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PREFACE

This thesis describes two experimental studies which were 

carried out within the Department of Nuclear Physics at the 

Australian National University using the 6 MV tandem Van de Graaff 

accelerator and associated experimental facilities.

The studies on the odd-mass cobalt nuclei were initiated 

by Mr. (now Dr.) K.L. Coop, and the experimental work was shared 

equally with him. About two-thirds of the data for chapter 6 and 

one-half of the data for chapter 7 were analyzed by myself. The 

main computer programs used in the analysis of the data were written 

by Dr. T.R. Ophel (y-ray line shape fitting program), Dr. D.C. Kean 

(angular correlation fitting program) and myself. A further angular 

correlation investigation of 57Co, in which I took part} is not 

presented in this thesis but has appeared in the publication: 

"Angular correlation studies of the low-lying levels of 

57Co", K.L. Coop, I.G. Graham and E.W. Titterton, Nucl.

Phys. A149 (1970) 463.

The investigation of the 13N compound system grew from a 

suggestion by Professor E.W. Titterton. The experimental work and 

the data reduction were shared equally with Dr. R.A.I. Bell and 

Mr. J.V. Thompson.

Some of the work reported here has appeared in the follow

ing publications:

"Energy levels in 57>59>61Co from the 60i52>64Ni (p,a) 

reactions", K.L. Coop, I.G. Graham, J.M. Poate and 

E.W. Titterton, Nucl. Phys. A130 (1969) 223;
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"An investigation of 59Co and 61Co using the 55Fe(a,py) 

and 64Ni(p,ay) reactions", K.L. Coop, I.G. Graham and 

E.W. Titterton, Nucl. Phys. A150 (1970) 346; and 

"Cross-sections of 10B(t ,y )13N and 10B(T,py)12C reactions", 

R.A.I. Bell, I.G. Graham and J.V. Thompson, to be 

published.

During the course of this work, many people in the depart

ment have given assistance at one stage or another and it is not 

possible to name them all. However, I would particularly like to 

thank Ken Coop for his patience and guidance in my first two years 

at the laboratory, and Robin Bell and John Thompson for their help 

and generous, though at times somewhat light-hearted, advice in the 

later studies. Mr. T.A. Brinkley's willing and able assistance in 

the laboratory was also greatly appreciated. Many thanks are also 

due to Professor J.O. Newton, Dr. T.R. Ophel, Dr. P.B. Treacy and 

Dr. R.A.I. Bell for constructive criticism of parts of this manu

script, and to Miss Norma Chin for her able typing of the thesis.

Titterton for his supervision and support, and the Australian 

National University for the award of a Post-graduate Research 

Scholarship.

Finally, I would like to thank Professor Sir Ernest

No part of this thesis has been submitted for a degree at

any other university.

I.G. Graham

Canberra, 

August 1971.
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ABSTRACT

Two independent studies of nuclear energy levels are des

cribed. In the first part of the thesis, the 13N compound nucleus 

above 25 MeV excitation was investigated through 10B + 3He reactions. 

Excitation functions were measured for the 1QB(3He,a)9B,

1 °B(3He,d)1 -̂C and 10B(3He,p)12C reactions in the region from 9 to 19 

MeV bombarding energy (28.6 to 36.3 MeV excitation in 13N). Both 

the 10B(3He,ai)9B* (2.33 MeV) and 10B(3He,d4#5)13C* (6.34 and 6.48 

MeV) excitation functions measured at 150® (lab) showed increases in 

yield at about 13.5 MeV bombarding energy, indicative of a resonance 

in the 13N compound system at 32 MeV excitation.

Excitation functions were also measured at 90° (lab) for 

the 10B(3He,py)12C (E = 12.71 and 15.11 MeV) and 10B(3He,y)13N 

reactions between 4 and 17 MeV 3He energy. In contrast to previous 

measurements, the 15.11 MeV y-ray yield from the 1°B(3He,py)12C 

reaction showed the resonances at 26 and 28 MeV excitation already 

reported in previous 10B + 3He studies. The behaviour of the cross 

sections, and the smallness of the (3He,yo) cross section, suggest 

that the 26, 28 and 32 MeV resonances are not associated with the 

13N giant dipole resonances.

The second part of the thesis describes an investigation 

of the odd-mass cobalt nuclei, 57Co, 59Co and 61Co. The positions 

of levels below 3 MeV excitation in all three nuclei were measured 

using the 60 i62 >61+Ni (p,a) reactions and analyzing the a-particles 

with a broad range magnetic spectrograph. Particle-y-ray coin

cidence measurements were performed on the 56>58Fe(a,py) and 

64Ni(p,ay) reactions to determine y-ray branching ratios in 59Co and



61 Co, while 56Fe(a,py) angular correlations were measured for low 

lying states in 59Co.

Branching ratios were obtained in 59Co for many states 

below 2.6 MeV excitation, including the 1.744 MeV state which was 

found to have a branch to the 1.482 MeV state. Using the correla

tion data involving transitions from the 1.744 MeV state, J77 assign

ments of 9/2 (5/2~) , 5/2 and 7/2~ were made for the 1.190, 1.482

and 1.744 MeV states respectively. The measured correlations involv

ing the 1.100 and 1.291 MeV states were consistent with 3/2" assign

ments for both.

A number of previously unreported energy levels in 51Co 

were identified, including the third excited state at 1.287 MeV.

The decay properties of states below 2.3 MeV excitation were deter

mined, and probable spin assignments of 7/2, 5/2 or 3/2 and 5/2 or 

3/2 were deduced for the states at 1.623, 1.655 and 2.015 MeV res

pectively.

The systematics of the level structure of the odd-mass 

cobalt isotopes were examined, and many similarities found.



PART I

THE 13N COMPOUND NUCLEUS ABOVE 25 MeV EXCITATION
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CHAPTER 1 

INTRODUCTION

"In the cate ofj nucleaA tAantmutatlon cauted by the.

Impact oI chaAged paA tlclet at w ell at £on. the. nu.cte.aA. 

cUttntcgAatton pAoduccd by y-Aayt, the fioAmatlon ofi an 

Intermediate t  amt-1 tab to. compound tyttem  teemt d ec ltlve  

&oa the explanation of the gAeat varie ty  o{) the 

phenomena."

This  e x t r a c t  from B ohr ' s  o r i g i n a l  p r o p o s a l  [Bo 36] f o r  th e  compound 

nuc leus  model o f  n u c l e a r  r e a c t i o n s  i s  s t i l l  t r u e .  The th e o ry  s u c 

c e s s f u l l y  d e s c r i b e s  most a s p e c t s  o f  resonance  b e hav iou r  in  low 

energy  n u c l e a r  r e a c t io n s ,  a n d , i n  a m odi f ied  form ( the  s t a t i s t i c a l  

model),  can be used t o  i n t e r p r e t  th e  f e a t u r e s  o f  r e a c t i o n  c ro s s  s e c 

t i o n s  a t  h ig h e r  e n e r g i e s .

The narrow resonances  observed  in  r e a c t i o n  c ro s s  s e c t i o n s ,  

which were one o f  the  f e a t u r e s  t h a t  led Bohr t o  p o s t u l a t e  th e  com

pound n u c l e u s ,  on ly  appea r  a t  low e x c i t a t i o n s .  The energy  depend

ence o f  t h e s e  i s o l a t e d  r e sonances  i s  u s u a l l y  d e s c r ib e d  w el l  by the  

Bre i t -W igne r  d i s p e r s i o n  fo rm ula ,  and a t  resonance  the  an g u la r  d i s t 

r i b u t i o n s  o f  th e  r e a c t i o n  p r o d u c t s  a re  symmetric about  90°.  As one 

goes h ig h e r  in  e x c i t a t i o n ,  more channe ls  f o r  decay o f  th e  compound 

nuc leus  become a v a i l a b l e ,  so t h a t  th e  l e v e l  w id th  g e t s  l a r g e r .  At 

the  same t ime th e  l e v e l  d e n s i t y  i n c r e a s e s  and the  l e v e l s  s t a r t  t o  

o v e r l a p .  I n t e r f e r e n c e  between th e  s t a t e s  can then  o c c u r ,  and the  

an g u la r  d i s t r i b u t i o n s  need no longe r  be symmetric about  90°.  At 

even h ig h e r  e x c i t a t i o n s ,  complete l e v e l  o ve r la p  occurs  and s e p a r a t e  

i n d i v i d u a l  r e sonances  a re  no lo n g e r  obse rved .  I n s t e a d ,  the  c ro s s
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section is dominated by a large number of resonances, the amplitudes 

of which interfere strongly. In this region, the basic assumption 

of Bohr's model, that the formation and decay of the compound nuc

leus are independent, is invoked to postulate that the signs of the 

level amplitudes are random (the statistical model). The interfer

ence terms in cross sections averaged over energy intervals greater 

than the level width, then disappear, and the cross sections are 

smooth functions of energy, with angular distributions again symmet

ric about 90°. Thus, at low excitations, where the level width T is 

very much less than the average level spacing D, the compound nuc
leus theory can predict the fine structure present in excitation 

functions. However, at high excitations, where r >> D, the model can 
only indicate the gross structure. A refinement of the statistical 

model [Er 63] postulates that if measurements are made with an 

energy resolution better than the average level width, then the 

excitation functions will exhibit peaks or fluctuations with average 

spacings of approximately twice the level width. Such peaks cannot 

be identified with individual resonances in the compound system.

Intensive experimental studies have been carried out on 

reactions in which the statistical concepts should have validity.

In particular, studies of the compound system for A in the region of 

30 and at excitations of approximately 20 MeV [e.g. He 70], have 

given strong support for the interpretation of excitation functions 

in terms of fluctuations. However there is also evidence [Si 66] 

that even at very high excitation, particular levels can be excited 

preferentially, giving rise to identifiable resonances.

Moldauer [Mo 67] has shown that when strongly absorbed 

channels are open, the distribution of widths and strengths for
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e x c i t e d  s t a t e s  i s  so broad  t h a t ,  even when T/D >> 1, i t  i s  p o s s i b l e  

t h a t  one s t a t e  in  the  compound nuc leus  could  dominate those  u n d e r 

n e a th  and around i t .  The r e s u l t i n g  f e a t u r e ,  when observed  in  an 

e x c i t a t i o n  f u n c t i o n ,  w i l l  be recogn ized  as an " in t e r m e d i a t e  r e s o n 

ance" .  Such an i n t e r m e d i a t e  resonance  w i l l  be a s s o c i a t e d  wi th  a 

d e f i n i t e  o r b i t a l  a n g u l a r  momentum in  each channe l .  These resonances  

w i l l  t h e r e f o r e  have c h a r a c t e r i s t i c  a n g u la r  d i s t r i b u t i o n s ,  e s p e c i a l l y  

i n  e l a s t i c  s c a t t e r i n g .  Because o f  th e  s t r o n g  a b s o r p t i o n  c h a r a c t e r  

o f  t h e s e  s t a t e s ,  r e a c t i o n s  in v o l v in g  composite  p r o j e c t i l e s  shou ld  

e x h i b i t  t h i s  i n t e r m e d i a t e  s t r u c t u r e  most s t r o n g l y .

S i m i l a r  p r o p e r t i e s  are expec ted  f o r  the  i n t e r m e d i a t e  

resonances  a r i s i n g  from doorway s t a t e s  i n  the  r e g io n  o f  o v e r l a p p in g  

l e v e l s .  These s t a t e s  have a c o n f i g u r a t i o n  l i n k i n g  th e  i n c i d e n t  p a r 

t i c l e  and a s imple e x c i t a t i o n  o f  the  t a r g e t  n u c l e u s ,  th u s  p r e s e n t i n g  

a h ig h l y  a bso rb ing  in p u t  channe l .  The doorway s t a t e  can then  q u i c k 

ly change t o  more com pl ica ted  c o n f i g u r a t i o n s  in  the  compound nuc leus  

b e f o r e  decay ing .  In th e  case o f  a s i n g l e  incoming nu c leo n ,  the  

doorway s t a t e  i s  a t w o - p a r t i c l e ,  o ne -ho le  s t a t e  [Le 64] which can 

q u ic k ly  change th rough  a t h r e e - p a r t i c l e ,  two-ho le  s t a t e  to  o t h e r  

l e s s  d i r e c t l y  a c c e s s i b l e  c o n f i g u r a t i o n s  i n  th e  compound n u c l e u s .

I t  i s  o f  i n t e r e s t  to  e n q u i re  whether  s t a t i s t i c a l  t h e o r i e s  

can be invoked f o r  h ig h l y  e x c i t e d  l i g h t  n u c l e i .  In p r e v io u s  work 

c a r r i e d  ou t  in  t h i s  l a b o r a t o r y  [Os 64 ,  Pa 65,  Pa 65a,  Pa 66,  and 

Ba 66 ] ,  i n t e r m e d i a t e  s t r u c t u r e  was observed in  the  e x c i t a t i o n  f u n c 

t i o n s  o f  3He induced  r e a c t i o n s  on 10B. These s t u d i e s  measured th e  

( 3H e , t ) ,  ( 3H e ,a ) ,  ( 3H e , d ) , ( 3H e ,p ) ,  and ( 3He,py .^  ) e x c i t a t i o n

f u n c t i o n s  in  the  r e g io n  between 2 and 12 MeV bombarding energy  (23 

to  31 MeV e x c i t a t i o n  i n  1 3N ) , and ev idence  was found f o r  resonances
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in the 13N system at 22, 24.5, 26 and 28 MeV. Figure 1.1 shows the 

13N level scheme from the tabulations by Ajzenberg-Selove [Aj 69]; 

the general trend of some of the above excitation functions is 

indicated in the top left hand corner of the diagram. As can be 

seen, the observed peaks in the cross section have a width of about 

1 MeV and are fairly strong, especially in the ag and p0 exit 

channels.

Calculated level spacings and widths for neutron and 

proton emission at 24, 30 and 36 MeV excitation in 13N are shown in 

table 1.1. Also shown are the calculated spacings of the two- 

particle, one-hole (doorway) states. These values were calculated 

from formulae derived from the Fermi gas model by Le Couteur [Po 67, 

Le 64]. The calculations are very sensitive to the value chosen 

for the density g of single nucleon states at the Fermi level; a 

value of the quantity:

a = A/8 MeV-1 ,

where a is related to g by a = tt2g/6 ,

was consistent with previous analyses in this mass region [Le 64], 

and was used in the present calculations (a value of a = A/10 MeV-1 

generally tripled the level spacings and doubled the widths). With 

allowances for other decay modes, the total widths V should be 

approximately equal to 2 r^, so that,despite the above uncertainty, 

it is highly probable that we are in a region of overlapping levels 

where the statistical theory should be valid. This is rather a 

circular argument since the calculation of level widths and spacings 

depends on a statistical model theory. However, if the statistical
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Figure 1 .1 : 13N energy le v e l  scheme w ith  r e a c tio n  th r e sh o ld s ,

taken from th e  com pilations by Ajzenberg-Selove [Aj 69] .
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model ho lds  f o r  l i g h t  n u c le i ,  then  i t  should  be v a l i d  i n  t h i s  r e g io n  

o f  e x c i t a t i o n  in  13N.

Table  1.1

C a l c u l a t e d  l e v e l  sp ac in g s  and wid ths  in  13N

E x c i t a t i o n  (MeV) 24 30 36

Level s p a c in g ,  Dj _q (keV) 8 3 1

Neutron w id th ,  (keV) 70 150 260

Proton  w id th ,  (keV) 50 110 200

Doorway s t a t e  s pac ing  (keV) 32 26 22

To prove  t h a t  i n t e r m e d i a t e  s t r u c t u r e  in  an e x c i t a t i o n  

fu n c t i o n  does in  f a c t  a r i s e  from s i n g l e  r e s o n a n t  s t a t e s  o f  th e  com

pound n u c leu s  i s  n o t  easy .  Such s t r u c t u r e  may a r i s e  from a number 

o f  d i f f e r e n t  causes .  As w e l l  as th e  h i g h l y  abso rb ing  s t a t e s  and 

f l u c t u a t i o n  phenomena d i s c u s s e d  above,  l o c a l  f l u c t u a t i o n s  in  l e v e l  

d e n s i t i e s ,  g ross  s t r u c t u r e  re sonances  and o p t i c a l  model e f f e c t s  can 

a l l  g ive  r i s e  t o  y i e l d  peaks  o f  v a r io u s  w id ths  and s p a c in g s .  How

ev e r  th e  l a s t  two causes  g ive  r i s e  to  f l u c t u a t i o n s  o f  g r e a t e r  s p a c 

ing  and w id ths  than  th o s e  observed  i n  the  13N system. F a i r l y  good 

ev idence  t h a t  a peak in  an e x c i t a t i o n  f u n c t i o n  d id  a r i s e  from a s i n 

g le  r e s o n a n t  s t a t e  o f  the  compound nuc leus  would be g iven ,  i f  i t  

could  be shown t h a t  i t  o ccu r red  w i th  the  same energy and width  in  a 

number o f  d i f f e r e n t  r e a c t i o n  c h an n e ls .  C a re fu l  measurements are 

n e c e s s a r y , s i n c e  i t  might  happen t h a t  a l o c a l  f l u c t u a t i o n  in  l e v e l  

d e n s i t y  o r  m a t r ix  e lements  could produce  s i m i l a r  peaks  in  a number

o f  channe ls .
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The evidence that the four peaks observed in the 10B + 3He 

studies are individual resonances is fairly convincing. They appear 

in a number of exit channels with approximately the same excitation 

energy and width; also Girod QÄ dt. [Gi 70] have analyzed the avail

able 10B(3He,a)9B and 12C(p,p)12C reaction data between 20 and 30 MeV 

excitation in 13N using an optical model formalism including resonant 

terms, and obtained reasonable fits. Their results indicate that the 

10B + 3He reaction is exciting levels in 13N at 22.7, 24.1, 25.9 and 

27.9 MeV with spins of 5/2 , 7/2 , 7/2 and 9/2+ respectively.

The previous studies on the 10B + 3He system were limited 

to 12 MeV bombarding energy by the attainable energy of the A.N.U. 

tandem accelerator and neutral injection system. With the installa

tion of a lithium-exchange negative-ion source, it became possible 

to extend the previous measurements on the 10B(3He,a), 10B(3He,d) 

and 10B(3He,p) reactions to 19 MeV bombarding energy (36 MeV excita

tion in 13N) . Fisher 2Jt dt. [Fi 63] have observed a broad resonance 

at 32 MeV in their 12C(p,yo)13N studies, so that it was of interest to 

see whether that state could be populated in the 10B + 3He reactions. 

