i f  t h e  realignment of the  

b e l t  tunne l  was s u c c e s s f u l ,  t h e  t ank  was opened aga in  on J u l y  28. The 

i n s i d e  was. found t o  be unusual ly  c lean ,  s o  t h a t  a f t e r .  t h e  usual  r e s i s t o r  
L 

check and a thorough c lean-out  of t h e  f a l s e  f l o o r  under t h e  t e rmina l ,  the  

tank was c losed up. By t h e  nex t  day a terminal  p o t e n t i a l  of 8.~8 MV had 

been e a s i l y  reached and machine o p e r a t i o n  has  been s a t i s f a c t o r y  s i n c e  

t h a t  time. 



4 
Beams of 'H, 'H, 3 ~ e ,  He, and 160 have been used this year. 'H 

3 4 
and 2H were used about two-thirds of the time, while He and He the re- 

maining third. . Only one run using 160 was made this year. 

The operation of the accelerator is summarized as follows: 

Used for experimental work 4,422 hours 50.4% 

Scheduled maintenance 821 hours 9.4% 

Machine conditioning and operator training 1,217 hours 13.9% 

Experiment set-up time 184 hours 2.1% 

Machine development 

Trouble time 

Surplus 

Miscellaneous 

88' hours ' . 1.1% 

1,736 hours 19.8% 

36 hours .4$ 

256hours 2.9% 

8,760 hours 100.0% 

.Experimental time is up from last year by 10%. Much b f  this has come 

frbm more efficient setting up of experiments and us~xig only 1% of avail- 

able accelerator time for machine development (most development has been 

done with the accelerator running). The small amount.of surplus time in- 

dicates the degree to which time on the machine is requested. 



The Enge Split-Pole Magnetic Spectrometer 

D. Dehnhard 

The magnetic spectrometer of the Enge-split-pole type1 has been 

used quite extensively during the whole year. Because of the obvious 

advantage of having experimental data available for analysis on-line, 

many experiments were performed with an array of three position-sensitive 

detectors. In particular, when particle separation between deuterons and 

tritons was required, position-sensitive detectors were preferred over 

nuclear emulsion plates. Nevertheless, in many experiments photoplates 

were used successfully taking advantage of the broad range of the spec- 

trometer. In no experiment was the full energy range of the magnet 

(Emax/Emin=8) used. 

In most experiments resolution was limited by target thickness and 

not by spectrometer aberrations, detector noise, etc: 

.In an early test run an array of six detectors was set up and XE 

and E signals from three detectors were fed into two pairs of ADC's using 

'an existing routing unit. It turned out that "cross talk" between various 

detectors in one pair of ADC's could not be completely eliminated and la- 

ter experiments were therefore done with the use of three detectors whose 

signals were fed into three pairs of ADC's. A high quality routing sys- 

tem is presently under construction (J.H. Broadhurst) to be used for the 

six detector array in the spectrometer and for an array of &/AX*E systems 

in the 8' scattering chamber or the ORTEC-chamber. 



The v a r i a b l e  (width and he igh t )  spectrometer en t rance  s l i t  system-- 

provided by t h e  manufacturer--was found t o  be very  u n r e l i a b l e .  It was 

rep laced  by a  s l i t  system t h a t  a l lows use of f i v e  f ixed  s i z e  a p e r t u r e s  

wi thou t  breaking vacuum. To determine t h e  maximum v e r t i c a l  opening 22' 
1 

f o r  t h e  spect rometer  en t rance  a p e r t u r e  ( see .  Ref. I ) ,  when a  beam s p o t  

h e i g h t  of 2 mm i s  used,  we have measured the  count ing r a t e  a s  a  f u n c t i o n  

of the  v e r t i c a l  opening f o r  a  s e t  of  f i v e  s l i t s ,  8 . 3  mm wide and 4 ,  6 ,  8, 

10,  and 1 2  mm high a t  a  d i s t a n c e  of 24.3 cm from t h e  t a r g e t .  The beam 

was s l i g h t l y  defocused t o  a s s u r e ,  uniform i l l u m i n a t i o n  of the  t a r g e t .  

We found (se,e Fig .  53-1 ) t h a t  a t  t h e  high energy end of t h e  f o c a l  plane 

(p=pmax) the  count ing r a t e  w i l l  be l i m i t e d  by t h e  magnet pole f a c e s  a t  

a v e r t i c a l  opening of  22; = 0.037rad.  Th i s  i s  j u s t  s l i g h t l y  smal le r  than 

t h e  0.04 rad .  opening recommended by H.E. ~ n ~ e . '  The d i f f e r e n c e  i s  pro- 

bably r e l a t e d  t o  t h e  f i n i t e  t a r g e t  s p o t  s i z e .  A t  smal ler  p-values ,  l a r -  

ge r  v e r t i c a l  openings conb%sed. They were determined by measuring t h e  

coun t ing  r a t e  a s  a  f u n c t i o n  of '  p wi th  a  i i x e d  v e r t i c a l  a p e r t u r e .  

The p o s i t i o n  accuracy and r e p r o d u c i b i l i t y  of the  e x i s t i n g  cha in  d r i v e n  

p o s i t i o n  d e t e c t o r  mount was found t o  be too poor f o r  experiments i n  which 

t h e  d e t e c t o r  p o s i t i o n  was t o  be changed. A new array 'mount  and d r i v e  us ing 

a  l a t h e  screw was designed (W.W. Dykoski) and c o n s t r u c t i o n  has  begun. The 

d e t e c t o r  p o s i t i o n  i s  designed t o  be reproduc ib le  t o  b e t t e r  than 0.05 mrn 

corresponding t o  about 1 keV a t  20 MeV a t  the  high energy end. ' F o r t u n a t e l y ,  

i n  most experiments d e t e c t o r s  a r e  kep t  a t  a  f ixed  p o s i t i o n  and c a l i b r a t i o n  

i s  done by sweeping a peak of known energy a c r o s s  t h e  d e t e c t o r  by varying 



I I 

0.04 0.05 rad. 