If so, the channels it was observed in could give some clue to its 

structure. Another point of interest is that Easlea [Ea 62] has 

predicted that the T = 3/2 strength of the electric dipole resonance 

should occur at ~ 26 MeV (with a further small contribution at 37 

MeV), and that the T = 1/2 strength should be divided over states at 

- 13, ~ 20 and ~ 32 MeV. The recent commissioning of a 23.8 cm 

diam. x 25.4 cm long Nal(Tl) y-ray spectrometer enabled the 

1°B(3He,y)13N and 10B(3He,py)12C (E^ = 15.11 and 12.71 MeV) reactions 

to be studied. Provided that the state at 26 MeV has some T = 1/2 

admixture, it might be populated by the 10B + 3He reactions and it
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could then  decay v i a  the  T = 1, 15.11 MeV l e v e l  in  12C. A lso ,  any 

p o p u l a t i o n  o f  the  T = 1/2 d i p o l e  s t a t e  a t  32 MeV should  be n o t i c e 

ab le  i n  the  ( 3He,y) r e a c t i o n .

E x c i t a t i o n  fu n c t i o n s  were measured f o r  th e  10B(3H e , a ) 9B, 

10B(3H e ,d ) 1! C, 10B(3H e ,p ) 12C, I 0 B(3H e ,p y )12C [E^ = 15.11 and 12.71 

MeV), and 1°B(3H e , y ) 13N r e a c t i o n s  up to  19 MeV bombarding energy .  

The p a r t i c l e  r e a c t i o n s  a re  d e s c r ib e d  in  c h a p t e r  2, and the  y - r a y  

r e a c t i o n s  i n  c h a p t e r  3. The r e s u l t s  o f  t h e s e  exper iments  and o t h e r  

e x p e r im en ta l  in f o r m a t io n  on t h i s  r e g io n  o f  e x c i t a t i o n  i n  13N, are 

summarized in  c h a p t e r  4. The n a t u r e  o f  t h e  observed  re sonances  i s  

a l s o  d i s c u s s e d .
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CHAPTER 2

THE (3He,a), (3He,d), AND (3He,p) EXCITATION FUNCTIONS

2.1 THE 10B(3He,a)9B REACTION

This reaction is expected to proceed mainly through a 

direct pick-up mechanism. Transitions from the 3+ ground state of 

10B to the 3/2 ground state and 5/2 2.33 MeV state in 9B can occur

with the pick-up of a p shell neutron [La 66]; Taylor <it at. [Ta 60] 

have confirmed that this process can be used to fit the 10B(3He,a)9B 

reaction at forward angles. However, a previous study [Pa 65 and 

Po 67] in this laboratory of the 10B(3He,a)9B reaction between 2 and 

10 MeV bombarding energy, showed a large rise in the backward yield 

at 5.8 MeV, indicative of a compound nucleus resonance at 26 MeV in 

13N. Also, minor structure in the excitation functions was consis

tent with compound nucleus fluctuations of small amplitude. Thus it 

would seem that there is still some compound nucleus contribution to 

the reaction mechanism at these energies.

Patterson OX at. [Pa 65 and Po 67] measured the (3He,ao) 

and (3He,cq) excitation functions between 2 and 10 MeV 3He energy 

at 30°, 60°, 90°, 135° and 150°. The present experiment extended 

the measurements at 30°, 60°, 90° and 150° to 19 MeV. This covered 

the region in which a resonance had been observed in the 12C(p,yo)13N 

reaction. It was hoped that this resonance (32 MeV excitation in 

13N, corresponding to 13.5 MeV 3He energy) would appear in either the 

ag or cq channel, and so give some clue as to its structure.

2.1.1 Experimental Details

The 3He beams used in these experiments were obtained from
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the  A.N.U. a c c e l e r a t o r  (EN Tandem Van de G r a a f f ) . With the  n e g a t i v e -  

h e l iu m - io n  source  u s in g  l i t h i u m  vapour exchange,  ana lyzed  and c o l l i 

mated beams o f  ~ 150 nA o f  3He++ on t a r g e t  were a v a i l a b l e  a t  most 

e n e r g i e s .

The measurements were c a r r i e d  out  in  the  50 cm s c a t t e r i n g  

chamber d e s c r ib e d  by Ophel [Op 70].  Beam c o l l i m a t i o n  was p ro v id ed  

by fo u r  t a n ta lu m  d i s c s  o f  a p e r t u r e  2 .3  - 3.0 - 2 .3  - 3 .0  mm w i th  the  

d i s c s  o f  l a r g e r  a p e r t u r e  a c t i n g  as a n t i - s c a t t e r  b a f f l e s .  The d i s c s  

were spaced  10 cm a p a r t  i n  a b r a s s  tu b e ,  and th e  l a s t  a n t i - s c a t t e r  

b a f f l e  was 10 cm from th e  t a r g e t .  Th is  c o l l i m a t i n g  system l i m i t e d  

t h e  i n c i d e n t  a n g u l a r  sp read  to  l e s s  than  0 .3 5 ° .

The d e t e c t o r s  were mounted on b locks  t h a t  were lo c a t e d  in 

a 32 cm d ia m e te r  a n n u l a r  groove in  t h e  base  o f  the  chamber. An 

an g u la r  s c a l e  on th e  base  and a v e r n i e r  s c a l e  on th e  d e t e c t o r  b lock  

enab led  th e  c o u n te r s  t o  be p o s i t i o n e d  r e p r o d u c i b ly  to  w i th in  0 . 1 ° .  

Checks on the  a l ignment  o f  th e  chamber and th e  accuracy  of  the  

a n g u la r  s c a l e  [Op 70] ,  i n d i c a t e d  t h a t  an e r r o r  o f  l e s s  than  0 .2° 

could  be expec ted  from t h i s  system. Tantalum d e f i n i n g  s l i t s  w i th  

r e c t a n g u l a r  a p e r t u r e s  o f  5 mm ( v e r t i c a l )  x 2 mm ( h o r i z o n t a l )  g iv i n g  

an accep tance  angle  o f  0 . 6 ° ,  were l o c a t e d  d i r e c t l y  in  f r o n t  o f  the  

c o u n t e r s .  P a r t i c u l a r  s l i t s  were always used  a t  the  same a n g l e s ,  

a l though  r e p e a t e d  comparisons  o f  s l i t  a p e r t u r e s  by measuring the  

y i e l d  o f  the  12C(p ,p)  r e a c t i o n  a t  154° i n d i c a t e d  t h a t  they  were 

i d e n t i c a l  t o  0.5%. The d e t e c t o r s  were s i l i c o n  s u r f a c e  b a r r i e r  coun

t e r s  (manufac tu red  by O r tec)  w i th  t h i c k n e s s e s  chosen t o  j u s t  s to p  

th e  most e n e r g e t i c  a - p a r t i c l e s  expec ted .  The c o u n te r s  were p o s i 

t i o n e d  a t  30° (500 y t h i c k ) ,  60° (500 y) , 90° (400 y) and 150°

(120 y ) .
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The am p l i fy ing  e l e c t r o n i c s  c o n s i s t e d  o f  O r tec  charge s e n s 

i t i v e  p r e a m p l i f e r s  and l i n e a r  a m p l i f i e r s  (models 109 - 410).  Double 

de lay  l i n e  shap ing  and 0 .1  ys RC i n t e g r a t i o n  were used  t o  p rov ide  

optimum r e s o l u t i o n .  The p u l s e s  were then  r o u t e d  i n t o  4 x 512 chan

n e l  segments in  the  IBM 1800 d a t a  a c q u i s i t i o n  system. This o n - l i n e  

computer  system has been d e s c r ib e d  in  d e t a i l  by C a e l l i  (LÄ. oJL.

[Ca 69] .

The s e l f  s u p p o r t i n g  10B f o i l s  used in  t h e se  measurements 

were p r e p a re d  by e l e c t r o n  gun e v a p o ra t io n  o f  e n r i c h e d  m a t e r i a l  

(nom ina l ly  > 96.5% 10B, pu rchased  from Union Carbide N uclea r  Com

pany,  Oak Ridge,  Tennessee)  onto a g l a s s  s l i d e  p r e v i o u s l y  coa ted  

with  a t h i n  l a y e r  o f  RBS25 d e t e r g e n t .  The f o i l s  were then  f l o a t e d  

o f f  th e  s l i d e  in  d i s t i l l e d  w a te r ,  and p ic k ed  up on an aluminium t a r 

ge t  frame.  Using t h i s  t e c h n iq u e ,  s e l f  s u p p o r t i n g  f o i l s  o f  up t o  

200 ygm/cm2 t h i c k  could be o b t a in e d .

The f o l l o w in g  t h r e e  te c h n iq u e s  were used  to  de te rm ine  the  

com posi t ion  o f  th e  t a r g e t s .

(a) The s h i f t  i n  the  = 1.881 MeV t h r e s h o l d  o f  th e  7L i (p ,n )  

r e a c t i o n .  This  was measured a t  0°, and th e  t a r g e t  t h i c k 

n e s s e s  were deduced u s in g  t h e  dE/dx va lu e s  o f  Will iamson 

and Boujot  [Wi 62].

(b) E l a s t i c  p r o to n  s c a t t e r i n g  a t  E^ = 2.45 MeV and 154° ( l a b ) ,  

u s in g  the  (p ,p )  c ro s s  s e c t i o n s  f o r  10B, n B, 12C, 14N and 

160 r e p o r t e d  by Overly and Whaling and o t h e r  au thors

[Ov 62] .

(c) R u th e r fo rd  s c a t t e r i n g  o f  a - p a r t i c l e s  a t  1.4 MeV between 

40® and 80°.

One t a r g e t  was measured u s in g  a l l  t h r e e  methods ,and th e  i 0 B composi-
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t i o n s  o b ta in e d  ag reed  w i t h i n  10%. The mean va lue  was n e a r  t h a t  

d e r ive d  from th e  e l a s t i c  p r o to n  s c a t t e r i n g .  S ince t h i s  method was 

a l s o  th e  most a c c u r a t e  one (The i 0 B(p,p)  c ro s s  s e c t i o n s  are known 

t o  ± 7%), th e  r e s t  o f  th e  t a r g e t  t h i c k n e s s e s  were e i t h e r  measured 

d i r e c t l y  u s in g  th e  (p ,p )  c ro s s  s e c t i o n s ,  o r  no rm al ized  by comparing 

the  10B(3H e , p y ^  ^ ) 12C y i e ld ( c h a p t e r  3) w i th  t h a t  from a p r e v i o u s 

ly  measured t a r g e t .  The com posi t ion  o f  a t y p i c a l  t a r g e t  used  in  the  

exper iments  was found t o  be:

10 B 11B 12C 11+N 160

100 ± 1 0  5 ± 1 6 ± 1  < 1  7 ± 1 ygm/cm2

The measured r a t i o  o f  10B and i : lB was app rox im ate ly  the  same f o r  a l l  

t a r g e t s  ( 1 9 :1 ) ;  s l i g h t l y  l e s s  than  t h e  nominal  enr ichment s t a t e d  by 

the  m a t e r i a l  s u p p l i e r s .  The 12C, 14N and i60 i m p u r i t i e s  v a r i e d  from 

t a r g e t  t o  t a r g e t ,  and s i n c e  the  160 ( 3H e , a ) 150 r e a c t i o n  i n t e r f e r e d  

w i th  the  10B(3H e ,a ) 9B r e a c t i o n  a t  backward a n g l e s ,  t a r g e t s  with  the  

l e a s t  160 r e l a t i v e  t o  10B were used  i n  the  ( 3He,a)  measurements.  

T a rge ts  o f  ~ 100 ygm/cm2 10B were used  in  the  ( 3H e ,a ) ,  ( 3He,d) and 

( 3He,p) measurements.  Th is  t h i c k n e s s  was found t o  g ive a good com

promise  between y i e l d  and r e s o l u t i o n .  The t a r g e t  p la n e  was s e t  a t  

60° t o  t h e  beam so t h a t  the  90° y i e l d  could  be measured.

Two s e t s  o f  measurements were made. In the  f i r s t  s e t ,  

e x c i t a t i o n  fu n c t i o n s  were measured in  200 keV s t e p s  from 9 .0  t o  11.6 

MeV, and in  the  second s e t  they  were measured from 11 to  19 MeV and 

then  down from 15.9 MeV to  12.1 MeV i n  200 keV s t e p s ,  w i th  the  

p o i n t s  a t  15, 14, 13 and 12 MeV re p e a t e d  as checks on th e  system.

The charge  was c o l l e c t e d  on an i n s u l a t e d  and su p p res se d  Faraday cup, 

and measured w i th  an E lco r  c u r r e n t  i n t e g r a t o r  t h a t  had been c a l i -
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brated before the runs, and was expected to be accurate to within 2%. 

Data were collected at each energy for 300 to 1000 yC integrated cur

rent to acquire adequate statistics in the peaks of interest. In 

the second set of measurements, a counter telescope was added at 150° 

to extract the deuteron spectra, The particle identification elec

tronics are described in section 2.2.1.

2.1.2 Results

A typical spectrum taken at 150° with the counter tele

scope is shown in fig. 2.1. The two prominent a-particle groups 

corresponding to the ground and 2.33 MeV states of 9B, lie at the 

upper end of a background continuum due to a-particles from the 

multiparticle break-up of the 10B + 3He system. In the other detec

tors, protons from this break-up were observed as a low energy edge, 

since most of them were not stopped in the detectors. Figure 2.2 

shows some of the a identified spectra obtained between 11 and 19 

MeV 3He energy. The lower diagram in the figure indicates the 

identified contaminant peaks observed. It is drawn to the same 

scale as the upper diagram, but the particle energy is substituted 

for the channel number. The lines indicate the positions of the 

observed peaks at the various bombarding energies, and are labelled 

with the appropriate outgoing particle that arises from the reaction 

on the left hand side. The origin of the peak at a constant energy 

of 6.2 MeV that appears in all the spectra, is explained in section 

2.2.2. It can be seen that the only contaminant peak that inter

feres with the a groups of interest is that due to the 160(3He,ao)150 

reaction. At 90° the contaminant interferes with the 04 peak around 

17 MeV 3He energy, while at 30° and 60® it is clear of the peaks of 

interest in the region studied.
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There was no difficulty in subtracting the background 

underneath the ag peak. However,the subtraction was less accurate 

for the cq peak owing to the uncertainty of the background on the 

low energy side of the peak. This uncertainty can be associated 

with the weak state in 9B at 2.71 ± 0.03 MeV which has a width of 

710 ± 60 keV [Wi 66]. There is an additional uncertainty in the oq 

background at 60° due to the ground state a group from the 

11B(3He,a)1°B reaction. However, Poate [Po 67] has shown that the 

yield of the i:LB(3He,ag) reaction is approximately 1/3 the yield of 

the 10B(3He,oq) reaction at lower energies. If this ratio obtains 

at higher energies, the contaminant peak would be less than 2% of 

the amplitude of the cq peak. In fact there is no sign of this 

reaction occurring in the 150° spectra (fig. 2.2), where the peak 

should appear between the ag and oq peaks.

The ground and 2.33 MeV states in 9B have widths of 0.5 

and 82 keV respectively [La 66], whereas fig. 2.1 shows that the ag 

and cq groups have the same widths (140 keV F.W.H.M.), indicating 

the observed width to be mainly due to experimental resolution. 