Vertical Aperture of Spectrometer 22' 
1 



t h e  magnetic f i e l d .  Th i s  can be done t o  very  high accuracy and e x c i t a -  
. . . . , 

t i o n  energ ies  have been determined t o  b e t t e r  than 2 keV up t o  about 2 MeV. 

E x i s t i n g  computer programs f o r  use wi th  the  spectrometer have been 

improved and new codes have been w r i t t e n .  They a r e  descr ibed i n  Sect ion 

42 of t h i s  r e p o r t .  
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On-Line Computer Sys tem 

R .  K.  Hobbie, J. H. Broadhurst ,  R .  Goodwin and B.  Brown 

The CDC-3100 computer i n  t h e  Tandem Laboratory  opera ted 8000 

hours dur ing t h e  p a s t  y e a r ,  'or 160 hours per week. A s  i n  t h e  p a s t ,  

t h e  heavy demand f o r  computer time f o r  o f f - l i n e  ana lyses  has been met 

oniy  dur ing occas iona l  f a i l u r e  of t h e  a c c e l e r a t o r .  The new d i s k /  

d i s p l a y  system, mentioned i n  l a s t  y e a r ' s  progress  r e p o r t ,  is  90% 

complete. Funds f o r  components f o r  t h i s  u n i t  have been provided ' 

by t h e  Graduate School.  Programming f o r  t h i s  new system i s  . i n  the  

p lanning s t a g e .  



54. L inea r  Accelera tor  Po la r i zed  Ion Source Operation 

D. Watson and C.  H. poppe 

During t h e  period from August 1, 1968 u n t i l  January 7 ,  1969, when , 

t h e  l i n e a r  a c c e l e r a t o r  was s h u t  down, t h e  po la r i zed  i o n  source  wassched-  
:+.. 

uled f o r  experiments f o r  1334 hours .  This  was approximately 57% of the  P'*L?t- 

a v a i l a b l e  experimental  time. There were 1062 hours of opera t ion  a t  10 MeV 

compared t o  262 hours a t  40 MeV. 

The continued use of s i l i c o n e  based o i l s  i n  t h e  d i f f u s i o n  pumps main- . 

t a h e d  ' t h e  r e l a t i v e l y  long per iod between shutdowns .due t o  o i l  contaminat ion 
. . 

The time between major shu t  downs due t o  a l l  causes ,  f i l a m e ~ t  b reaks ,  mi r ro r  

wi re  b reaks ,  d i f f u s i o n  pump f a i l u r e ,  e t c .  was of t h e  o rde r  of '400hours.  

. . Because of t h e  impending closedown of the  l i n e a r  a c c e l e r a t o r ,  no major 

modi f i ca t ions  o r  improvements t o  t h e  source  were c a r r i e d  o u t  dur ing  these  

f i n a l  months of opera t ion .  The i o n i z e r  and s i x p o l e  magnet from t h i s  source ,  

wi th  minor modi f i ca t ions ,  a r e  t o  be used i n  the  po la r i zed  nega t ive  i o n  

source  now be ing  b u i l t  f o r  t h e  ME' Tandem. 



Jz ., Polarized Negative-Ion Source for the MP Tandem 

C. H. Poppe, V. Shkolnik, D. L. Watson, J. J. Turgeon, T. 0. May, 

D. Tweeton and J. H. Broadhurst 

A basic description of the 'polarized negative-ion sni1rr.e now under 

construction was given in the 1968 Progress Report. At this writing, 

construction and assembly have been completed on the atomic beam system 

and differential pumping column. Tests on the atomic beam will begin 

after modifications to the sextupole magnet return yoke are completcd. 

Design .of most of the,remaining components has been completed and 

construction is under way. The 'tandem injector cage has already been 

enlarged to accommodate the source and construction of the insulating 

platform which 'is to support the source at the injector potential will 

start soon.. 

Fig. 55-1 shows an elevation of the polarized source assembly. Four 

vacliilm h n x ~ s  are supported  from an I bcam framcw~rk. The rlglll-11and box 

houses the three-stage differential pumping column for formation of the 

atomic beam. The first stage is pumped by a 850 cfm Roots blower backed 

by a 140 cfm Stokes mechanical pump. The next two stages are pumped by 

two 6-in. oil diffusion pumps on each stage. After testing a number of 

pumps, the NRC VHS-6 with a measured speed of 2300 ~ / s e c  was chosen. 

Attached to the atomic-beam box is the box housing the sextupole 

magnet and the low-field r.f, transition unit. The next two boxes house 

the ionizer and charge exchange system, respectively. The ionizer box 
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w i l l  be pumped by a  G r a n v i l l e - P h i l l i p s  E lec t ro - Ion  pump, whi le  an o i l  

d i f f u s i o n  pump w i l l  be used on t h e  charge-exchange box. 

D e t a i l s  of t h e  beam t r a n s p o r t  system between t h e  char'ge exchange 

reg ion  and t h e  tandem have been completed and t h e  des ign  of t h e  f o i l  

s t r i p p e r  assembly f o r  i n s t a l l a t i o n  i n  t h e  tandem terminal  has been sub- 

m i t t e d  t o  t h e  shop. T e s t s  on t h e  product ion of nega t ive  ions  by charge 

exchange . in  Cs vapor have continued thtoughout t h e  year  using t h e  f a c i -  

l i t i e s  descr ibed i n  the  1968 Report .  
2 

The fol lowing s e c t i o n s  d e t a i l  progress  made i n  c e r t a i n  a r e a s :  

1. Charge Exchange T e s t s  wi th  Cesium Vapor. 

Tes t s  of our a l k a l i  v a p o r c h a r g e  exchange system a s  descr ibed i n  

2 
l a g t  yea r t ' s  Progress  Report ,  have continued i n t e r m i t t e n t l y  throughout 

t h e  p a s t . y e a r .  However, wi th  t h i s  system i t  was not  p o s s i b l e  t o  make 
. .  . 