Subtraction of the background from the cq group was therefore 

effected by assuming the width to be the same as for the ag group, 

and drawing the background in by eye. An attempt to automate this 

process by fitting an exponential background and two Gaussians of 

fixed widths and slowly varying separation using a computer, gave 

approximately the same results. However, the introduction of another 

Gaussian when the 160 contaminant peak was present, resulted in unsat

isfactory fits. It was therefore decided to do the data reduction 

by "hand and eye" to be consistent. The uncertainty in the back

ground subtraction and peak summing was estimated to be about 8% of 

the oq yield.
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From fig. 2.2, it can be seen that the i60 contaminant ag 

peak fluctuates considerably with energy. Therefore, when it over

lapped with the 04 peak, an appropriate proportion of the average 

yield of the contaminant was subtracted from the 04 group. The 

yield of the 160 peak was determined in the same way as the yield 
from the 10B.

Excitation functions, measured at laboratory angles of 30°, 

60°, 90° and 150° from 9 to 19 MeV, are shown in figs. 2.3 and 2.4. 

Cross sections are quoted in mb/sr. The main source of error arose 

from uncertainties in target thickness (10%). This dominated the 

other factors, such as beam current integration and geometry which 

were known to within 2%, and the counting statistics which were less 
than 4% for the ao peak. The absolute cross sections were therefore 

assigned errors of 12% for the ag yields and 15% for the ai yields. 

The error assigned to the 04 yield was made larger to allow for any 
systematic error arising from the background subtraction. The 

results presented here match up very well with the (3He,a) results of 

Patterson eX at. [Pa 65] who measured excitation functions at 30°, 

60°, 90° and 150° up to 10 MeV 3He energy. The bombarding energies 

shown in figs. 2.3 and 2.4 have not been corrected for the energy 

lost by the beam in the target, and should therefore be adjusted 

downwards by ~ 25 keV at the low energy end and ~ 15 keV at the high 

energy end.

2.1.3 Discussion

Inspection of the ag excitation functions (fig. 2.3) shows 

a general downward trend with increasing energy. In contrast to 

this the 04 excitation functions (fig, 2.4) have considerable struc-
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ture at 30° and 150°, with the yield at 15CT as large as the yield at 

30° around 13 MeV excitation. This peak in the cq yield at 150° is 

indicative of a compound nucleus resonance at ~ 13.3 MeV 3He energy 

31.9 MeV excitation in 1 3N). From fig. 2.2 it can be seen that 

there are no contaminant peaks running underneath the oq group that 

could cause a spurious rise in yield at this bombarding energy. 

However, a re-examination of the spectra indicated an increase in 

the yield to the 2.71 (3/2+ , 5/2+) state in 9B of about 50% in the 

region of 13.3 MeV 3He energy. This increase is likely to cause an 

error of less than 5% in the extraction of the 04 yield over the 

region of the resonance, so that it appears that both the 04 and oq 

yields at 150° peak at around 13.3 MeV bombarding energy.

As mentioned in the introductory chapter, the 13N compound 

system should be in the region of strongly overlapping levels where 

fluctuations are expected to produce peaks with an average separa

tion of about twice the level width. The positions of peaks in dif

ferential excitation functions should not then necessarily correlate 

with single levels in the compound system. The minor bumps observed 

in the excitation functions with a period of approximately 2 MeV, 

may have been due to such fluctuations. However, the peak in the cq 

150° yield at 13.3 MeV was a prominent feature on an otherwise fair

ly smooth curve and coincided with the resonance seen at 32 MeV 

excitation in the 1 2C(p,Yo)13N studies of Fisher nt aJL. [Fi 63].

This could have been mere coincidence, so the i0B + 3He studies were 

extended to observe other exit channels. The lüB(3He,d)1LC investi

gations are discussed in the next section.
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2.2 THE 1°B(3He,d)12C REACTION

The observation of a strong resonance-like feature in the 

ai differential cross section at backward angles initiated a study 

of the 10B (3He,d)13C reaction, seeking to confirm the presence of 

the 13.3 MeV resonance in another channel. An investigation of the 

(3He,d) reaction is not an attractive way of studying compound nuc

leus phenomena, as the reaction has been shown to proceed mainly by a 

direct stripping mechanism [Pa 65a]. However, the 150° excitation 

function of the 10B(3He,dg) reaction between 3.5 and 10 MeV 3He 

energy [Pa 65a], had shown a resonance at 5.8 MeV which could be 

identified with the resonance seen earlier in the l0B(3He,ao) yield 

[Pa 65]. It therefore seemed possible that the 13.3 MeV resonance 

seen in 10B(3He,a]J would appear in the deuteron exit channel.

In spectra from the previous experiment, the strong group 

from the (3He,d0) reaction stood out on top of the a-particle con

tinuum. Normally though, to minimize the dead time, that part of 

the spectrum was biased out before storing in the IBM 1800. In any 

case, the deuteron groups going to higher excited states in 1:LC were 

lost in a host of contaminant peaks. Therefore, in the second set 

of (3He,a) measurements, a counter telescope at 150° was added to 

the detector arrangement. If there were to be any compound nucleus 

contribution to the deuteron yields it would be expected to be more 

obvious at backward angles.

2.2.1 Experimental Details

These measurements were taken at the same time as the 

second series of (3He,a) measurements, so that the experimental 

arrangement was that described in section 2.1.1. The one exception
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was th e  d e t e c t o r ,  which was a co u n te r  t e l e s c o p e  mounted a t  150° on 

the  o p p o s i t e  s id e  o f  the  t a r g e t  chamber to  th e  120 y , a  d e t e c t o r .

The t e l e s c o p e  c o n s i s t e d  o f  a 32 y t r a n s m i s s i o n  co u n te r  backed by a 

1000 y s u r f a c e  b a r r i e r  d e t e c t o r .  This  arrangement  could s to p  the 

most e n e r g e t i c  d e u t e ro n s  e x p e c te d ,  bu t  was n o t  t h i c k  enough t o  s top  

the  h igh  energy  p r o to n  groups .

No p a r t i c l e  i d e n t i f i e r  u n i t  was a v a i l a b l e  a t  the  t ime of  

t h e s e  measurements,  so t h a t  the  i d e n t i f y i n g  l o g i c  was b u i l t  up u s in g  

s i n g l e  channe l  a n a l y z e r s  (Ortec  model 420) .  The system u t i l i z e d  the  

l a rg e  d i f f e r e n c e  i n  s to p p in g  power between the  Z = 1 and 2 = 2  p a r t i 

c l e s .  F igure  2.5 shows the  energy  d e p o s i t e d  in  a 32 y s i l i c o n  

d e t e c t o r  p l o t t e d  a g a i n s t  bo th  the  t o t a l  p a r t i c l e  energy and the  

energy  d e p o s i t e d  i n  a s to p p in g  co u n te r  a f t e r  t r a n s m i s s i o n .  I t  can 

be seen t h a t  a f t e r  th e  p a r t i c l e s  are no lo n g e r  f u l l y  s topped  in  the  

t r a n s m i s s i o n  c o u n t e r ,  t h e  energy  lo s s  (AE) s t e a d i l y  d e c re a s e s  with  

r i s i n g  p a r t i c l e  energy .  The gap between th e  t r i t o n  and 3He energy 

lo s s  curves  can be approx im ated by a s t e p  fu n c t io n ,  which can then be 

used t o  s e t  g a t e s  on the  t r a n s m i s s i o n  c o u n t e r  s i g n a l  (AE) and the  

s to p p in g  c o u n te r  s i g n a l  (ET) .  The t o t a l  energy  p u l s e ,  E = E' + AE, 

can the n  be ro u te d  acc o rd in g  to  which s id e  o f  t h i s  s t e p  f u n c t i o n  i t  

occu r red .  The l o g i c  used i n  t h i s  i n s t a n c e  (exp res sed  in  ALGOL n o t a 

t i o n )  was:

if ;  AE > 2 .5  MeV or  (AE > 1.1 MeV and E ' > 5 MeV) then  Z = 2 e l s e  Z = 1

From f i g .  2.5 i t  can be seen  t h a t  the  v a l i d i t y  o f  t h i s  l o g i c  s t a t e 

ment i s  l i m i t e d  t o  3He p a r t i c l e s  below 25 MeV. H ow ever , th is  i s  w e l l  

above the  h i g h e s t  energy  expec ted  f o r  -He and a - p a r t i c l e s  a t  150°.

The e l e c t r o n i c s  r e q u i r e d  t o  per fo rm t h e s e  l o g i c  o p e r a t i o n s



32 Si 32 fx Si

; ;  jf AE> 2 5 or (AE»! ! and E‘>5)thenZa2 elseZ«!;

30 0
E1 * E -  A E  (MeV)PARTICLE ENERGY , E (MeV)

F igu re  2 .5 :  Energy d e p o s i te d  in  a 32 y s i l i c o n  d e t e c t o r  p l o t t e d

a g a i n s t  th e  p a r t i c l e  energy b e fo re  (E) and a f t e r  (E ')  t r a n s 

m iss io n .  The curves  f o r  d i f f e r e n t  ty p e s  o f  i n c id e n t  p a r t i c l e  

a re  l a b e l l e d  a c c o rd in g ly .

The dashed l i n e  i n d i c a t e s  th e  boundary o f  th e  p a r t i c l e  

i d e n t i f i c a t i o n  c r i t e r i o n  which i s  w r i t t e n  s y m b o l ic a l ly  on the  

same diagram .

The d a t a  f o r  t h i s  diagram  were o b ta in e d  from Skyrme’s 

t a b l e s  o f  ranges  and s to p p in g  powers o f  charged p a r t i c l e s  in  

s i l i c o n  [Sk 6 7 ] .
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can be built up from basic Ortec modules, and the setting of the 

various levels is simple providing that the E ? and A E' signals have 
been calibrated to the same gain» This is necessary to keep the 

total energy signal, E = E' + A E ’, linear. The x2C(JHe,̂ He) and 

12C(3He,a) reactions were used to calibrate the AE amplifier, and 
the 12C(3He,p) reaction was used to calibrate the E' amplifier. The 

levels were then set using a variable pulser.

The Z = 1 and 2 = 2  identified groups were routed into 

another 2 x 512 channel segment in the IBM 1800 data acquisition 

system.

The excitation functions covered the range from 11.0 to 

19.0 MeV as described for the second set of (3He,a) measurements 

(section 2.1.1).

2.2.2 Results

A typical deuteron spectrum taken at 150° with the counter 

telescope is shown in fig. 2.1. The deuteron peaks have been 

labelled with the final excitation of lj-C. It was not possible to 

tell whether the peak near channel 80 was due to the d^ group to the 

6.34 MeV state or the d5 group to the 6.48 MeV state, or whether 

both were contributing. The proton continuum from the 10B + 3He 

system break up into 3 a-particles and a proton, can be seen rising 

in the same place as the a-particle continuum in the (3He,a) spec

trum. There was also a fairly flat background due to protons that 

had not been stopped in the counter (E > 12.4 MeV).

Figure 2.6 shows some of the deuteron identified spectra 

obtained between 11 and 19 MeV “He energy. The lower diagram in the 

figure indicates the identified contaminant peaks observed. It can



,0B (s He,d)"C

150°

part ic le  identifier

CHANNEL NUMBER

B(*He,d)"C d9ll

PARTICLE ENERGY (MeV)

Figure  2 .6 :  Some 10B(3He,d) 1]-C s p e c t r a  tak en  w ith  th e  c o u n te r  t e l e 

scope a t  150° ( la b )  from 11 to  19 MeV 3Iie energy . Contaminant 

peaks t h a t  have been i d e n t i f i e d  are  in d i c a te d  in  th e  lower 

d ia g ra m .
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be seen t h a t  a l l  t h e  d eu te ro n  peaks  have contaminant  peaks  running  

th rough  them a t  some ene rgy ,  and t h i s  made the  e x t r a c t i o n  o f  y i e l d s  

d i f f i c u l t .  The am pli tude  o f  the  contaminant  peak u n d e rn ea th  the  

peak o f  i n t e r e s t  was e s t i m a t e d  from i t s  s i z e  and b eh av io u r  a t  h i g h e r  

and lower e n e r g i e s .  The l i m i t a t i o n s  o f  the  p a r t i c l e  i d e n t i f i c a t i o n  

can be seen in  bo th  f i g s .  2 .2  and 2 „6. In f i g .  2.2 the  peak at  

~ 6.2 MeV t h a t  appears  i n  a l l  the  s p e c t r a ,  i s  due t o  a d i s c o n t i n u i t y  

in  the  energy response  o f  the  system caused by dead l a y e r s  a t  t h e  

back o f  the  t r a n s m i s s i o n  co u n te r  and th e  f r o n t  o f  th e  s to p p in g  coun

t e r ;  th e  32 y t r a n s m i s s i o n  co u n te r  j u s t  s topped  6 ,2  MeV a - p a r t i c l e s .  

O ther  than  t h i s ,  the  energy  c a l i b r a t i o n  of  the  system was l i n e a r .

The low energy  cut  o f f  a t  2.5 MeV in  f i g .  2.2 i s  due t o  th e  f i r s t  

c o n d i t i o n  p u t  on the  r o u t i n g  l o g i c .  The a and JHe p a r t i c l e s  below 

2.5 MeV appear  in  f i g .  2.6 where th e  cut  o f f  can be seen c l e a r l y .

The problems invo lved  i n  e s t i m a t i n g  th e  backgrounds  t o  the  

deu te ro n  peaks aga in  appeared  to  be too  much f o r  computer  automa

t i o n ,  so the  d a t a  r e d u c t i o n  was done by "hand and eye” . The e x c i t a 

t i o n  f u n c t i o n s  measured a t  150J ( lab )  from 11 to  19 MeV a re  shown in  

f i g .  2 . 7 .  The e r r o r s  a s s ig n e d  t o  the  p o i n t s  in  the  d^ and d 3 curves  

a re  15 to  25%, worse than  t h e  s p read  in  p o i n t s  would s u g g e s t .  The 

e r r o r s  in  th e  o t h e r  curves  (5 t o  10%) are  m i r ro re d  in  th e  sp read  o f  

p o i n t s .  The smooth l i n e s  were drawn to  a id  th e  eye.  The c ross  s e c 

t i o n  s c a l e  was d e r iv e d  by n o rm a l iz in g  the  i d e n t i f i e d  a - p a r t i c l e  

y i e l d s  t o  th o s e  o b ta in e d  a t  150" w i th  a s i n g l e  coun te r ,  and i s  

a s s ig n e d  an e r r o r  o f  ± 15%. As in  th e  p r e v io u s  exp e r im en t ,  t h e  bom

b a r d in g  e n e r g i e s  have n o t  been c o r r e c t e d  f o r  the  energy l o s t  by the  

beam in  the  t a r g e t ,  and shou ld  be a d j u s t e d  downwards by ~ 25 keV a t  

the  low energy  end and ~ 15 keV a t  t h e  h igh  energy end.
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Figure  2 .7 :  D i f f e r e n t i a l  e x c i t a t i o n  f u n c t i o n s  f o r  the

1°B (3H e ,d ) 11C r e a c t i o n  a t  150° ( l a b ) .  The c ro s s  s e c t i o n  i s  

a s s ig n e d  an e r r o r  o f  ± 15%.



20

2.2.3 Discussion

Inspection of the deuteron excitation functions (fig. 2.7) 

shows a general downward trend with increasing energy. There appear 

to be a few minor fluctuations in the d2 curve, but these could be 

due to inadequate compensation for underlying contaminant peaks. The 

d4^5 yield to the 6.34 (l/2+) or 6.48 (7/2 ) MeV state shows a peak 

at 13.6 MeV. With the large number of contaminant peaks around, this 

could have been due to a peak running underneath the d4 5 peak. How

ever, an examination of fig. 2,6 does not show any large background 

peaks in this region, and the bump in the yield curve shows up well in 

this display of the spectra.

Therefore,it would appear that there is a resonance in the 

d4 5 yield corresponding to a state at 32.1 MeV excitation with a 

width of 1 MeV. It is debatable whether this can be identified with 

the resonance seen in the a channel at 31„9 MeV with a width of 1.5 

MeV. Before drawing any conclusions on the nature of these reson

ances, an attempt was made to provide further information in this 

region by studying the -0 B (/'He ,p)1 ZC reaction . This experiment is 

described in the next section.

2.3 THE 10B(3He,p)12C REACTION

On simple arguments, the 1°B(3He,p)i2C reaction, requiring 

the transfer of two nucleons for a direct process, would be expected 

to be a suitable reaction for studying any resonance behaviour, 

since the compound nucleus amplitude is expected to be enhanced 

relative to the direct amplitude. Indeed, the excitation function 

measurements of Patterson oX at. [Pa 66J up to 12 MeV bombarding
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energy, in which the proton transitions to the ground and first 

three excited states were studied at 150% showed considerable 

resonance structure. In particular, the p0 yield was dominated by 

resonances at 5.8 and 8.2 MeV 3He energy (26 and 28 MeV excitation 

in 13N), which had also been seen in the (3He,a) and (3He,d) reac

tions [Pa 65 and Pa 65a].