I 

any q u a n t i t a t i v e  measurements because t h e  component of t h e  nega t ive  beam 

due t o ~ ' ~ - . ~ r o d u c e d  £;dm .H+ cbuld .no t  be s e p a r a t e d  from t h e  H- produced 
I 

+ + 
tram H o r  H and o t h e r  nega t lve  Compofiencs 6f che beam. ,to overcome ~ h l s  2 3 

d i f f i c u l t y  t h e  equipment h a s , b e e n  r e b u i l t  wi th  a  mass spect rometer  a s  the  

d e t e c t i n g  u n i t .  I n  conjunct ion wi th  t h i s  an  e i n z e l  l e n s  has  been placed 

a f t e r  the  charge exchange,canal  t o  focus  t h e  nega t ive  beam i n t o  the  mass 

spect rometer .  

Measurements wi th  t h i s  new system have been underway f o r  about 6 

weeks. The i n v e s t i g a t i o n s  being c a r r i e d  o u t  a t  p resen t  a r e :  

( a )  V a r i a t i o n  of t h e  o v e r a l l  charge exchange e f f i c i e n c y  wi th  vapor 

th ickness .  



(b) Var ia t ion  of t h e  exchange e f f i c i e n c y  a s  a  f u n c t i o n  of i n c i -  

den t  beam energy. 

Preliminary i n d i c a t i o n s  show t h a t  an  i n c i d e n t  energy of 2-2.5 keV 

0 and a  canal  temperature of 180 -200' C ( i . e .  cesium th ickness  of 15-20 

1-cm i n  the  cana l )  w i l l  y i e l d  the  h ighes t  charge exchange e f f i c i e n c y .  

The i o n i z e r ,  charge exchange and beam t r a n s p o r t  systems a r e  being designed 

t o  opera te  i n  t h i s  energy region.  

2. The F o i l  S t r i p p e r ;  

The proposed f o i l  s t r i p p e r  is  t o  be mounted i n  the  f i r s t  access  

opening downstream from t h e  gas s t r i p p e r  cana l  i n  the  high vo l tage  t e r -  

minal of t h e  tandem Van de Graaff .  When the  f o i l  s t r i p p e r  is  i n  use,  

t h e  gas canal  now being used ' fo r  s t r i p p i n g  w i l l  be ' l i f t e d  1,75 i n .  and 

ou t  of the  way of the beam hy two a i r  cyl indcra  activated Ly a two-way 

valve wi th  gas  p ressure  from a  n i t r o g e n  b o t t l e  i n s i d e  the  terminal .  

(The two-way valve  i s  t o  be c o n t r o l l e d  from the  ground end by t h e  usual  

L u c i t e  rod. )  Each c y l i n d e r  i s  a t t ached  t o  the  f l ange  ca r ry ing  t h e  ex- 

i s t i n g  a d j u s t a b l e  c r a d l e  wi th  t h e  l i f t  p o i n t s  c l o s e  t o  the  c r a d l e  and the  

r e s t r a i n i n g  spr ing .  When the  cy l inder  r e t r a c t s  t o . t h e  down p o s i t i o n  the  

s p r i n g  r e t u r n s  t h e  canal  . tube  t o  the  c r a d l e  and t h e  c a n a l ' s  alignment i s  

l e f t  unchanged. The mechanical connection between c y l i n d e r s  and t h e  canal  

tube incorpora tes  metal  bellows r a t e d  more than 180 PSI, e l i m i n a t i n g  

s l i d i n g  s e a l s  between the  tank atmosphere and t h e  a c c e l e r a t i n g  tube.  

. 2  ' 

The s t r i p p e r  c o n s i s t s  of 7 2  frames wi th  112 inch d i a .  10 p,g/cm c a r -  

bon f o i l s  backed by Formvar, mounted on a  35SS Boston Gear chain  wi th  A - 1  



at tachments .  Fig .  55-2 shows d e t a i l s  of the  mechanism. 

1. F o i l  i n  p o s i t i o n  7 .  The d r i v i n g  Alnico magnet 

2. 8 - too th  c h a i n  sp rocke t  8 .  Alignment b o l t s  

3. 5 : l  gear  r e d u c t i o n  

4. 8 -po in t  Gencva d r i v e '  

9 .  Chain t ens ion ing  shims and b o l t s  

10. F o i l  guard p l a t e s  

5 .  S h a f t  coupl ing 11. Mounted f o i l s  

6 .  The d r i v e n  Alnico magnet 

The o u t s i d e  magnet i s  d r i v e n  from the  ground end by a  r e v e r s i b l e  

geared-down motor v i a  another  long rod,  wi th  a  Theta Instrument Co. 3 - d i g i t  

s h a f t  encoder a t t ached  t o  i t  (through another  10 : l  gear  r educ t ion) .  The 

d i s p l a y  u n i t  a t  t h e  o p e r a t o r  console g ives  informat ion concerning the  posi -  

t i o n  of the  d r i v i n g  magnet. The two f e a t u r e s  of t h e  Geneva mechanism, i n -  
. * 

t e r m i t t e n t  motion and s e l f - l o c k i n g ,  r e q u i r e  ( f o r  an 8 -po in t  device  and 5 : l  

r educ t ion)  t h a t  t h e  d r i v e n  magnet mis t racks  f o r  more than t h r e e  t u r n s  i n  

e i t h e r  d i r e c t i o n  be fo re  t h i s  s t a r t s  t o  a f f e c t  t h e  p o s i t i u n  of t h e  chain .  

The mis t rack ing  i s  no t  expected ra exceed a I e w  cltgrceo. Tho c h a f t  fr!,r- 

t i o n  w i l l  be reduced by incorpora t ing  s e v e r a l  min ia tu re  bea r ings  (not  shown 

on F ig .  55-2)and by applying high-vacuum l u b r i c a t i o n  g rease .  

I n  o rde r  t o  i n s u r e  the  e a s e  of mounting of a  loaded s t r i p p e r  i n  p lace ,  

a  f u l l - s i z e d  model was b u i l t  and posi t ioned wi thout  touch'ing any p a r t  of 

t h e  terminal  s t r u c t u r e .  

3. The Beam Transpor t .  

The ve r s ion .  of the  beam t r a n s p o r t  which i s  t o  b'e b u i l t  f i r s t  i s  in -  

tended t o  produce on ly  t r a n s v e r s e  vec to r  p o l a r i z a t i o n .  I t s  elements a r e  
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0 
shown on F ig .  55-3 and a r e  a l l  designed except f o r  the  45 i n f l e c t i o n  

magnet. 

A valve (1) s e p a r a t e s  t h e  charge exchange box from the  f i r s t  gridded 

E inze l  Lens ( 2 )  which focuses  an inc iden t  p a r a l l e l  beam i n  the  plane of ' 

the  f i g u r e  a t  e x a c t l y  t h e  middle of t h e  s p i n - r o t a t i n g  solenoid (5). Before 

e n t e r i n g  t h e  solenoid ,  however, t h e  beam passes  through an e l e c t r o s t a t i c  

mi r ro r  housing ( 3 ) ' a n d  an e l e c t r o s t a t i c  mirror  (4 ) .  The l a t t e r  changes 

t h e  s p i n  o r i e n t a t i o n  of the  beam from a x i a l  t o  t r ansverse  and i t s  r e l a -  

t i v e l y  l a r g e  e f f e c t i v e  depth of 1 inch s e p a r a t e s  s p a t i a l l y  the  'unwanted . 

component + 

generated by s c a t t e r i n g  i n s i d e  t h e  charge exchange. This component has 

only ha l f  t h e  energy of the  polarized.beam and they emerge from the  mirror 

0 .5  i n .  a p a r t ,  which i s  more than t h e  beam diameter a t  t h i s  po in t .  A 

b a f f l e  a t  t h e  mi r ro r  e x i t  s t o p s  t h e  unpolarized component a f t e r  which i t  

i s  pumped o u t .  A t  t he  same time t h e  mi r ro r  removes the  p o s i t i v e  (unex- 

changed) beam and an a t tempt  w i l l  be made t o  use t h i s  beam f o r  continuous 

monitoring of the  i n t e n s i t y  and p o s i t i o n  of the  polar ized component. It 

i s  a l s o  recognized t h a t  t h e  mi r ro r  in t roduces  an  a x i a l  asymmetry i n  the  

plane perpendicular  t o  t h e  drawing, a s  fol lows from the  matr ix  elements 

p e ~ t a i n i n g  t a  t h i s  mirror_, - - -- -- - ---- - - 





I f  t h e  beam i s  focused t o  have the  crossover  a t  the  po in t  M, t h i s  asym- 

metry d i s a p p e a r s .  For "fine adjus tments  of t h e  beam p o s i t i o n  t h e  mi r ro r  
. . 

can be i n c l i n e d '  r .&motely 'with r e s p e c t  of the  p lane  of the  drawing and 
' .  . . 

r o t a t e d  about t h e  a x i s  perpendicular  t o  t h i s  plane and pass ing through M. 

The s p i n - r o t a t i n g  solenoid  i s  of the  sheathed d e ~ i g n  and capable of 

producing 53 k-gauss-cm of magnetomotive f o r c e  needed t o  r o t a t e  s p i n s  of 

5 . 0  keV deuterons  by 180°. It is  w ~ u n d  wi th  square  wire  and w a t e r .  cooled.  

The 45' i n £  l e c t i o n  magnet ( 6 )  w i l l  be ' designed e i t h e r  wi th  v a r i a b l e  

shim angles  ( i n  o rde r  t o  compensate f o r  the  a x i a l  asymmetry) o r  wi th  

f i x e d  shim ang les  computed t o  preserve  the  a x i a l  symmetry f o r  a  beam 

w i t h  t h e  c rossover  i n  t h e  middle of  t h e  preceding solenoid .  

The second gr idded E inze l  l e n s  ( 7 )  and the  a c c e l e r a t i n g  column (8)  

a c c e l e r a t e  t h e  beam t o  about 20 t o  40 keV and focus it onto  t h e  f i r s t  

f i x e d  aper. ture of 0.170 i n .  diameter andL 50 inches  away. The a c c e l e r a t i n g  

column has twelve e l e c t r o d e s  of spun s t a i n l e s s  s t e e l  separa ted by 0.750 

i n .  parcela i r l  rings  8 .0  In. O.D. The r i n g s  and the  e l e c t r o d e s  a r e  a l igned 

and glued toge the r  i n  the .  same f a s h i o n  a s  t h e  Einzel  l e n s e s .  For po la r -  
. . 

ized beam, t h e  i n f l e c t i o n  magnet i n  t h e  i n j e c t o r  proper  w i l l  be wel l  de- 

gaussed.  A second va lve  (9)  s e p a r a t e s  t h e  beam t r a n s p o r t  from t h e  i n j e c -  

t o r ' s  pumping manifold.  

The beam t r a n s p o r t  system w i l l  be pumped through Its-own manifold-  
- -- -ah-- -- -- - - -- -- 

----- 

by an o i l  d i f f u s i o n  pump with  a  freon-cooled b a f f l e .  The manifold con- 

n e c t s  onto  t h e  system a t  t h e  two mi r ro r  housings and between t h e  i n f l e c -  

t i o n  magnet and t h e  Solenoid.  . . 