The state at 26 MeV excitation has also been seen in the 

(12C + p) elastic scattering measurements of Dickens oX at. [Di 63] . 

Unfortunately, these measurements did not cover the region of the 32 

MeV resonance seen in the a-particle and deuteron channels in the 

present experiment. However,the 12C(p,y)i3N studies of Fisher qX at. 
[Fi 63] did indicate a broad resonance (r ~ 2 MeV) at 32 MeV. There

fore it was reasonable to suppose that this resonance might also 

appear in the 10B(3He,p) reaction.

The present work is an extension of the 10B(3He,p)12C 

studies of Patterson oX at. [Pa 66] up to 19 MeV bombarding energy. 

Excitation functions for the pg and pj_ (4.43 MeV) groups were 

measured at 90° and 150°.

2.3.1 Experimental Details

The high Q value (19.7 MeV) of the i0B(3He,p) reaction 

requires a very thick semiconductor counter to fully stop the 

energetic protons. The highest energy protons expected (pg at 90° 

with 19 MeV 3He energy) were 31 MeV, which have a range of 5.2 mm 

in silicon. As no detectors of this thickness were available, 

instead of completely stopping the protons in a counter, the proton 

energy was degraded by tantalum foils before detection in 2 mm 

thick Si (Li) detectors. This meant that the protons had to be
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degraded to lower than 18 MeV by the foils to be sure of fully stop

ping them in the detectors. Foils of thicknesses ranging from 0.08 

to 0.51 mm were used.

The Si(Li) detectors were cooled by clamping them to a 

copper tube, through which refrigerated alcohol was circulated. As 

a result of the cooling (-20 to -30 °C), the detectors gave more 

stable operation and better resolution. Larger defining slits,

9 mm x 2 mm, were put in front of the detectors to increase the 

count rate; otherwise the experimental facilities were identical to 

those employed in the previous (JHe,a) measurements. Two detectors 

were positioned at 90° and two at 150°, either side of the target 

chamber. The thicknesses of the foils on these counters were chosen 

so that one counter at one angle could stop the pg group, and the 

other counter at the same angle could stop the -pi group throughout 

the range of energies expected in a particular series of runs. This 

meant that at all energies, both pg and pj could be extracted from 

the spectra; in most of the runs, both the p0 and p^ groups could 

be extracted from both of the counters at each angle. The excita

tion functions were measured in two accelerator runs. In the first 

series, measurements were made from 11.6 to 16.2 MeV 3He energy, 

going up and down in 200 keV steps so that each point was measured 

twice. In the second run, the measurements were taken from 15.0 up 

to 18.6 MeV. The highest bombarding energy was limited by the 

accelerator performance at that time. Counts for each energy were 

measured for 600 to 900 yC, which normally gave statistics of better 

than 3% for the pj yield (< 8% for the pg yield) in each counter.
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2.3.2 Results

Typical spectra obtained with 15.0 MeV 3He energy are 

shown in fig. 2.8. It can be seen that even with a 0.6 mm thick 

tantalum foil (lower diagram), the first two proton groups are suf

ficiently well resolved to extract the yields accurately, although 

in this spectrum the protons to the ground state (initial energy 

28.5 MeV) are not being fully stopped in the counter. The protons 

to the second, third and fourth excited states of 12C were generally 

not well resolved, so that no yield curves could be obtained for 

them. The yields for pg and pj were extracted by hand calculator.

The excitation functions for p0 and pj at 90° and 150°

(lab) from 11.6 to 18.6 MeV are shown in fig. 2.9. The cross sec

tion scale in mb/sr was obtained from the known target thickness and 

experimental geometry, and is assigned an error of ± 13%. The main 

source of error arose from uncertainties in target thickness (10%) , 

as in the determination of the a-particle cross sections in section 

2.1. However, there is an additional uncertainty in the yield due 

to interactions of the high energy protons with nuclei in the 

degrading foils and the detectors, and therefore falling outside the 

main energy peak in the spectra. Cahill zt aZ. [Ca 70] have 

measured the tail to peak ratio (number of counts outside a 3% 

resolution band/counts inside the 3% band) for 20 MeV protons 

stopped in a Si (Li) detector, and found the ratio to be 0.7%. For 

30 MeV protons, the ratio is still less than 2%. The conditions in 

the present experiment were different to those of Cahill zt aJL. , 

because the protons were first degraded by tantalum foil and the 

resolution with the thicker foils was greater than 3%. However, it 

is felt that a realistic upper limit of 2% can be put on the loss of
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Figure  2 .9 :  D i f f e r e n t i a l  e x c i t a t i o n  fu n c t io n s  f o r  th e  10B(3H e ,p )12C

r e a c t io n  a t  90° and 150° ( l a b ) . The c ro s s  s e c t i o n  i s  a s s ig n ed  

an e r r o r  o f  ± 13%. The r e l a t i v e  e r r o r s  a re  b e s t  shown by the  

sp read  in  p o i n t s .
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p ro to n s  from the  f u l l  energy  peak due t o  n u c l e a r  i n t e r a c t i o n s  in  

bo th  t h e  ta n ta lu m  f o i l s  and th e  Si (Li) d e t e c t o r s ,

As in  the  p r e v io u s  e x p e r im en t s ,  t h e  bombarding e n e r g i e s  in  

f i g .  2.9  have n o t  been c o r r e c t e d  f o r  energy  l o s t  by t h e  beam in  the  

t a r g e t .  The mean bombarding energy i s  25 keV lower tha n  i n d i c a t e d  

f o r  E3p|e = 12 MeV, and 15 keV lower f o r  E3 ^e = 19 MeV.

At 12 MeV, t h e  150° c ro s s  s e c t i o n s  are app rox im ate ly  30% 

lower than  those  measured by P a t t e r s o n  oX at. [Pa 66 ] .  U n f o r t u n a t e 

ly,  no o t h e r  10B(3He,p) c ro s s  s e c t i o n s  have been measured in  t h i s  

r e g io n  to  c ro s s - c h e c k  t h e  r e s u l t s .  However, S c h i f f e r  <lt at. [Sc 56] 

have made measurements up t o  5 MeV 3He energy,  and t h e i r  r e s u l t s  a re  

a l s o  about  30% lower than  th o s e  o f  P a t t e r s o n  nt at.

2 . 3 . 3  D iscu ss io n

From f i g .  2.9 i t  can be seen t h a t  th e  c ro s s  s e c t i o n s  f o r  

bo th  po and p} d e c re a s e  s t e a d i l y  w i th  energy .  The y i e l d  t o  t h e  4.43  

MeV s t a t e  a t  90° d ip s  s l i g h t l y  n e a r  13 MeV 3He energy where th e  150° 

y i e l d  shows a s l i g h t  r i s e .  However, i t  i s  n o t  p o s s i b l e  to  a t t a c h  

any s i g n i f i c a n c e  t o  t h i s  f e a t u r e  because  o f  the  r e l a t i v e l y  l a r g e  

s t a t i s t i c a l  e r r o r s  (2% in  t h i s  r e g i o n ) .  Thus the  ( 3He,p) y i e l d s  

show no s ig n  o f  th e  r esonance  s t r u c t u r e  observed  i n  th e  ( 3He,a)  and 

( 3He,d) r e a c t i o n s  i n  t h i s  energy  range .  This  i s  in  sharp  c o n t r a s t  

t o  th e  b eh av io u r  o f  the  c ro s s  s e c t i o n s  a t  lower e n e r g i e s  [Pa 6 6 ] ,  

where marked resonance  b eh av io u r  was observed .

2 .4  SUMMARY

The p a r t i c l e  y i e l d s  from the  I 0 B + 3He r e a c t i o n s  observed
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in the experiments described in this chapter, have generally shown 

a downward trend with increasing energy indicative of direct reac

tion processes. Both the aj group and the d4 5 group showed a large 

increase in yield at 150° near 13.5 MeV 3He energy. Evidence of 

compound nucleus fluctuations was seen in the 04 excitation function 

at 30° and to a lesser extent in the other a and deuteron yields.

As discussed in chapter 1, intermediate structure in an 

excitation function can arise from a number of different causes. In 

this case, peaks in the yield curves corresponding to 32 MeV excita

tion in 1 3N, have now been seen in three reactions: 10B(3He,ai)9B,

10B(3He,d4 5)3 3C, and 12C(p,y0)13N, with much the same energy and 

similar widths, so that it appears reasonable to classify the peaks 

as resonances due to a state in 13N. Further investigation of the 

10B + 3He reactions to try to obtain the spin and parity of this 

state (e.g. angular distributions and angular correlations), is hin

dered by the large entrance channel spins (5/2 or 7/2), and possible 

interference between the resonant state and the underlying back

ground states.

Since the 32 MeV resonance seen in the 12C(p,y0)13N 

studies, coincides with a predicted T = 1/2 component of the 13N 

giant dipole resonance, further investigations were made using the 

10B(3He,py)12C and 10B (3He ,y)13N reactions. These reactions, 

especially the latter, were expected to be sensitive to any popula

tion of the dipole resonance by the 10B + 3He reactions. The 

experiments are described in chapter 3, and a discussion of all the 

10B + 3He data and the conclusions that can be drawn from them is 

contained in chapter 4.
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CHAPTER 3

THE (3He,py) AND (3He,y) MEASUREMENTS

3.1 INTRODUCTION

The presence of states in 13N at 26 and 32 MeV excitation 

has been established by the 10B + 3He reaction studies of Poate 

[Po 67] and the present work. It is therefore of interest to see 

whether these states can be identified with states in the 13N giant 

dipole resonance. Easlea [Ea 62], using two-particle, one-hole 

excitations on a 12C core, has calculated that most of the T = 3/2 

strength of the mass 13 giant resonance occurs at ~ 25 MeV excita

tion, and that the T = 1/2 strength has a component at ~ 32 MeV 

excitation. The available experimental information from the 

12C(p,y0), 13C(y ,n) and 13C(y,p) reactions (summarized by Measday 

OX at. [Me 65] and Shin at aJL. [Sh 71]) does show resonances at 26 

and 32 MeV, as well as others at lower energies. Measday <lt aJL.

[Me 65] have shown that Easlea's predictions are substantially 

correct, but that there is some mixing between the T = 3/2 and 

T = 1/2 states. If this is so, it may be possible for the 10B + 3He 

reactions to populate both these resonances.

Because the 10B(3He,y0)13N reaction should be particularly 

sensitive to the presence of T = 1/2 giant dipole state admixtures 

in the compound nucleus, the cross section of the reaction was 

measured over the region of the resonances under discussion. The 

23.8 cm diam. x 25.4 cm long Nal(Tl) y-ray spectrometer, available 

in this laboratory, was particularly well suited to the study of the 

energetic y-rays produced by this reaction (up to 35 MeV). Unfor

tunately, the yield of the (3He,y) reaction was found to be very low
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(< 60 nb/sr), so that other likely modes of decay of the dipole 

states were also investigated. Barker <it at. [Ba 66] have pointed 

out that the dipole states should have a similar structure to the 

T = 1, 15.11 MeV state in 12C and possibly the T = 0, 12.71 MeV 

state, with an extra (2s,Id) proton. It was therefore expected that 

the 13N giant resonance states should decay appreciably to either or 

both of these states in 12C. The 15.11 MeV y-ray dominated the 

spectra observed in the 10B(3He,y) experiments, and the 12.71 MeV 

y-ray photopeak could be extracted fairly easily, so that excitation 

function measurements were made on the 10B(3He,py)12C reactions 

detecting the 15.11 MeV and 12.71 MeV de-excitation y-rays.

Measurements on the 10B(3He,py ^ ) 12C reacti°n UP to 9 

MeV bombarding energy (29 MeV excitation in 13N) have been made by 

Barker eX at. [Ba 66]. They observed no structure in the excitation 

function, but their targets contained an appreciable amount of 

(~ 15%); the yield from the 11 B(3He,dy^ ^ ) 12C reaction, which has 

a threshold at ~ 6 MeV 3He energy, could have masked out any 

resonance in the 15.11 MeV y-ray yield from the 10B reaction.

The experimental procedure is described in section 3.2, 

while the results are presented and discussed in sections 3.3 and 

3.4 respectively.

3.2 EXPERIMENTAL DETAILS

The 3He beams used in these experiments were obtained from 

the A.N.U. tandem accelerator, in conjunction with either the 

neutral-helium injector (1 MeV type J Van de Graaff), or the 

negative-helium-ion source using lithium vapour exchange. In
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g e n e r a l ,  beam e n e rg i e s  of  4 t o  12 MeV were a v a i l a b l e  w i th  th e  former 

com bina t ion ,  and e n e r g i e s  o f  10 to  19 MeV from th e  l a t t e r .  The beam 

was c o l l i m a t e d  by s e v e r a l  a p e r t u r e s  in  the  beam l i n e ,  th e  l a s t  one,  

2 .3  mm d ia m e te r ,  be ing  1 m away from th e  t a r g e t .  A f t e r  p a s s i n g  

th rough  th e  t a r g e t ,  th e  beam was c o l l e c t e d ,  2 m from the  t a r g e t ,  i n  

an i n s u l a t e d  Faraday cup which was connec ted to  a c a l i b r a t e d  c u r r e n t  

i n t e g r a t o r  (accuracy  ± 2%). In o r d e r  t o  reduce  background,  th e  l a s t  

a p e r t u r e  was i n s u l a t e d , a n d  th e  c u r r e n t  c o l l e c t e d  from i t  minimized 

w i th  r e s p e c t  t o  th e  t r a n s m i t t e d  beam ( u s u a l l y  b e t t e r  th a n  90% 

t r a n s m i s s i o n  was a c h i e v e d ) .  S e l f  s u p p o r t in g  10B t a r g e t s ,  w i th  

t h i c k n e s s e s  va ry ing  from 85 to  240 ygm/cm2 , were used in  t h e s e  

e x p e r im en t s .  The t h i c k e r  t a r g e t s  were used t o  o b ta in  adequa te  c a p 

t u r e  y - r a y  y i e l d s  w i th  the  beam c u r r e n t s  used  (~ 150 n A ) .

The y - r a y s  were c o l l im a te d  by a t a p e r e d  lead  a n nu lus ,  and 

d e t e c t e d  i n  a 23 .8  cm diam. x 25.4 cm long N a l(T l )  c r y s t a l  p l a c e d  a t  

90° t o  t h e  beam d i r e c t i o n ,  w i th  th e  c r y s t a l  face  30.5 cm from the  

t a r g e t .  The c r y s t a l  was i n s i d e  an NE102A p l a s t i c  s c i n t i l l a t o r  

s h e a th  sur rounded by lead  s h i e l d i n g .  The p l a s t i c  s c i n t i l l a t o r  was 

o p e ra t e d  i n  a n t i c o i n c i d e n c e  w i th  th e  Nal d e t e c t o r  t o  r e j e c t  cosmic 

ray  (muon) e v e n t s ,  and a l s o  th o se  y - r a y  even t s  accompanied by 

a p p r e c i a b l e  escape r a d i a t i o n ,  th u s  r ed u c in g  background and improving 

the  r e s o l u t i o n .  Both t h e  acc ep ted  and r e j e c t e d  s p e c t r a  were s t o r e d  

by r o u t i n g  t o  s e c t i o n s  o f  512 channe ls  i n  the  IBM 1800 d a t a  a c q u i s i 

t i o n  system. A d e t a i l e d  d e s c r i p t i o n  o f  the  23 .8  cm x 25.4 cm 

N a l (T l )  c r y s t a l  y - r a y  s p e c t r o m e te r  w i th  th e  a s s o c i a t e d  e l e c t r o n i c s  

i s  p ro v id ed  in  an A.N.U. i n t e r n a l  r e p o r t  [B1 69], and only  r e l e v a n t  

d e t a i l s  and a d d i t i o n s  are  n o te d  below.

Because o f  th e  low y i e l d s ,  wide angle c o l l i m a t i o n  (± 20%)
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was used, giving about 8% F.W.H.M. resolution. The photopeak yields 

were obtained by summing over ± F.W.H.M.; detection efficiencies 

were estimated from the efficiencies obtained for a similar 

24 cm x 24 cm Nal(Tl) detector by Suffert at. [Su 68]. Efficien

cies ranged from 30 ± 5% at 15 MeV to 15 ± 3% at 30 MeV. y-ray 

transmission by the wax and lithium carbonate neutron shielding in

side the collimator, and by the plastic scintillator, was calculated 

from the photon absorption cross sections of Nijght <lt at. [Ni 59];

it was found to vary from 73 to 78 ± 4% for E = 15 to 30 MeV. TheT
resultant overall accuracy of the absolute cross sections was esti

mated to be ± 20%.