I n  o rde r  t o  provide l o n g i t u d i n a l  p o l a r i z a t i o n  f o r  t h e  deuteron 

beam, the  t r anspor t .  system w i l l  be rearranged permanently by mirror  

imaging the  e l e c t r o s t a t i c  mi r ro r  ( 4 ) ,  . the  solenoid  (5) ,. the  i n f l e c t i o n  

magnet (6 ) ,  by, adding a  mi r ro r  t o  t h e  housing (3) and another  i d e n t i c a l  

solenoid  between t h e  two mi r ro r s .  The f i r s t  E inze l  l e n s  w i l l  then be 

adjus ted  t o  produce the  beam crossover  a t  t h e  symmetry po in t  M of the  

secon'd mi r ro r .  

The t ransmiss ion of the  descr ibed beam t r a n s p o r t  w i l l  depend mostly 

on the  beam emit tance  determined by t h e  i o n i z e r  and the  charge exchange. 

An es t ima te  based on t h e  emit tance  of the  Glavish  s t r o n g - f i e l d  i o n i z e r ,  

n e g l e c t i n g  s c a t t e r i n g  i n  the  charge exchange c a n a l ,  suggests  a  t r a n s -  

miss ion of roughly 50%. 

4: E l e c t r o n i c s .  

. . 
The nega,tive po la r i zed- ion  source  i s  designed t o  opera te  a t  a  nega- 

t i v e  p o t e n t i a l  of up t o  380 kV. The power f o r  t h e  source  (approximately 

50 kw w i l l  be r equ i red)  w i l l  be provided by a  65 kw genera to r  s i t u a t e d  

on t h e  high v o l t a g e  pla t form.  The genera to r  w i l l  be b e l t - d r i v e n  by a  

100 h.p. motor f ixed  t o  the  c e i l i n g  o f ' t h e  i n j e c t o r  basement. 

To make the  m o s t e f f i c i e n t  u s e . o f  the  ion-source  on t h e  tandem, t h e  

source  i s  being designed s o  t h a t  i t  can be tuned f o r  optimum o u t p u t ' w h i l e  

t h e  tandem i s  being used f o r  experiments r e q u i r i n g  n ~ n ' - ~ o l a r i z e d  beams. 

Th i s  r e q u i r e s  t h a t  t h e  source  be e s s e n t i a l l y  independent of the  p resen t  

i n j e c t o r  wi th  regard  t o  such equipment a s  power s u p p l i e s  and c o n t r o l s  .and 

. t h a t  these  be remotely operable  from o u t s i d e  the  a c c e l e r a t o r  h a l l .  To 



f a c i l i t a t e  t h i s  type  of o p e r a t i o n  it has  been decided t h a t  wherever 

f e a s i b l e ,  t h e  remote programming of t h e  power s u p p l i e s ,  e t c . ,  w i l i  use 
. . 

a  + fV f u l l  s c a l e  r e f e r e n c e  vo l t age .  This  r e fe rence  v o l t a g e  w i l l  be 

used i n  conjunct ion w i t h  a  r e v e r s i b l e  mptor-driven 10- tu rn  Hel ipot  t o  

c o n t r o l  t h e  power s u p p l i e s .  Fig.  55-4  is  a  schematic diagram of one 

component of the  proposed c o n t r o l  system. The "raise"~"1ower" func t ion  

i s  provided by a  spr ing- loaded rocker  switch which r e t u r n s  t o  the  n e u t r a l  

p o s i t i o n  when no t  i n  use.  Both t h e  " ra i se"  and "lower" p a r t s  of t h e  sys-  

tem a r e  i d e n t i c a l  except  f o r  t h e  connections t o  the  h e l i p a t  motor. The 

s i g n a l  from the  rocker  swi tch  ( a t  t h e  remote l o c a t i o n )  is  used t o  d r i v e  

a  neon bulb o p t i c a l l y  coupled .to the  ground end of a  l u c i t e  l i g h t  p ipe .  

Th i s  l i g h t  s i g n a l  i s  de tec ted  by a  p h o t o - t r a n s i s t o r  a t  the  h igh poten- 

t ia .1  end and i s  converted i n t o  t h e  d r i v e  vo l t age  f o r  t h e  h e l i p a t .  

A system of t h i s  type has  been b u i l t  and t e s t e d  over a  period of 

s e v e r a l  weeks and i t s  performance.has been found t o  be very  s a t i s f a c t o r y .  

S i x t e e n  of these  dual  l i g h t  p ipe  systems w i l l  be assembled i n s i d e  an in -  

s u l a t i n g  tube approximately 4 i n .  i n  diameter and 8 f t .  long.  The values  

of  t h e  parameters s e t  by t h e s e  systems w i l l  be read from meters viewed 

by c losed c i r c u i t  t e l e v i s i o n .  A vol tage- to-f requency conver te r  w i l l  be 

used t o  measure t h e  more c r i t i c a l  parameters.  

Most of the  power s u p p l i e s  t o  be used f o r  t h e  source  a r e  s tandard 

commercial u n i t s .  However, i n  o r d e r  t o  make the  b e s t  use of the  a v a i l -  

a b l e  space,  the  l a r g e  high c u r r e n t  s u p p l i e s  (350A a t  35v) f o r  t h e  s i x -  

poie  magnet and t h e  va r ious  so leno ids  w i l l  be b u i l t  t o  our own des ign.  
. . 
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Schematic diagram of the light pipe system for controlling the polarized 

negative-ion source. 
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For t h e  d i s s o c i a t o r  s e c t i o n  of the  atomic beam, a  2 kw 27 MHz s e l f -  

exc i t ed  o s c i l l a t o r  w i l l  be .used.  The use of t h i s  type of o s c i l l a t o r  

avoids  problems due t o  mismatching t h a t  can be caused by changes i n  the  

d i s s o c i a t o r  p r e s s u r e  and temperature.  . 

To avoid having t o  shu t  the  po la r i zed  source  down completely when 

i t  i s  not i n  use ,  an automatic i n t e r l o c k  and p r o t e c t i o n  l o g i c  system i s  

being developed. 
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Donald Bauman (Tandem Engineer)  James Heinen 

6 
Rarsy Brown (Computer) Frank Lang 

7 
Robert Fea the r s tone  (Linac Engineer)  Curt i s  Lehrke 

2 
Robert Goodwin (Computer) Russel  Lund 

8 

Michael Lamstsch5 (Tandem Engineer)  Thomas May 

peter '  S t a s z  (Tandem Engineer)  

David Freeman 
5 

Dennis Olson 

Warren Rauch 

James Turgeon 

Mechanical Design and Manufacture 

Richard ~ e n d r  icks9 (Design Engineer)  Ray Johnson 

DeWayne Varnes (Tandem Shop Foreman) Milan Kal ish  
10 

Vic to r  Chr i s  t i anson  Will.-am Mann 
8 

p- 

- - 

- _ --_ , _ -  -- - -  -- 
Jon Dalrymple Chester  Peske 

~ a m e s '  Pilgram 



Others 

Nancy Strebe (Secretary) 

Marjorie Maloney (Nuclear Plate Scanning, part-time) 

Mary Evanson (Nuclear Plate Scanning, part-time) 

George Ott (Target Preparation) 

Gordon Schissel (Principal Stores Clerk) 

12 part-time student technicians- 

1. Visiting Associate Professor, terminated December 1968. 

2. Terminated, July 1969. 

3. Terminated. 

4. Summer only. 

5. Terminated, March 1969. 

6. Joined project June 1969. 

7. Terminated, September 1968. 

8. Terminated, January 1969. 

9. Terminated, June 1969. 

10. Terminated, February 1969. 



5 7 .  Advanced Degrees Granted, Academic Year 1968-9 

T.  C. Kan, M.S. "Sources of E r r o r  i n  Cross Sec t ion  Measurements wi th  a 

Gas-cel l  Target" 

David G. Madland, M.S. "A One-dimensional Spark Chamber f o r  Energy Analyzing 

Magnets" 

D. C.  Weisser, Ph.D. "A Search f o r  an Excited State  i n  N e ~ r  30 MeV and 

an Opt ica l  Model Analysis of Alpha P a r t i c l e  S c a t t e r i n g "  

J. F. Morgan, Ph.D. "Elas t i c  S c a t t e r i n g  of Alpha P a r t i c l e s  by c12 Between 

19 and 30 MeV" 

Clark  Bergman, Ph.D. "The s c a t t e r i n g  of Alpha P a r t i c l e s  by 016 Between 18.9 

and 30 MeV" 

Henry L i e r s ,  Ph.D. "The E l a s t i c  S c a t t e r i n g  of 39.6 MeV Protons by t h e  Nickel 

I so topes"  

Nanjappa Lingappa, Ph.D. " I n e l a s t i c  S c a t t e r i n g  of 40 MeV Protons by Ni 58 

and ? i 6 O  and Coupled Channel Analysis" 



Re~orts and Publ'ications 

(a) Internal Laboratory Reports 

Control System for 90° Analyzing' Magnet . 
. . . 

C. Bergman and R.K. Hobbie 
COO-1265-70. 

computer subroutines £or Qusdrupole ~a'lculations 
C. H. Poppe 
UM', 34, May 22, 1969. - 

(b) List of ,Publications 

3 Experimental Study of the (d,He ) Reaction on Even-A Isotopes of Mo 
H. Ohnuma and J.L. Yntema 
Phys. Rev. - 176, 1416 (1968). 

48 3 
Study of the Ca (He ,p)~c50 Reaction 
H. Ohnuma, J.R. Erskine, J.A. Nolen, Jr., J.P. Schiffer, and P.G. Roos 
Phys. Rev. - 177, 1695 (1968). 

al Srudy of the J Dependence in the (d,He ) Reaction 
. H. Ohnuma and IJ. L . Yntema 
Phys. Rev. - 178, 1654 (1968). 

Experimental Study of the (d,t) Reaction on Even-Mass Mo Isotopes 
H. Ohnuma and J.L. Yntema 
Phys. Rev. - 178, 1855 (1968). 

94 3 Study of the Zr (He ,d)~b'~ Reaction 
H.. Ohnuma and J.L.. Yntema 
Phys. Rev. - 179, 1211 (1968). 

Computer Control of the Analyzing Magnet of an MP Tandem Van de Graaff 
Accelerator 
C. Bergman and R.K. Hobbie 
Rev. Sci. Inst. 40, 1079 (1969). . : '  . 

3 6 ,Search for Unbound .States. in He .Through Li (p,a) 
D,K..Olsen.and R;E. Brown . . 
Phys. Rev. 176, 1192 (1968), COO-1265-65. 

3 
Study of He + ~ e ~  and H3+He4 Systems Yith the Resonating-Group Method 
R.E. Brown and Y.C. Tang 
Phys. Rev. - 176, 1235 (1968), COO-1265-63 

15 
160 Analogue States in the N(p,n)15~ Reaction 
A.R. Rarnett . 
Nucl. Phys. @, 342 (1968). 



The University of Minnesota Polarized Proton Source 
R.N. Boyd, C.G. Hoot, C.H. Poppe, J.A. Sievers and J.H. Williams 
Nucl. Instr. and Meth. - 63, 210 (1968). 

A Beam Bunching System for a Tandem Electrostatic Accelerator Using 
Solid State Circuitry 
H. Fanska, N.G. Ward, J.S. Lilley and C.G. Williamson 
Nuc. Instr. and Meth. - 63, 93 (1968). 