Energy calibrations were made using a RdTh y-ray source

(Ê  = 2.61 MeV), and the prominent 12C y-rays at 4.43 and 15.11 MeV

in the reaction spectra. Further calibration points at 15.36 and

18.92 MeV were obtained using the T(3He,yo)6Li reaction (Q value
15.79 MeV [B1 68a]). Photopeaks, corresponding to the calculated

energies (25.3 and 21.8 MeV) of the 10B(3He,y) radiative capture

transitions to the ground state and the 3.51 - 3.55 MeV doublet of

13N, were observed in a spectrum obtained with a 3He energy of 4.8

MeV, and lay on the extrapolation of the calibration line. Further

extrapolation of the calibration line, by following these peaks as

the 3He energy was increased, resulted in a calibration that was

linear to ± 2% up to the maximum y-ray energy observed (E = 32 MeV),Y
thus confirming the identification of the photopeak origins.

In early experiments, a pulsed light source, placed in the 

light pipe between the Nal crystal and the photomultiplier tube, was 

used to stabilize the gain of the photomultiplier. The amplitude of 

the pulse due to the light source (equivalent to E =45 MeV) was



30

fed to a feedback system that controlled the voltage applied to the 

dynode chain. However, the tail of the light pulse was so long that, 

at moderate count rates, significant broadening of the light pulser 

peak occurred, degrading the upper part of the snectrum. Stabiliza

tion was therefore abandoned, and the 15.11 MeV 12C photopeak was 

used to monitor and to correct for any gain shifts (always less than 

2%) .
Two rejection circuits were used to miminize pile-up 

effects at high count rates. The first was a discriminator set at 

about 8 MeV on the delay line clipped leading edge of a fast anode 

signal from the photomultiplier. This discriminator was used to 

gate the linear signal from the ninth dynode. Outside a resolving 

time of about 90 ns, it prevented addition of two pulses (each below 

8 MeV) from producing pulses in the 8 to 16 MeV region. However, at 

beam energies above 9 MeV, the fast neutron background was so high 

that pile-up of pulses below 8 MeV with the 15.11 MeV y-ray pulses 

was a problem. Therefore a second circuit (fig. 3.1) was introduced. 

The clipped fast timing signal from the anode of the photomultiplier 

was amplified and fed to a fast discriminator set at 2 MeV. The 

resulting negative timing pulse was reflected by a shorted cable to 

produce a similar positive pulse delayed by 3 ys (corresponding to 

the length of the linear energy signals). Both pulses were inte

grated by a charge sensitive preamplifier to give a rectangular 

positive pulse of 3 ys duration. If two Nal events triggered the 

fast discriminator within 3 ys, the preamplifier output consisted of 

two overlapping (linearly summed) pulses. The integral discrimina

tor was set to trigger a "veto" pulse only when overlap occurred.

By utilizing a linear delay device and fast timing electronics
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(Ortec  models 454, 417, 109A and 421) ,  th e  c i r c u i t  dead t ime was 

k e p t  smal l  a t  h igh  count  r a t e s .  With a r e s o l v i n g  t ime o f  about  120 

n s ,  t h i s  c i r c u i t  p re v e n te d  a d d i t i o n  o f  any two p u l s e s ,  each over  2 

MeV. The r e s u l t i n g  s p e c t r a  were c o n s id e r a b ly  improved.

3 .3  ANALYSIS AND RESULTS

A t y p i c a l  spect rum o b ta in e d  a t  8.4 MeV 3He energy  i s  shown 

in  f i g .  3 .2 .  The c a p tu r e  y - r a y  t r a n s i t i o n s  t o  the  ground s t a t e  (yg) 

and t h e  3.51 - 3.55 MeV d o u b le t  (y^ ^) o f  1^N are c l e a r ,  as are the  

15.11 -* 0, 12.71 -> 0, and 15.11 -> 4.44  MeV t r a n s i t i o n s  in  12C.

To minimize p i l e - u p  and dead t ime e f f e c t s ,  low beam c u r 

r e n t s  o f  about  30 nA on a 140 ygm/cm2 t a r g e t  were used f o r  a c c u r a t e  

measurements o f  the  1 °B ( 3He ,py ^ ) l2 C c ro s s  s e c t i o n s .  These were 

taken  in  1 MeV s t e p s  from E3^ e = 4 t o  17 MeV. All  p o i n t s  were 

remeasured  a t  l e a s t  once wi th  a d i f f e r e n t  t a r g e t ;  good agreement 

was o b ta in e d .  In c o n t r a d i c t i o n  t o  p r e v io u s  measurements between 4 

and 9 MeV bombarding energy  [Ba 66 ] ,  some s t r u c t u r e  was e v i d e n t .  

T h e re fo re  the  measurements in  the  r e g io n  from 4 to  12 MeV were 

r e p e a t e d  twice  in  100 keV s t e p s  (odd m u l t i p l e s  w i th  i n c r e a s i n g  

ene rgy ,  even when d e c r e a s i n g ) . The c ro s s  s e c t i o n s  o b ta in ed  ranged 

from 200 to  260 y b / s r  and the y  are  shown in  the  top  curve o f  f i g .  

3 .3 .  As d i s c u s s e d  i n  th e  p r e v io u s  s e c t i o n ,  the  a b s o lu t e  e r r o r s  in  

the  c ro s s  s e c t i o n  are e s t i m a t e d  to  be ± 20%.

Because the  e n r i c h e d  10B t a r g e t s  con ta in ed  about 5% of  

13B, a check was made on th e  i:LB(3H e , d y ^  ^ ) 12C c ross  s e c t i o n  a t  8 

MeV bombarding ene rgy ,  u s in g  an en r i c h e d  i : B t a r g e t  (98%). The 

r e s u l t  (635 ± 90 y b / s r )  i n d i c a t e d  a s i g n i f i c a n t  c o n t r i b u t i o n  to  the
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15.11 MeV y-ray yield in the 1ÜB measurements. Therefore the n B 

cross section was measured at a number of energies between 6 MeV 

(threshold) and 17 MeV, and the iUB excitation function corrected 

accordingly. The results are collected in fig. 3.3 where the 

cross sections divided by 20 (the approximate contribution to the 

10B measurements) are shown,and the corrected 10B excitation func

tion is indicated by a smooth curve.

The much lower cross sections for the 10B(3He,py^2 y^)12C 

and 1°B(3He,y)13N reactions were measured with a thicker target 

(175 ygm/cm2) and beam currents up to 130 nA at energies from 4.8 to 

14 MeV. To correct for dead time effects in the electronics (up to 

15% at worst), the spectra were normalized to correctly reproduce 

the 15.11 MeV y-ray yields measured with lower beam currents.

Extraction of the 1°B(3He,py^ y^)12C cross sections was 

complicated by the uncertain background due to the low energy tail 

(bremsstrahlung escape) of the 15.11 MeV photopeak. The line shape 

improvement technique of Suffert 2X at. [Su 68] was therefore 

employed. For each run, a fraction (0.8 was found to be optimum) of 

the Nal(Tl) spectrum which had been rejected (because of coincident 

events in the plastic scintillator) was subtracted from the accepted 

spectrum. Figure 3.4 shows the result for E3^  =8.4 MeV. Despite 

the different scales, a comparison with the accepted spectrum in 

fig. 3.2 reveals a significant improvement in resolution. The ratio 

of the 12.71 and 15.11 MeV photopeak counts extracted from the 

"improved" spectrum at each energy, was then combined with the 15.11 

MeV yields obtained from the "unimproved" spectra to give the true 

12.71 MeV y-ray yields.

As in the 15.11 MeV cross section measurements, the
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11B(3He,dy^2 7^)12C reaction was found to contribute significantly 

to the 12.71 MeV y-xay yield. The 12.71 MeV cross sections were 

extracted from the 11 B data and they are presented with the uncor

rected and corrected 1°B(3He,dy^ 7^)12C results in fig. 3.5. The 

absolute errors in the cross sections are estimated to be ± 20%. It 

should be noted that these cross sections are for the production of 

the 12.71 MeV y-ray. The 12.71 MeV level of 12C decays primarily 

by a-emission (97.5%), so that the 1°B(3He,p)12C cross section to 

the 12.71 MeV state is actually about 50% greater than that to the 

15.11 MeV state between 4.8 and 12 MeV bombarding energy.

Even with the thicker targets and higher beam currents, 6 

to 10 hours were required to collect adequate statistics for the 

(3He,y) reaction at each energy. As a check, three points were 

repeated with a different target; the results were in good agree

ment with the initial measurements. The y0 and y^  ̂ cross sections 

were evaluated by summing across the appropriate channels 

(± F.W.H.M.), and subtracting background estimates with generous 

error allowances. The results are shown in fig„ 3„6. In no spec

trum was there evidence of a transition to the 2.37 MeV first 

excited state of i3N; an upper limit of 20% of the y0 cross sec

tion is placed on this transition between 4.8 and 14 MeV 3He energy.

The 11B(3He,y)14N reaction has a Q value only 0.9 MeV 

lower than that for I0B radiative capture, so that any large contri

bution from this reaction would produce y-rays that would be 

included in the 10B yield. Therefore, a measurement of the 

11B(3He,y)14N cross section was made at 8.4 MeV bombarding energy 

with an enriched 11B target. This gave 0 (>q ) = 210 ± 90 nb/sr and 

a^2 3̂  < nb/sr* Black &£ at. [B1 70] have measured cr(yg) from
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E3He = 0-9 to 2.6 MeV. At the latter energy, just above the Coulomb 

barrier, the cross section has risen to and levelled off at 300 ± 50 

nb/sr. If these are typical 11B(3He,y) cross sections for the high

er energy range studied in the present experiments, then the 

10B(3He,Yo) aRd 1QB(3He,Y3 cross sections in fig. 3.6 are prob

ably too large by 10 - 30% and 5 - 15% respectively.

Also visible, but less distinct, in the spectrum of fig. 

3.2 are photopeaks at 20.9 ± 0.3 and 18.3 ± 0.6 MeV. These peaks 

were clearer for higher bombarding energies when they moved further 

above the high energy tail of the 15.11 MeV photopeak. They exhib

ited the correct shifts with beam energy to be capture y-nays to 

states of 13N at 7.25 ± 0.15 and 9.8 ± 0.3 MeV excitation, or poss

ibly to states of 14N at 6.35 ± 0.15 and 8.1 ± 0.3 MeV. The former 

origin seems more likely since these y-rays were not obvious in the 

11B(3He,Y) spectrum at 8.4 MeV 3He energy. Because of the apprec

iable background, it was not possible to extract accurate cross sec

tions for these transitions over the full energy range, but ff(y 2  ̂

was estimated to be * 1.5 pb/sr between 5 and 9 MeV bombarding 

energy, and a(yg was ~ 2 pb/sr at 9 MeV 3He energy.

3.4 DISCUSSION

Several calculations have been made of the positive parity 

states of 13C and 13N produced by electric dipole absorption.

Easlea [Ea 62] evaluated the dipole excitations of "3C assuming the 

13C ground state to be a lp^^ neutron added to the ground state of 

12C which was assumed to be a pure j-j coupling state (lp3^). The 

dipole excitations were then described by single-particle excitation
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of the 12C core producing a two-particle, one-hole configuration, or 

by a single-particle excitation of the valence nucleon. This treat

ment admits the presence of T = 3/2 states, and a strong grouping of 

these states was found around 25 MeV excitation with a weaker com

ponent at 37 MeV. Likewise, groupings of T = 1/2 states were found 

around 13, 20 and 32 MeV. These isotopic spin assignments for the 

giant resonance states were supported by the i2C(p ,y q) data of 

Fisher <lt at. [Fi 63], in which the predicted T = 1/2 states were 

observed, but no resonance was observed corresponding to the T = 3/2 

state at ~ 25 MeV. On the other hand, in the i3C(y,p)12B measure

ments of Cook [Co 67], in which proton decay of T = 3/2 states in

13C, to T = 1 states in i2B was isospin allowed, a strong resonance 

was observed at ~ 26 MeV. However, there was no sign of the 

predicted T = 3/2 resonance at 37 MeV.

In a comprehensive survey of the electric dipole reson

ances of 13C and 13N by Measday <l£ at. [Me 65], the relevant data

were discussed and it was deduced that the 26 MeV state is predom

inantly T = 3/2 with some T = 1/2 admixture. Investigations of the 

giant resonance states were also carried out using a weak coupling 

model, essentially in the j-j coupling limit. The 13C giant reson

ance states were described by core excitations of the form lp^^ 

lPl/2 (2s,Id). Break-up of these states was expected to leave 12C
—  I

mainly in its lp^^ Ipp/ 2 states> which were taken to be those at 

4.43, 12.71, 15.11 and perhaps 16.11 MeV.

If the 13C and 13N ground state configurations are obtained 

from the LS coupling limit, simple predictions can be made concerning 

the decay of giant resonance states. The ground states have the con

figurations ls4lp9 with symmetry [441] and El excitations will



36

produce states of the form ls4lp8[431] (2s,Id) - corresponding to 

core excitations - and lsl+lp8[44] (2s,Id). Since the matrix ele

ments for the dipole transitions are proportional to the fractional 

parentage coefficients of the form {p9|p8p), as given by Janh and 

van Wieringen [Ja 51], states of [431] symmetry will be produced 

five times as strongly as those of [44] symmetry. Therefore, nuc

leon emission from the El giant resonance states will then proceed 

preferentially to states of [431] symmetry. The lowest mass 12 

states with predominantly the [431] symmetry are the T = 1 isospin 

triplet, consisting of the 15.11 MeV state of 12C and the ground 

states of i2B and 12N, and possibly the T = 0, 12.71 MeV state of 

12C [Ku 71]. It is therefore expected that the l3C (or 13N) giant 

resonance states should decay appreciably to the 15.11 MeV state of 

12C.

The present excitation function measurements of the decay 

of the 1QB + 3He system to the 15.11 and 12.71 MeV states in 12C are 

shown in figs. 3.3 and 3.5 respectively. Some structure is evident 

in both of them at 26 and 28 MeV excitation, corresponding to the 

states seen in the 1°B(3He,particle) channels [Po 67]. If either of 

these states were associated with the T = 3/2 part of the 13N giant 

resonance at 26 MeV, the (3He,p) yield should favour the T = 1 final 

state over the T = 0 one. This does not appear to be the case.

There is no evidence in the 15.11 MeV y-ray data for a resonance 

similar to those seen in the (3He,ai) and (3He,d4^5) reactions at 

32 MeV.

The analogue of the (3He,py^ )̂ reaction is the 

1°B(3He,ng)12B reaction. Peterson and Glass [Pe 63] obtained evi

dence for the 26 MeV state in their total cross section measurement
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of this reaction; however, it is not excited as strongly as would 

be expected for a giant resonance state. The measurements of Singh 

[Si 70] indicate some weak structure at about 32 and 34 MeV excita

tion, but the data points were so widely spread and the errors 

assigned so large, that it is not certain whether or not the reac

tion is populating the 32 MeV resonance seen in the other channels.

Further evidence for the weakness of the 26 and 28 MeV 

resonances in the channel to the 15.11 MeV state is available from 

the 12C (p ,PYj 5  1 1 ) 3 2C reaction [Me 63] and its analogue, the 

12C(p,n)12N reaction [Ri 68]. The 26 MeV resonance was seen in the 

former reaction, while both were observed in the latter. However, 

they were excited only weakly and in neither reaction was there any 

evidence for the 32 MeV resonance.

The 1°B(3He,y)13N data obtained in the present studies are 

presented in fig. 3.6. The most striking feature of the results is 

the very small (3He,Yo) cross section, which is typically 40 nb/sr 

between 25.3 and 32.4 MeV excitation. With the error bars applied 

to the data points it is only possible to say that there could be 

structure in the yield curve corresponding to the resonances seen in 

the other 10B + 3He studies at 26, 28 and 32 MeV. Using the princi

ple of detailed balance to calculate the inverse reaction cross sec

tions from these measurements and Fisher's i2C(p,Yo)13N data, the 

following mean cross sections over the region from 25.3 to 32.4 MeV 

excitation are obtained:

13N(y ,Po)12C : 296 yb/sr
13N(y,3He0)10B : 5.3 yb/sr .

The (Y>3Heg) cross section is thus typically 1.8% of the (y>Po)
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c ro s s  s e c t i o n .  This  i s  s t r o n g  evidence  t h a t  the  i0B + 3He system 

has l i t t l e  o v e r la p  w i th  low m u l t i p o l a r i t y  e l e c t r o m a g n e t i c  e x c i t a 

t i o n s  o f  the  13N ground s t a t e .  In p a r t i c u l a r ,  with  the  ( 3He,py) 

r e s u l t s  o f  the  p r e s e n t  expe r im en t ,  i t  can be concluded t h a t  the  

v a r io u s  resonances  seen in  the  10B(3He,p a r t i c l e )  channe ls  a re  no t  

a s s o c i a t e d  with  the  13N g i a n t  d ip o l e  re sonance .

I t  i s  u n f o r t u n a t e  t h a t  the  low c ross  s e c t i o n  p r e c lu d e d  

more a c c u r a t e  measurements o f  the  iQB ( 3He,yo)  y i e l d ;  f o r  th e  same 

r e a s o n ,  an g u la r  d i s t r i b u t i o n  measurements were no t  f e a s i b l e  in  the  

( a c c e l e r a t o r )  t ime a v a i l a b l e .  I n c r e a s i n g  n e u t ro n  background 

p re v e n te d  the  e x t e n s i o n  of  the  measurements above 14 MeV 3He energy 

(32 .4  MeV e x c i t a t i o n  in  13N). However, w i th  th e  d a t a  a v a i l a b l e ,  i t  

can be seen t h a t  th e  32 MeV resonance  seen in  the  12C( p , yo)  r e a c t i o n  

i s  c e r t a i n l y  no t  s t r o n g  i n  th e  10B( 3He,yo)  channe l ,  i f  i t  i s  e x c i t e d  

a t  a l l .

The i 0 B(3He,y^ ^ ) 13N c ro s s  s e c t i o n  d e c re a se s  smoothly over  

th e  measured range .  The h igh  va lue  a t  4 .8  MeV ^He energy might be 

a s s o c i a t e d  w i th  a resonance  a t  a lower ene rgy ,  bu t  the  d i f f i c u l t y  in  

e x t r a c t i n g  the  y^  ̂ photopeak from the  t a i l  o f  the  15.11 MeV p h o t o 

peak p re v e n te d  r e l i a b l e  measurements below 4 .8  MeV.

In c o n c l u s i o n ,  the  r e s u l t s  p r e s e n t e d  in  t h i s  c h a p t e r  

i n d i c a t e  t h a t  th e  r e sonances  seen i n  the  3ÜB + 3He r e a c t i o n s  above 

25 MeV e x c i t a t i o n  i n  13N can no t  be i d e n t i f i e d  w i th  th e  g i a n t  d ip o l e  

r e sonance .  A summary o f  a l l  the  d a t a  p e r t a i n i n g  to  the  resonances  

seen in  the  iQB + 3He r e a c t i o n s  above 25 MeV e x c i t a t i o n  i s  p r e s e n t e d  

in  c h a p t e r  4.
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CHAPTER 4

SUMMARY AND CONCLUSIONS

The 10B + 3He s t u d i e s  d e s c r i b e d  i n  t h i s  t h e s i s  h a v e  s o u g h t  

t o  e s t a b l i s h  t h e  p r e s e n c e  o f  l e v e l s  i n  t h e  1 3N compound s y s t e m  above 

25 MeV e x c i t a t i o n .  P r e v i o u s  work h ad  i n d i c a t e d  r e s o n a n c e s  i n  t h e  

10 B + 3He and 12C + p s y s t e m s  a t  26 and 28 MeV e x c i t a t i o n ,  w h i l e  a 

r e s o n a n c e  a t  32 MeV h a d  b e e n  o b s e r v e d  i n  t h e  l 2 C ( p , y g )  r e a c t i o n .  In  

t h e  p r e s e n t  e x p e r i m e n t s ,  t h e  i 0 B + 3He m e a s u r e m e n t s  w e re  e x t e n d e d  t o  

i n c l u d e  t h e  r e g i o n  o f  t h e  32 MeV r e s o n a n c e ,  and a d d i t i o n a l  s t u d i e s  

we re  made o f  a l l  t h r e e  r e s o n a n c e s  u s i n g  t h e  IÜB ( 3H e , y ) 1 3N and 

10 B ( 3H e , p y ) 12C (E = 1 5 .1 1  and 1 2 . 7 1  MeV) r e a c t i o n s .

A summary o f  t h e  a v a i l a b l e  d a t a  on t h e  1 3N compound s y s t e m  

above  25 MeV e x c i t a t i o n  i s  p r e s e n t e d  i n  t a b l e  4 . 1 .  The d a t a  were  

t a k e n  f rom t h e  c o m p i l a t i o n  by  A j z e n b e r g - S e l o v e  [Aj 69]  an d  t h e  

p r e s e n t  w o r k .  I f  a  g i v e n  r e s o n a n c e  h a s  b e e n  s e e n  i n  a p a r t i c u l a r  

r e a c t i o n ,  t h e  a n g l e  o r  a n g l e s  a t  w h i c h  i t  was o b s e r v e d  i s  n o t e d .  

I n d i c a t i o n s  o f  c h a n g e s  i n  y i e l d  a t  t h e  a p p r o p r i a t e  r e s o n a n c e  e n e r g i e s  

a r e  shown by  p a r e n t h e s e s .  As d i s c u s s e d  i n  c h a p t e r  1 ,  w h i l s t  one  

s h o u l d  be  wa ry  o f  i n t e r p r e t i n g  "bumps"  i n  c r o s s  s e c t i o n s  as  r e s o n 

a n c e s  f rom  i n d i v i d u a l  s t a t e s  i n  t h e  compound n u c l e u s ,  t h e r e  i s  s u b 

s t a n t i a l  e v i d e n c e  i n  t h i s  i n s t a n c e ,  t h a t  r e s o n a n c e s  o c c u r  i n  t h e  1 3N 

compound s y s t e m  a t  2 6 ,  28 and 32 MeV.

The f i r s t  two r e s o n a n c e s  h a v e  b e e n  o b s e r v e d  i n  s e v e r a l  

c h a n n e l s ,  and t h e i r  n a t u r e  h a s  b e e n  d i s c u s s e d  b y  S c o t t  <lt at. [Sc 67] 

and G i r o d  Cil. [Gi 7 0 ] .  The l a t t e r  a u t h o r s  h a v e  f i t t e d  t h e  a v a i l 

a b l e  10 B ( 3H e , a )  d a t a  u s i n g  t h e  H u m b l e t - R o s e n f e l d  t h e o r y  ( i n  w h ich  

t h e  c o l l i s i o n  m a t r i x  i s  c o n s i d e r e d  t o  b e  t h e  sum o f  a sm oo th  b a c k -
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Table 4.1

Yield resonances in reactions 
going through the 13N compound nucleus

3He Energy (MeV) 5.6 8.5 13.5

1 3N Excitation (MeV) 26 28 32

Reaction
10B(3He,a0)9B 150° (90°,150°) *

a l * * 150°
a2

10B(3He,t)10C * *
(150°)

10B(3He,d0)11C 90°,150° * *

di
d2
d 3

d4,5
10B(3He,p0)12C 150° 150°

* ; 
**

150°
*

Pi * * *
P2 150° *

P3 150° *
10B(3He)PY 12 yl)12C 90° 90° *

Py 15.11 90° 90° *
10B(3He,n)12N (total) * *
10B(3He,Yo)13N (90°) (90°) (90°)

Y2,3 * * *

12c(P ,Pn 2c 135°,145° 135°,145°

12C(P’PY15.11)12C 90° *
*

12c (p ,y o )13n * * 90°
Y 2,3 90° * *

12C (p ,n)12N (total) (total) (total)

* Indicates no significant change in yield at that excitation. 
Parentheses indicate a possible resonant change in yield.

The data for this table were taken from the compilation 
of Ajzenberg-Selove [Aj 69] and the present work.
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ground term and a series of resonant terms) and have analyzed the 

12C(p,p) data using an optical model formalism modified by a reson

ance term. They proposed spins and parities of 7/2" and 9/2+ for 

the states in 13N giving rise to the resonances at 26 and 28 MeV 

respectively. The high spins postulated for these states are con

sistent with the y-ray measurements of the present work (chapter 3), 

from which it was concluded that the resonances observed in the 

10B + 3He reactions could not be identified with the electric 

dipole giant resonance states in 13N (which have spins of l/2+ and 

3/2+).

The 32 MeV resonance has now been observed in three dif

ferent reactions at the same energy and with similar widths. There 

is the possibility that the resonance observed in the 10B + 3He 

studies could be due to a strongly absorbing resonance in the input 

channel [Mo 67], that happens to coincide with a giant dipole state 

observed in the 12C(p,yo) reaction. However, such a resonance 

should also appear strongly in the 3He elastic scattering cross sec

tion, and, although it was not possible to extract the 10B(3He,3He) 

yield accurately because of underlying background peaks, an inspec

tion of the spectra taken at 150°, presented in fig. 2.2, reveals no 

sign of a large change in yield near 13.5 MeV bombarding energy (32 

MeV excitation in 13N). It appears reasonable therefore, to assume 

that the same resonance is populated in the three reactions, and 

that it can be classified as due to a state in 13N.

Unfortunately, in the time available, it was not possible 

to measure angular distributions over the region in which the 

resonance was observed, so that no total cross sections could be 

deduced. Neither could an analysis similar to that of Girod dt at.
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[Gi 70] be applied. However, such an analysis is unlikely to 

provide a unique value of spin and parity because of the large 

entrance channel spin (5/2 and 7/2), and the variety of possible 

angular momenta for the incoming particle. An extension of the 

12C + p experiments, which provide less complex input channel situ

ations, might provide the necessary information.

One conclusion about the nature of the state at 32 MeV can 

be drawn from the data in table 4.1. The 32 MeV resonance is not 

seen in the same channels as either the 26 or 28 MeV resonances, 

although the deuteron yields to the fourth and fifth excited states 

of 11C have not been measured over the region of the lower two 

resonances. This disparity suggests that the state has a substan

tially different structure to the other two resonance states at 26 

and 28 MeV.

In an effort to see whether the character of the 32 MeV 

state could be deduced from the configurations of the outgoing chan

nels, the predominant symmetries of the wave functions of the final 

states were examined. The wave functions for the negative parity 

states were calculated by Kumar [Ku 71] from the parameters of Cohen 

and Kurath [Co 65a] (using the 2BME parameters for A = 9, and the 

POT parameters for A = 11, 12 and 13). The predominant symmetries 

of the positive parity states were deduced from the Nilsson config

urations of El-Batanoni and Kresnin [El 66]. The configurations are 

presented in table 4.2. Both the (3He,ct2) and (3He,d4) reactions 

lead to positive parity states in the final nucleus. Loosely bind

ing an a-particle and a deuteron respectively to these states, leads 

to compound states that have similar configurations to one of the 

possible 13N giant dipole configurations (ls4lp8[44] (2s,Id)). How-
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e v e r ,  t h e r e  a re  s e v e r a l  o b j e c t i o n s  t o  t h i s  i n t e r p r e t a t i o n  o f  the  

n a t u r e  o f  th e  r e sonance .  The c a l c u l a t e d  d ip o l e  resonances  above 30 

MeV r e s u l t  mainly from e x c i t a t i o n  o f  a Is nucleon  [Ea 62] g iv in g  a 

c o n f i g u r a t i o n  p redom inan t ly  o f  the  form, l s 3l p 10[442] ;  a l though  i t  

could  be p o s s i b l e  to  have some smal l  admixture o f  the  l s 4 l p 8 [44]

( 2 s , I d )  term. The main o b j e c t i o n  i s  the  absence o f  any a p p r e c i a b l e  

resonance  i n  the  ( 3He,p) r e a c t i o n s .  Both the  ground and f i r s t  

e x c i t e d  s t a t e s  o f  12C have main ly  [44] symmetry (see t a b l e  4 . 3 ) ,  and 

i f  t h e  10B + 3He system i s  p o p u l a t i n g  the  [44] symmetry components 

o f  the  13N g i a n t  resonance  s t a t e s ,  the  em iss ion  o f  a p r o to n  from th e  

( 2 s , I d )  s h e l l  to  t h e  f i r s t  two s t a t e s  in  12C would be favoured .

Table  4.2

C o n f ig u ra t i o n s  o f  the  ou tgo ing  channels  

from the  32 MeV resonance  in  13N

Reac t ion C o n f ig u ra t io n F in a l  Spin 
S t a t e

10B(3He,cO9B ai  + l s 4 l p 5 [41] 5 / 2 '

a 2 + l s 4 l p 4 [4] ( 2 s , I d ) 3 / 2+ , 5 / 2+

10B(3H e ,d ) n C d4 + l s 4 l p 6 [42] (2 s , I d ) l / 2 +

a n d /o r

d 5 + I s 4 l p 7 [43] 7 / 2 '

1°B(3He, y ) 13N Yq + l s 4 l p 8 [441] and [432] 1 /2 '

Wave f u n c t i o n s  f o r  th e  n e g a t iv e  p a r i t y  f i n a l  s t a t e s  were 

c a l c u l a t e d  from the  p a r a m e te r s  o f  Cohen and Kurath [Co 65a] by Kumar 

[Ku 71] .  Only the  predominant  symmetries ( c o n t r i b u t i n g  > 80% to  t h e  

s t r e n g t h  o f  th e  wave fu n c t i o n )  a re  l i s t e d .

The predominan t  symmetries o f  th e  p o s i t i v e  p a r i t y  s t a t e s  

were deduced from r e f .  [El 66] .
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A f u r t h e r  problem which a p p l i e s  to  a l l  t h r e e  o f  the  r e s o n 

ances ,  i s  the  appearance o f  each resonance  in  only  one o f  the  

( 3He,ao) o r  ( 3H e ,a i )  channe ls .  As can be seen from t a b l e  4 . 3 ,  the 

ground and f i r s t  e x c i t e d  s t a t e s  o f  9B have s i m i l a r  c o n f i g u r a t i o n s ,  

w i th  an e x t r a  u n i t  o f  an g u la r  momentum added t o  th e  l a t t e r .  A l s o , i n  

a s t r o n g  c oup l ing  r o t a t i o n a l  model approach [El 66 ] ,  t h e  2.33 MeV 

s t a t e  can be d e s c r i b e d  as the  f i r s t  l e v e l  in  a r o t a t i o n a l  band based  

on the  ground s t a t e  i n  a l 43Lf21 N i l s s o n  c o n f i g u r a t i o n .  I f  the  26 

MeV s t a t e  has  a s p in  o f  7/2 , as s ugges ted  by Girod a t. [Gi 70] , 

then  t h e r e  i s  no apparen t  reason  why i t  should  n o t  decay to  th e  5/2 

f i r s t  e x c i t e d  s t a t e  o f  9B as w e l l  as t o  the  3/2 ground s t a t e .  

S i m i l a r  i n c o n s i s t e n c i e s  occur  in  the  decay o f  the  26 MeV s t a t e  to  

the  ground s t a t e  o f  12C and no t  to  t h e  f i r s t  e x c i t e d  s t a t e ,  and in  

the  a -decay  o f  the  32 MeV s t a t e .  I t  i s  apparen t  t h e r e f o r e ,  t h a t  th e  

resonances  cannot  be d e s c r ib e d  simply as c o n f i g u r a t i o n s  o f  the  o u t 

going p a r t i c l e s  and the  s t a t e  o f  the  f i n a l  n u c l e u s .

In t h e i r  a n a l y s i s  o f  th e  2 0 .9 ,  22.5 and 25.5 MeV r e s o n 

ances t h a t  appear  in  th e  12C ( p , p ' ) 12C* (15.11 MeV) r e a c t i o n ,  S c o t t  

qX  a t. [Sc 67] s u c c e s s f u l l y  e x p la in e d  th e  behav iou r  o f  th e  c ross  

s e c t i o n s  u s in g  DWBA th e o ry  and a t h r e e - q u a s i - p a r t i c l e  model f o r  the  

i n t e r m e d i a t e  l e v e l s  i n  13N. In t h i s  i n t e r p r e t a t i o n ,  th e  temporary 

ca p tu re  o f  an ou tgo ing  n u c l e o n ,  subsequen t  to  the  i n i t i a l  d i r e c t  

r e a c t i o n ,  c r e a t e s  a l o n g - l i v e d  c o n f i g u r a t i o n  o f  t h r e e - q u a s i -  

p a r t i c l e s .  These l e v e l s  a re  more complex e x c i t a t i o n s  th an  the  g i a n t  

d ip o l e  s t a t e s ,  which a re  e s s e n t i a l l y  o n e - q u a s i - p a r t i c l e  s t a t e s ,  and 

may be i d e n t i f i e d  as "doorway s t a t e s "  t h a t  can p ro p ag a te  i n t o  

i n c r e a s i n g l y  complex e x c i t a t i o n s  which c o n s t i t u t e  a t r u e  compound 

n u c l e u s .  Since th e  32 MeV l e v e l  cannot  be d e s c r ib e d  by any simple
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e x c i t a t i o n ,  i t  could  w e l l  be a n o th e r  example o f  such a doorway s t a t e .

The 10B + 3He s t u d i e s  p r e s e n t e d  in  t h i s  t h e s i s  have con

f i rm ed  the  e x i s t e n c e  o f  a s t a t e  i n  13N a t  32 MeV e x c i t a t i o n .  Three 

s t a t e s  i n  13N above 25 MeV e x c i t a t i o n  have now been observed  as 

r e sonances  i n  e x c i t a t i o n  f u n c t i o n s  o f  th e  10B + 3He r e a c t i o n s  meas

ured  in  t h i s  and p r e v io u s  work [Po 67] .  I t  has been shown t h a t  none 

o f  th e  t h r e e  s t a t e s  a t  26, 28 and 32 MeV e x c i t a t i o n  can be i d e n t i 

f i e d  w i th  El g i a n t  resonance  s t a t e s  in  13N. The n a t u r e  o f  t h e s e  

s t a t e s  i s  n o t  c l e a r ,  and more work,  both  ex p e r im en ta l  and t h e o r e t 

i c a l ,  i s  r e q u i r e d  t o  e l u c i d a t e  t h e i r  c h a r a c t e r .  In p a r t i c u l a r ,  the  

s p in  and p a r i t y  o f  the  32 MeV s t a t e  i s  unknown, and needs t o  be 

de te rm ined  b e fo re  f u r t h e r  co n c lu s io n s  can be drawn.