Elastic and Inelastic Proton Scattering from Even Isotopes of Ca, Sn, and Te 
W. Makofske, W. Savin, H. Ogata and T.H. Kruse 
Phys. Rev. - 174, No. 4, 1429 (1948). 

Thin Lithium Targets Sealed in Nickel for Low Oxygen Contamination 
D.C. Weisser and R.K. Hobbie 
Rev. Sci. Inst. - 40, 683 (1969). 

. . 

The Determination of Nuclear Matter Sizes in the   in lsotopi= 'sequence 
R.N. Boyd and G.W. Greenlees 
Phys. Rev. - .  176, 1394 (1968). 

An Analysis of Quasi-Elastic (p,n) Reactions Using a Reformulated Optical 
Model 
C.J. Batty, E. Friedman and G.W. Greenlees 
Nuc. Phys. A127, 368 (1969). 

- - -. .--. *~--..-. . - , "  

Nuclear-Matter Radii from Analysis of 14.5 MeV Proton and Neutron Scattering 
G.J. Pyle and G.W. Greenlees 
Phys. Rev. - 181, 1444 (1969). 

11 3 B (He ,a) Reaction at 33 MeV 
D. Dehnhard, N. Williams and J.L. Yntema 
Phys. Rev. - .  180 (4), 967-70 (1969). 

The Use of an On-Line Computer to Divide Signals from a position-Sensitive 
Detector 
P.H. Debenhe, D. Dehnhard, and R.W. Goodwin . . 

Nucl. Instr. and Meth. - 67, 288 (1969). 

(c) Papers in Press or Submitted for Publicati-~5 

27 3 3 Study of the A1 (He ,p)si2' and ,py)~i29 Reactions 
L. Meyer-Schutzmeister, D.S. Gernmell, R.E. Holland, F.T. Kuchnir, H. Ohnuma, 
and N.G. Puttaswamy 
submitted to Phys. Rev. 

Coulomb Excitation and Reorientation of the Octupole State in 208Pb 
A.R. Barnett and W.R. Phillips 
to appear in Phys. Rev. 



Energy Levels  i n  33p 
G. ~ a r d i e ,  R.E. Holland, L. Meyer-Schutzmeister, F.T. Kuchnir, and H. Ohnuma 
submitted t o  Nucl. ~ h y s .  

Quadrupole and Octupole T r a n s i t i o n s  i n  I?'' from Deuteron S c a t t e r i n g  
D. Dehnhard and N.  Hintz 
submitted t o  Phys. Rev. . 

coulomb E x c i t a t i o n  of Bismuth and t h e  Weak Coupling Model 
R.A. Brog l i a ,  J .S.  L i l l e y ,  R .  Perazzo and W.R. P h i l l i p s  
submitted t o  Phys. Rev. 

Nucleon-nucleus Opt ica l  Model Parameters,  A>40, H 5 0  MeV 
F.D. Becche t t i  and G.W. Greenlees 
t o  appear i n  Phys. .Rev.  (COO-1265-59). 

Proton and Neutron D i s t r i b u t i o n s  Calcula ted  Using an E f f e c t i v e  S ing le  
P a r t i c l e  P o t e n t i a l  
C . J .  Bat ty  and G.W. Greenlees 
t o  be publ ished i n  Nuc. Phys. 

The E l a s t i c  S c a t t e r i n g  of Protons by 016 i n  t h e  Energy Range 16-30 MeV 
0.   arba an, P.D. Greaves, V. Hnizdo, J. Lowe, N. Berovic,  H. Wojciechowski, 
and G.W. Greenlees 
t o  be published i n  Nuc. Phys. 

E l a s t i c  and' I n e l a s t i c  S c a t t e r i n g  of 15 MeV Deuterons by F  19 

D. Dehnhard and N.M. Hintz 
submitted t o  Phys. Rev. 

The E l a s t i c  S c a t t e r i n g  of 39.6 MeV Protons by Even I so topes  of N i  and Zn 
H.S. L i e r s ,  R.N. Boyd, C.H. .Poppe, J . A .  S i e v e r s ,  and D.L. Watson 
submitted t o  Phys. Rev. 

(d)  Papers Presented a t  Meetings and Conferences 
- .  

Coulomb E x c i t a t i o n  of 2OgBi 

J.S. L i l l e y  and W.R. P h i l l i p s  
Bu l l .  Am. Phys. Soc. - 13,  1471 (1968). 

Complex P a r t i c l e  S c a t t e r i n g  on Even I so topes  of Sn and Te 
W. Savin ,  W. Makofske, H. Ogata and T.H. Kruse 
Bul l .  Am. Phys. Soc. ,  - 14, 4, 491 (1969). 

P h y s i c a l l y  Related Spin-Orbi t  and I s o s p i n  Form F a c t o r s  i n  the  Opt ica l  Model 
G . J .  Pyle ,  W. Makofske, G.W. Greenlees 
Bul l .  Am. Phys. Soc. - 14, 4 ,  573 (1969). 



Evidence f o r  S p l i t t i n g  of  a Bound I s o b a r i c  Analog S t a t e  i n  Co 5 8 

F.D. B e c c h e t t i ,  Jr., D.  Dehnhard, and T.G. Dzubay 
P resen ted  a t  t h e  Second Conference on Nuclear  I s o s p i n ;  Asi lomar,  
C a l i f o r n i a ,  13-15 March ,1969. 

Gamma Decay o f  t h e  8.31-MeV Analog S t a t e  (~'=5/2+, ~ = 3 / 2 )  i n  S i  ? 9 

F.T. Kuchnir ,  T... Meyer-Schutzmeister ,  N.G.  Puttaswamy, H. Ohnuma, 
R.E. Holland and D.S. Gemmell 
B u l l .  Am. Phys. Soc. - 13 ,  1371 (1968). 