PART II

THE ENERGY LEVEL STRUCTURE OF 57Co, 59Co AND 61Co
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CHAPTER 5 

INTRODUCTION

In nuclear spectroscopy, systematic changes in nuclear 

parameters and level structure with changing nucleon numbers are of 

interest to both theoretical and experimental investigators. An 

obvious example of this is the striking systematic variation in the 

energies of the first excited states of even-even nuclei which 

provided early evidence for shell structure of nuclei. On a smaller 

scale, the degree of similarity in the level structures of a 

sequence of nuclei can suggest an appropriate nuclear model to des

cribe these and neighbouring nuclei. Such systematics can also be 

used to infer the existence or the properties of corresponding 

levels in nuclei of the series. While information derived in this 

way is not conclusive, it can provide a valuable guide to the 

direction of further research.

A number of interesting similarities between the posi

tions and properties of levels in the odd mass cobalt nuclei (57Co, 

59Co, 61Co, and 63Co) were noted by Blair and Armstrong [B1 66] in 

their (t,a) studies. They observed that many of the features of 

the a-particle spectra were common to all four Co nuclides. Grench 

Zt at. [Gr 67], in their ß decay studies, also commented on the 

similarity of the levels of 59Co and 61Co populated in ß decay, and 

arrived at a ratio of 1.07 linking the excitation energies of cor

responding states in the two nuclei. In each of the above studies, 

the number of states observed was restricted by the reaction mech

anism involved and the experimental resolution. The experiments 

reported here were undertaken to supply more comprehensive informa-
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tion on the positions, properties and systematics of the energy 

levels in the three neighbouring odd mass cobalt nuclei, 57Co, 59Co 

and 61 Co.

Since the appropriate nickel and iron isotopes are stable 

and enriched targets could be made, it was possible to study states 

in 57Co, 59Co and 61Co using the Ni(p,a) and Fe(a,py) reactions.

Both these reactions were expected to be primarily compound nuclear 

reactions, so that a large variety of final states would be popu

lated. It would also have been possible to investigate 55Co using 

the 58Ni(p,a) reaction; however, this nucleus has a closed neutron 

shell (N = 28) and the energy level spectrum was already known to be 

quite dissimilar to that of the higher mass cobalt nuclei. 53Co 

could not be investigated through these reactions since the approp

riate target nuclei are not stable.

The positions of the low lying levels of 57,59,6lc0 were 

initially determined using the 60>62>64Ni (p,a) reactions. A broad 

range magnetic spectrograph was used to identify the a-particle 

groups and to provide adequate resolution. The experiment is des

cribed in chapter 6.

Subsequently, the decay schemes and J11 values of levels in 

59Co and 61Co were measured using the 56>58Fe(a,py) and 64Ni(p,ay) 

reactions. Particle-y-ray coincidence measurements were performed 

using the geometry of Litherland and Ferguson Method II [Li 61].

The outgoing particles were detected at 0° by a double focusing mag

netic spectrometer and a position sensitive detector, or near to 

180* by an annular solid state detector. Coincident y-rays were 

detected using Nal(Tl) crystals and a Ge(Li) detector. The angular 

correlation theory of Rose and Brink [Ro 67a] used to analyze the
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56Fe(a,py) data is discussed briefly in the Appendix, along with 

several related experimental features. The experiments and results 

are reported in chapter 7.

Decay schemes and angular correlations in the 54Fe(a,py)57Co 

reaction have been measured by Coop <lt aZ. [Co 70] at this laboratory. 

That experiment is not reported here, but the results are discussed in 

relation to the level schemes of 59Co and 6■’•Co in chapter 8. The 

observed similarities in the level properties of the three nuclei are 

examined, and compared with the available theoretical predictions.
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CHAPTER 6

ENERGY LEVELS IN 57>59>51Co FROM THE 
60 ,62 ,64N i (p j a ) REACTIONS

6.1  INTRODUCTION

When th e s e  r e a c t i o n  s t u d i e s  were made, l i t t l e  in fo rm a t io n  

on th e  s p in s  and p a r i t i e s  o f  th e  energy  l e v e l s  o f  the  t h r e e  odd-mass 

i s o t o p e s ,  57>59>61Co, was a v a i l a b l e .  The low ly ing  l e v e l s  o f  57Co 

had been i n v e s t i g a t e d  by a number o f  e x p e r i m e n t a l i s t s ,  bu t  d i s a g r e e -  

ments as to  the  e x i s t e n c e  o f  some l e v e l s ,  and the  J  o f  o t h e r s ,  

appeared in  t h e i r  r e s u l t s .  These d i sag reem en ts  have been summarized 

by Bouchard and Cujec [Bo 6 8 ] ,  and w i l l  be d i s c u s s e d  i n  the  l i g h t  o f  

subsequen t  d a t a  ( s e c t i o n  6 . 3 . 1 ) .  59Co i s  the  only  s t a b l e  c o b a l t  

i s o t o p e ,  and the  p o s i t i o n s  o f  the  l e v e l s  up to  a few MeV e x c i t a t i o n  

have been de te rmined  by ( p , p ' )  s t u d i e s ,  as w el l  as th rough v a r io u s  

o t h e r  r e a c t i o n s  summarized c o n v e n i e n t l y  i n  the  N uclea r  Data Sheets  

[N .D .S . ] .  P u b l i s h e d  in f o r m a t io n  on the  energy l e v e l s  o f  61Co was 

l e s s  p l e n t i f u l ,  and comes e n t i r e l y  from ( t , a ) ,  ( t , p )  and 3 decay 

s t u d i e s  [Hu 71 and N .D .S . ] .  Again t h e r e  were d i s c r e p a n c i e s  in  the  3 

decay r e s u l t s  and th e s e  w i l l  be d i s c u s s e d  l a t e r  in  the  c o n te x t  of  

the  p r e s e n t  r e s u l t s  ( s e c t i o n  6 . 3 . 3 ) .

The purpose  o f  the  p r e s e n t  exper iment was t o  r e s o lv e  t h e s e  

e a r l i e r  d i sag ree m en ts  and t o  p ro v id e  a c c u r a t e  l e v e l  schemes f o r  the  

57 , 5 9 }6lco n u c l e i .  The a v a i l a b i l i t y  o f  h i g h l y  en r i c h e d  n i c k e l  

i s o t o p e s  o f  mass 60,  62 and 64 made the  (p ,a )  r e a c t i o n  a conven ien t  

method f o r  p o p u l a t i n g  s t a t e s  in  th e  c o b a l t  i s o to p e s  o f  i n t e r e s t .

This  was e s p e c i a l l y  s o ,  s in c e  the  ( 3He,d) and ( t , a )  r e a c t i o n s ,  and 

the  3 decay s t u d i e s  used p r e v i o u s l y ,  tended  to  s e l e c t i v e l y  p o p u la t e
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states in the final nuclei, while the (p,a) reaction was expected to 

be primarily compound nuclear in nature, and therefore populate a 

large variety of final states» Relevant target enrichments and 

reaction Q values are shown in tables 6.1 and 6.2 respectively.

Table 6.1

Isotopic abundances of enriched 
iron and nickel target materials

Enriched Isotopic abundance (%)
isotope 5 8Ni 6°Ni 61N i 62Ni 64Ni

50Ni 0.21 39.79 < 0.05 < 0.05 < 0.05
62Ni 0.38 0.51 0.09 99.02 < 0.05

' 64Ni 0.61 0.43 0.14 0.26 98.56

54Fe 56Fe 5 7Fe 58Fe

56Fe 0.03 99.93 0.03 < 0.02
58Fe 0.45 15.83 1.6 82.12

The target material and analyses were obtained from 
Oak Ridge National Laboratories. Other elements present have 
individual abundances of 0.1% or less.

Preliminary experiments performed in this laboratory with 

solid state counters [Co 69] showed that, between 9 and 11 MeV bom

barding energy, the 62*84Ni(p,a) differential cross sections fluc

tuated rapidly with energy. Also, only the ground state groups 

showed the marked forward peaking in the angular distributions which 

is characteristic of direct reaction mechanisms. Kumabe it at.

[Ku 63], who observed similar characteristics in the 58>60Ni(p,a)
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Table 6.2

Ground state Q values (MeV)
for (p,a) and (a,p) reactions of interest

Target (P,o0 (a,p)
nucleus Q value Q value

58Ni -1.35
60Ni -0.27
61Ni 0.48
62Ni 0.35
64Ni 0.69
54Fe -1.77
56fe -3.24
57Fe -3.39
58Fe -4.09
12C -7.55 -4.96
13C -4.06 -7.43
16 0 -5.22 -8.11

reactions in the same range of bombarding energies, explained the 

fluctuations in cross section on the basis of Ericson’s theory of 

statistical compound nucleus decay [Er 60]. For the corresponding 

excitation energies in the compound system (~ 15 MeV), states would 

be expected to be closely spaced and overlapping. Thus many dif- 

ferent J states would be populated in the final nucleus, while 

angular distribution effects, due to single compound nuclear states, 

would be smeared out.

The yield for states above a few MeV excitation rapidly 

decreased due to the Coulomb barrier 10 MeV for a-particles in 

Fe). However, typical differential cross sections for the low lying 

states were of the order of 20 yb/sr which made experiments with a
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magnetic spectrograph feasible. Because of the independent fluctua

tions of the reaction cross sections to different states, measure

ments were made at several different incident energies in order to 

detect as many final states as possible.

6.2 EXPERIMENTAL DETAILS

The A.N.U. broad range magnetic spectrograph is a uniform 

field spectrograph similar to that described by Browne and Buechner 

[Br 56]. It has a pole radius of 65 cm and a useful focal plane 

length of 107 cm. The particles are deflected through approximately 

90° and may be detected in the focal plane with either photographic 

plates or position-sensitive solid state detectors. The maximum 

solid angle subtended, decreases from 0.6 msr at the low energy end 

of the focal plane to 0.35 msr at the other end. The magnetic field 

is measured and stabilized using a proton nuclear magnetic resonance 

system. In principle, a resolution of E/AE > 1000 can be obtained, 

but in practice, this figure is not achieved because of effects due 

to finite target thickness, beam spot size, kinematic shifts, aber

rations, etc. The associated target chamber has a sliding band seal 

to the entrance of the spectrograph, allowing the detection angle of 

the magnet, with respect to the beam direction, to be varied from 0° 

to 153°. Further details of the magnet and associated equipment 

have been given by Scarr [Sc 66].

Proton beams of approximately 0.2 yA intensity from the 

A.N.U. tandem Van de Graaff accelerator were used to bombard the 

various Ni targets (each being ~ 30 ygm/cm2 of enriched isotope on 

- 20 ygm/cm2 carbon foil). From 10,000 to 25,000 yC of beam were
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c o l l e c t e d  f o r  each p l a t e  exposure ,  and,  as f a r  as was p o s s i b l e ,  the  

p a r a m e te r s  o f  the  s t e e r i n g  e lements  o f  th e  a c c e l e r a t o r ,  ( the  e l e c t 

r o s t a t i c  s t e e r e r s  and magnet ic  quadrupo les  on the  h igh energy s ide  

o f  th e  a c c e l e r a t o r ) ,  were n o t  changed d u r ing  each run to  minimize 

movement o f  the  beam spo t  and to  p r e v e n t  v a r i a t i o n s  i n  the  beam 

energy .  The ou tg o ing  a - p a r t i c l e s  were d e t e c t e d  w i th  25 ym I l f o r d  

K minus-1 p h o to g ra p h ic  emuls ions lo c a t e d  in  the  fo c a l  p la n e  o f  the  

s p e c t r o g r a p h .

S u c c e s s fu l  exposures  were made a t  the  ene rgy -ang le  combin

a t i o n s  shown in  t a b l e  6 .3 .  In a d d i t i o n  a 58Ni t a r g e t  was bombarded 

a t  s e v e r a l  d i f f e r e n t  en e rg y -an g le  combinat ions  bu t  the  low y i e l d s  

p r e c lu d e d  s tudy  o f  th e  energy l e v e l s  o f  85Co, which i s  t h e r e f o r e  not  

d i s c u s s e d  f u r t h e r .  The o v e r a l l  energy r e s o l u t i o n  ach ieved  was 

g e n e r a l l y  20 - 30 keV. Groups due to  con taminan ts  were i d e n t i f i e d  

th rough  t h e i r  k in e m a t i c  s h i f t s  with  changing angle  and bombarding 

energy.

Table 6 .3

Bombarding e n e r g i e s  and d e t e c t i o n  ang les  f o r  th e  s u c c e s s f u l  

exposures  i n  the  (p ,a )  exper iments

T a rge t
D e te c t io n  angle

9 .50  MeV 10.0 MeV 10.5 MeV

6 °Ni 140°

oOto

62Ni 40°,140°

64Ni 30° 30° ,40° ,140°
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A f t e r  the  N i ( p ,a )  ex p o s u re s ,  th e  s p e c t ro g ra p h  was r e c a l i 

b r a t e d  w i th  a t h i n  ThB(ThC + ThC')a s o u rc e .  F or ty  c a l i b r a t i o n  

p o i n t s  were o b ta in e d  from the 8.78 and 6.05 MeV a groups a t  29 d i f 

f e r e n t  f requency  s e t t i n g s .  The c a l c u l a t e d  r a d i i  o f  the  a - p a r t i c l e  

t r a j e c t o r i e s  were then  f i t t e d  to  the  p o s i t i o n s  o f  the  groups on the 

p l a t e s  u s in g  a q u a d r a t i c  po lynom ia l .  This  was n e c e s s a r y  s in c e  some 

l e v e l  e n e r g i e s  (known a c c u r a t e l y  from 3 decay s t u d i e s  with  Ge(Li) 

y - r a y  s p e c t r o m e t e r s ) ,  d i s a g r e e d  w i th  the  p r e v io u s  ThB and 12C ( p , p ' )  

c a l i b r a t i o n s  o f  the  magnetic  s p e c t ro g ra p h .  This  d i sag reem en t  was 

p ro b ab ly  due t o  a s l i g h t  s h i f t  o f  the  p l a t e  h o ld e r  a l ignment with 

r e s p e c t  to  the  f o c a l  p l a n e ,  and i n s u f f i c i e n t  r e c y c l i n g  o f  the  magnet 

between f i e l d  changes a t  the  time o f  the  exper im en t .  The l a t t e r  

would have r e s u l t e d  i n  an inhomogeneous f i e l d  due to  d i f f e r e n t i a l  

h y s t e r e s i s ;  a l though  b e fo re  d e l i v e r y ,  Spec t rom agne t ic  I n d u s t r i e s  

measured most o f  the  e f f e c t i v e  f i e l d  to  be uniform to  1 p a r t  in  2000.

The energy l e v e l s  de termined  w i th  the  new c a l i b r a t i o n  

f i t t e d  b e t t e r  w i th  the  p u b l i s h e d  ß decay r e s u l t s  ( t y p i c a l l y  l e s s  

than  5 keV d i f f e r e n c e ) ,  l end ing  suppo r t  to  the  h y p o th e s i s  t h a t  the  

a l ignment  had changed.  However, th e  r e s u l t s  s t i l l  d i f f e r e d  amongst 

themselves  (10 keV a t  wors t )  a t  th e  low energy end o f  t h e  a - p a r t i c l e  

s p e c t r a .  The number o f  a c c u r a t e l y  known l e v e l s  was n o t  s u f f i c i e n t  

to  c a l i b r a t e  each exposure i n t e r n a l l y ,  so t h a t  the  dominant  source  

o f  e r r o r  i n  the  energy measurements i s  due to  the  u n c e r t a i n t y  in  the  

magnet c a l i b r a t i o n .  E s t im a te s  o f  t h e se  e r r o r s  were made by compar

ing  the  r e s u l t s  o b ta in e d  a t  d i f f e r e n t  ene rgy -ang le  com bina t ions ,  and 

by comparisons w i th  th o s e  l e v e l  e n e r g i e s  a l r e a d y  a c c u r a t e l y  e s t a b 

l i s h e d  by o t h e r  e x p e r i m e n t a l i s t s .

Peak c e n t r e s  f o r  b o th  th e  (p ,a )  and c a l i b r a t i o n  d a t a  were
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determined  by a l e a s t  squares  f i t  o f  a Gaussian curve to  th e  peak.  