45 44  
Sc (d ; t )Sc  Reac t ion  
H. Ohnuma, A.M. Sourkes ,  and N.M. H in tz  
B u l l .  Am. Phys. Soc. - 1 4 ,  601 (1969). 

S t a t e s  i n  Odd-Odd Sc Nuc le i  from ' (d , a )  Reac t ions  on T i  
R.A. Wallen, H. Ohnuma, and N.M. Hin tz  
B u l l .  Am. Phys. Soc. - 14 ,  601 (1969). 

Exper ience  w i t h  t h e  Will iams Labora to ry  On-Line Computer System 
K.K.  Hobbie and R.W. Goodwin 
Pr2sented  a t  . the  Conference on Computer Systems i n  Experfmental  Nuclear  
p h y s i c s ,  Skytop,  Pennsylvania  (COO-1265-76). 

Exper ience  w i t h  Wil l iams Labora to ry  Users  Programs 
R.W. Goodwin and R.K. Hobbie 
P resen ted  a t '  t h e  Confe rence .on  Computer Systems i n  Experimental  Nuclear  
Phys i c s ;  Sky top~ , 'Pennsy lvan ia  (COO-1265-77). 

D i f f e r e n t i a 1  Cross  S e c t i o n s  and P o l a r i z a t i o n  f o r  40 MeV Pro tons  E l a s t i c a l l y  
S c a t t e r e d  from Zn I s o t o p e s  
R.N. Boyd, H.S. L i e r s ,  C.H. Poppe, J . A .  S i e v e r s ,  and D.L. Watson 
B u l l .  Am. Phys. Soc. - 13 ,  1446 (1968). 

P ro ton  E l a s t i c  S c a t t e r i n g  Cross  S e c t i o n  and P o l a r i z a t i o n  Measurements on 
t h e  N i  I s o t o p e s  a t  39.6 MeV 
H.S. L i e r s ,  R.N. Boyd, C.H. Poppe, D.L. Watson, and J . A .  S i e v e r s  
B u l l .  Am. Phys. Soc. - 14 ,  623 (1969). 

176 
New K=O R o t a t i o n a l  Bands of  ~b~~~ from t h e  Yb ( p , t )  Reac t ion  
M. Oothoudt ,  P. Vedelsby,  N.M. Hin tz  
Bu l l .  Am. Phys. Soc. 2, 509 (1969). 

152 
S t a t e s  i n  sm150 from t h e  Sm (p,,t)~m150 Reac t ion  
P. Debenham and N.M. H in tz  
B u l l .  Am. Phys. Soc. - 14 ,  509 (1969). 

45 
Sc  (d , t ) ~ c ~ ~  R e a c t i o n  
H. Ohnuma, A.M. Sourkes ,  and N.M. Hin tz  
Bu l l .  Am. Phys. Soc. - 14 ,  601 (1969).  



S t a t e s  i n  Odd-Odd Sc Nucle i  from (d , a )  Reac t ions  on T i  
R.W. Wallen,  H. Ohnuma, and N.M. H in tz  
B u l l .  Am. Phys. Soc. - 14, 601 (1969). 

S t a t e s  i n  ~i~~ .and ~r~~ from t h e  (p ,  t) Reac t ion  
D.G. Madland and N.M.  Hin tz  
B u l l .  Am. Phys. Soc. - 1 4 ,  602 (1969). 

O p t i c a l  Model Ana lys i s  
G.W. Green lees  
Gordon Conference on Nuclear  S t r u c t u r e ,  1969. 

S tudy of  (r2,t) Reac t ions  on l p - S h e l l  Nucle i  
H.T. Fo r tune ,  D. Dehnhard, R.H. Siemssen,  and B. Zeidman 
B u l l .  Am. Phys. Soc. 14, 487 (1969). 

I s o t o p e  S h i f t  o f  Coulomb Displacement Ene rg ie s  i n  T i ,  C r ,  and Fe 
T.G. Dzubay, R. S h e r r ,  D.  Dehnhard, and F.D. B e c c h e t t i ,  Jr. 
B u l l .  Am.. Phys. Soc. 13, 1403 (1968). 

Neutron and P ro ton  Tunne l l i ng  Reac t ions  w i t h  2 0 8 ~ b  
W.R. P h i l l i p s  and A.R. B a r n e t t  
Proc .  Heavy Ion  Conference,  He ide lbe rg ,  J u l y  1969. 

R e o r i e n t a t i o n  E f f e c t s  i n  t h e  E l e c t r i c  Octupole Coulomb E x c i t a t i o n  of  2 0 8 ~ b  
A.R. B a r n e t t  and W.R. P h i l l i p s  
Proc .  Heavy Ion  Conference,  He ide lbe rg ,  J u l y  1969. 

A Search  f o r  t h e  F i r s t  T=2 S t a t e  i n  8 ~ e  
W.D. Ha r r i son ,  A.R. B a r n e t t ,  C. Bergman and D.  Weisser  
B u l l .  Am. Phys. Soc. - 13 ,  1587 (1968). 

18 .02  MeV Resonance i n  160 
J . F .  Morgan and A.R. B a r n e t t  
B u l l .  Am. Phys. Soc.  - 13 ,  1426 (1968).  

Quadrupole Moment o f  3- S t a t e  i n  208pb 
A.R. B a r n e t t  and W.R. P h i l l i p s  
B u l l .  Am. Phys. Soc. - 13 ,  1470 (1968). 

T o t a l  Reac t ion  Cross  S e c t i o n  of  a's on *08Pb and 2 0 9 ~ i  Below t h e  B a r r i e r  
A.R. B a r n e t t  and J . S .  L i l l e y  
P ~ O C .  I n t e r n a t i o n a l  Conference on Nuclear  S t r u c t u r e ,  Montrea l ,  August 1969. 