Double ts  and t r i p l e t s  were f i t t e d  by combining two or  t h r e e  Gaussian 

d i s t r i b u t i o n s  o f  f i x e d  w id th  b u t  w i th  i n d i v i d u a l l y  v a r i a b l e  h e i g h t s  

and p o s i t i o n s .  To c o r r e c t  f o r  a - p a r t i c l e  energy lo s s e s  in  the  t a r 

g e t ,  smal l  c o r r e c t i o n s  (< 2 keV) , d e r iv e d  from the  r ange-ene rgy  

t a b l e s  o f  Wi ll iamson and Boujot  [Wi 6 2 ] ,  were made to  th e  (p ,a )  

l e v e l  e n e r g i e s .

Q va lues  f o r  the  (p ,a )  r e a c t i o n s  c a l c u l a t e d  from the 

r e s u l t s  were t y p i c a l l y  w i t h i n  10 keV o f  the  p u b l i s h e d  v a lues  l i s t e d  

i n  t a b l e  6 .2 .  However, because  o f  u n c e r t a i n t i e s  in  bombarding 

energy  and t a r g e t  t h i c k n e s s e s ,  more a c c u ra t e  Q va lues  could  no t  be 

o b t a in e d .  The energy c a l i b r a t i o n  o f  each a - p a r t i c l e  spectrum was 

norm al ized  t o  zero ground s t a t e  energy to  o b t a in  the  l e v e l  e x c i t a 

t i o n s  .

6 .3  RESULTS OF THE (p ,a )  EXPERIMENTS

R e p r e s e n t a t i v e  s p e c t r a  o f  a - p a r t i c l e  groups p o p u l a t i n g  

s t a t e s  in  the  t h r e e  c o b a l t  i s o t o p e s  a re  shown in  f i g s .  6 . 1 ,  2 and 3. 

Above about 3 MeV e x c i t a t i o n ,  both  th e  l e v e l  spac ing  and the  p a r t i 

c l e  y i e l d s  d e c re a s e d ,  so t h a t  i n d i v i d u a l  l e v e l s  could n o t  in  g e n e ra l  

be r e s o l v e d .  For t h e s e  s p e c t r a ,  a f i e l d  o f  10 mm h e i g h t  and 0 .4  mm 

wid th  was scanned a t  0.5 mm i n t e r v a l s  along the  p l a t e .  S e l e c t e d  

a d d i t i o n a l  s p e c t r a  f o r  some c l o s e l y  spaced l e v e l s  i n  the  t h r e e  i s o 

topes  were scanned a t  0 .4  mm i n t e r v a l s ,  and th e s e  are  shown in  

f i g .  6 .4 .

The energy  l e v e l s  deduced from the  exper iments  a re  l i s t e d  

in  t a b l e  6 .4  and are  shown i n  f i g ,  6 .5 .  The e s t i m a t e d  s t a n d a r d
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Figure 6 . 5 :  Energy le v e ls  o f  5 7 , 5 9 , 6 l ^0 deduced in  the p resen t

experim ents. Spins and p a r it ie s  are taken from r e f .  [Bo 68 and 

N. D. S . ] .  The th e o r e t ic a l  le v e l  scheme fo r  61Co i s  th a t ca lc u 

la ted  by Satpathy and G ujrathi [Sa 68] .
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Table 6.4
Energy levels (in MeV) of 57>59>61Co

Group 5 7 Co ^ 59Co b) 61Co c)

1 1.222 1.100 1.029
2 1.375 1.190 1.206
3 1.502 1.291 1.287
4 1.687 1.434 1.325
5 1.754 1.463 1.623
6 1.894 1.482 1.655
7 1.917 1.744 1.887
8 2.127 2.059 1.953
9 2.307 2.085 2.015
10 2.481 2.146 2.230
11 2.520 d') 2.183 2.302
12 2.559 2.201 2.343
13 2.608 2.394 2.433
14 2.727 e) 2.476 2.486
15 2.803 2.537 2.563
16 2.880 2.581 2.639
17 2.979 2.711 2.705 1
18 3.111 2.771 e) 2.751
19 3.182 2.822 e) 2.864
20 3.271 e'1 2.911 2.920
21 2.953 2.996
22 2.996 3.103
23 3.012
24 3.058

J

a) Estimated standard errors are ± 4 keV for groups 1 - 5, ± 7 keV
for groups 6 - 1 9  and ± 10 keV for group 20.

b) Estimated standard errors are ± 4 keV for groups 1 - 7, ± 7 keV
for groups 8 - 1 6  and ± 10 keV for groups 17 - 24.

c) Estimated standard errors are ± 4 keV for groups 1 - 4, ± 7 keV
for groups 5 - 1 4  and ± 10 keV for groups 15 - 22.

d) Clearly seen at only one angle.
e) Possible doublets.
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errors for the energies of the excited states are indicated in the 

footnotes to the table. The spins and parities shown in fig. 6.5 

are taken from work published previously [N.D.S. and Bo 68]. The 

theoretical predictions of Satpathy and Gujrathi [Sa 68] for levels 

in 61 Co are also shown for later comparison with the experimental 

results (section 6,4).

6.3.1 57Co Results

The (p,a) results for the 57Co energy levels were in good 

agreement with values published previously. Exceptions to this were 

the two levels at 1.59 MeV and 1.46 MeV reported by Bakhru and 

Preiss [Ba 67] in 3 decay studies. These levels were not seen in 

other 3 decay investigations [Pi 66, Li 67 and Ga 69], nor were they 

seen by Bouchard and Cujec in their 54Fe(a,p) studies [Bo 68], so 

that their existence is doubtful.

The latter (a,p) studies indicated probable doublets at 

1.75, 1.90 and 2.30 MeV with about 20 keV separation. The present 

work resolved clearly the doublet at 1.90 MeV (fig. 6.4), but there 

was no evidence for doublets at the other energies. At no energy- 

angle combination was there a significant increase in the widths of 

the groups from these states, so that if either is a doublet, the 

separation is probably < 5 keV. Also the 54Fe(a,py) correlation 

studies of Coop 2Ä at. [Co 70] involving these levels, indicated 

that only single levels were present.

6.3.2 59Co Results

The level energies in 5<3Co obtained from the present 

experiment agreed well with those reported previously [N.D.S.]. All
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l e v e l s  below 3 MeV seen  i n  o t h e r  r e a c t i o n s  appeared  in  the  (p ,a )  

s p e c t r a ;  no new l e v e l s  were observed .  This  i n d i c a t e d  t h a t  the  

(p ,a )  r e a c t i o n ,  a t  the  e n e r g i e s  used ,  should  a l s o  have p o p u la t e d  a l l  

l e v e l s  below a few MeV in  the  a d j a c e n t  odd mass n u c l e i .  High sp in  

s t a t e s ,  which r e q u i r e  a l a rg e  a n g u la r  momentum t r a n s f e r ,  would have 

been i n h i b i t e d  by p e n e t r a b i l i t y  f a c t o r s .  Of c o u r s e ,  such sp in  

s t a t e s  were a l s o  u n l i k e l y  t o  appea r  i n  the  o t h e r  exper im en ts  

r e p o r t e d .

6 . 3 . 3  61Co R e s u l t s

S ev e ra l  p r e v i o u s l y  u n re p o r te d  l e v e l s  were observed  in  the  

64N i ( p , a ) 61 Co r e a c t i o n .  The t h i r d  e x c i t e d  s t a t e  a t  1.287 MeV had 

n o t  been r e p o r t e d  b e f o r e ,  a l though  the  ( t , a )  d a t a  o f  B l a i r  and Arm

s t r o n g  [B1 66] s u g g e s te d  a number o f  weakly p o p u la te d  s t a t e s  n e a r

1.3 MeV. S u bsequen t ly ,  Hudson and Glover [Hu 71] observed  the  s t a t e  

a t  1.286 MeV in  the  ( t , p )  r e a c t i o n ,  and a l s o  saw i t  weakly in  t h e i r  

( t , a )  s p e c t r a  as a 15 keV d o u b le t  (1.272 and 1.287 MeV). There was 

no ev idence  in  the  p r e s e n t  exper iment f o r  a l e v e l  a t  1.272 MeV. 

Leve ls  a t  1.4 and 1.8 MeV r e p o r t e d  in  only some o f  th e  v a r io u s  3 

decay s t u d i e s  [N .D .S . ] ,  were n o t  observed  i n  th e  p r e s e n t  exper iment 

and t h e i r  e x i s t e n c e  must be r ega rded  as d o u b t f u l .

The 1.65 MeV d o u b le t  has  been seen  in  a l l  the  r e a c t i o n  

s t u d i e s ,  b u t  which s t a t e  i s  p o p u la te d  i n  3 decay ,  o r  w he ther  bo th  

a re  p o p u l a t e d ,  i s  u n c l e a r .  The energy o f  th e  l e v e l  p o p u la t e d  in  3 

decay has  been v a r i o u s l y  r e p o r t e d  as 1.650 ± 0.015 MeV [Gr 6 7 ] ,  1.65 

MeV [St  66 ] ,  and 1.610 ± 0.020 MeV [Cr 64 ] .  The com pi le rs  o f  

N uc lea r  Data Shee ts  [N.D.S.] have assumed t h a t  the  lower l e v e l  o f  

the  d o u b le t  i s  th e  one p o p u l a t e d ,  and have t h e r e f o r e  t e n t a t i v e l y
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assigned a spin of (5/2”). However, both the (t,p) and (t,a) inves

tigations indicated an £ = 3 transition to the upper level, and the 

(t,p) work showed an £ = 0 transition to the lower level. On the 

basis of this, Hudson and Glover [Hu 71] assigned a J r of 7/2 to 

the 1.623 MeV level, and a tentative (5/2 ) to the 1.655 MeV level. 

Thus the excitation of the 1.655 MeV state in ß decay would be more 

likely. Further evidence to support this assignment will be 

presented below (section 7.5).

The 2.015 MeV level was not seen in either the (t,a) or 

(t,p) studies, but again it is uncertain whether this or the 1.953 

MeV level is excited in ß decay. An unweighted average of the ß 

decay results (1.950 ± 0.020 MeV [Cr 64], 1.98 MeV [St 66], and 

1.995 ± 0.020 MeV [Gr 67]) favours the 1.953 MeV level. Blair and 

Armstrong, in their (t,a) studies [B1 66], assigned a spin of 3/2 

to the 1.953 MeV level. Thus it could be populated by an allowed ß 

decay; while the 2.015 MeV level, which might be suspected to have 

high spin (since it was not seen in either the (t,p) or (t,a) reac

tions) , would not be favoured. Evidence in contradiction of the 

above considerations will be presented below (section 7.5).

The rest of the observed levels were in agreement with the 

other reaction results. Hudson and Glover [Hu 71] have noted a ten

dency for the level energies above 2.5 MeV excitation obtained in 

the present exneriment, to be lower than those from the other exper

iments (up to 20 keV lower for the 2.996 MeV state). This trend was 

not evident in the 57Co and 55Co results, and since the exposures 

for all three isotopes were made under the same conditions, the 

initial spectrograph calibration was retained.
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6.4 DISCUSSION

The calculations of Satpathy and Gujrathi [Sa 68] using an 

intermediate coupling approach to the unified model, are the only 

calculations available that attempt to describe the odd-mass cobalt 

nuclei (57>59>61>53Co). One-, two- and three-phonon states of the 

adjacent even-mass nickel cores were coupled to proton holes in the 

l f ^ 2, -^3/2 anc* i/2 orbits. The phonon energy was taken as the

energy of the first excited 2 state of the corresponding nickel 

isotope, while the coupling strength and the single hole excitation 

energies of the ld^ 2 and ^s\/2 states with respect to the (lf.^)"1 

state were treated as variable parameters. The spectra obtained for 

the three isotopes 57,59,6l£0 were similar below 3 MeV. In particu

lar, the negative parity states remained in the same order, and 

maintained proportional spacing, since the only variable parameter 

was the coupling strength. Thus, only the predicted energy levels 

of 61Co are shown in fig. 6.5. There was a general similarity 

between the experimental and theoretical level schemes, but below 2 

MeV many observed levels were not predicted theoretically. Some of 

these would probably appear if higher proton orbits were included in 

the calculations. Satpathy and Gujrathi also obtained a reasonable 

agreement with the relative spectroscopic factors for the 7/2 , l/2+ 

and 3/2+ states measured in the (t,a) experiments of Blair and 

Armstrong [B1 66].

Corello and Manfred! [Co 71] extended the above studies in 

their investigation of the lowest five collective states of 57Co, by 

including an octupole phonon excitation of the 58Ni core. The 

single-hole energies and the deformation parameters were taken from 

experimental data, leaving no adjustable parameters. They found
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that the octupole contribution was very small, and their level scheme 

was very similar to that obtained by Satpathy and Gujrathi [Sa 68]. 

The calculated E2/M1 mixing ratios agreed well with the experimental 

results of Coop zX at. [Co 70].

Gatrousis zt at. [Ga 69] have also performed some calcula

tions on the 57Co level scheme using an inert 40Ca core and distrib

uting the remaining nucleons in the lf^^> ^  z / 2 * ^  1/2* anc* ^5/2 

orbits. Figure 6.6 compares the calculations of Satpathy and 

Gujrathi and of Gatrousis zX at. with the experimental level scheme 
of this work. The J77 values are those derived by Coop zX at. [Co 70] 

from the 54Fe(a,py) reaction and from previous reaction data [Bo 68 

and Ga 69]. It is clear that the calculations of Gatrousis zX at. 
provide the better agreement with the level energies and J77 values. 

However, their model produced wave functions containing many admixed 

configurations. In no case was there any one shell model component 

that constituted as much as 50% of the wave function. This con

trasted with the (3He,d) reaction data of Rosner and Holbrow [Ro 67]. 

The (3He,d) reaction is expected to proceed largely via a simple 

stripping mechanism, so that the reaction would tend to preferent

ially populate those states with a strong single-particle character. 

Rosner and Holbrow found that the 1.375 (3/2 ), 1.502 (1/2 ),

2.127 (5/2") and 2,307 (7/2”) MeV states were strongly populated in 

the (3He,d) reaction, while all the other states below 3 MeV excita

tion were either weakly populated or not seen at all. If one 

accepts the 1.754 MeV level as the low lying 3/2” state, then the 

above four states are also missing' from the predictions of Satpathy 

and Gujrathi [Sa 68], who have suggested that some of these states 

could be accounted for by including the 2p^.^, 2p^ 2  anc* ^ 5/2
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F ig u re  6 .6 :  E xp erim en ta l and c a lc u la te d  energy  le v e ls  o f 57Co.

The e x p e rim e n ta l le v e l  e n e rg ie s  a re  from th e  p r e s e n t  experim en t 

and th e  J u v a lu e s  a re  th o se  deduced by Coop QÄ aZ. [Co 70 ].

The c a lc u la te d  energy  le v e l  d iagram s a re  from G a tro u s is  2Ä. aZ. 

[Ga 68] and S a tp a th y  and G u jra th i [Sa 6 8 ].



63

orbits in their calculations. If successful, the same modification 

could also account for some of the discrepancies between theory and 

experiment in 59Co and 61 Co.

Grench <lt at. [Gr 67] have pointed out an interesting 

similarity between the positions of some known states in 59Co and 

the positions of states in 61Co observed in their 3 decay studies. 

They noted that the lowest three states populated in 3 decay in both 

nuclei had similar properties, and that the ratios of the energies 

of the three corresponding excited states were approximately con

stant (1.07). Using the results of the present experiment, it was 

found that below 2.5 MeV excitation in the two nuclei, eight pairs 

of levels have energy ratios E (59Co)/E(61Co) = 1.076 ± 0.007. These 

levels have been connected by dashed lines in fig. 6.5. As far as 

is known, most of these pairs of levels have the same spins and 

parities and similar y-ray decay schemes.
7TIt was obvious that further information on the J values 

of states in both 59Co and 61Co was required before a detailed com

parison with theory and any discussion of systematics could be made. 

The 1.190 MeV and 1.463 MeV states in 59Co seemed likely candidates 

for the predicted 9/2" and 11/2 levels, but the 5/2 member of the 

doublet, which appeared in both 57Co and 61 Co at 1.9 and 1.6 MeV 

respectively, was not seen. In 61Co the most serious discrepancy 

was the absence of any known high spin state at low excitation. The 

1.287 MeV state is a possible candidate since it is not populated in 

3 decay. However, if any of the other reported states were in fact a 

closely spaced doublet (< 5 keV), the members would not have been 

resolved in the (p,a), (t,a), or (t,p) experiments. The 

56}58pe (a,py) and 64Ni(p,ay) experiments described in the next
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chapter, were undertaken to try to further clarify the experimental 

level schemes of 59Co and 6iCo.
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CHAPTER 7

THE 56>58F e(a ,py )  AND 64N i (p ,a y )  MEASUREMENTS 

7.1 INTRODUCTION

The exper iments  d e s c r ib e d  in  t h i s  c h a p t e r  were under taken  

to  r e s o l v e  t h e  d i s c r e p a n c i e s  mentioned in  the  p re v io u s  c h a p t e r ,  and 

to  o b ta in  f u r t h e r  in f o r m a t io n  r e g a rd i n g  the  J  v a lu es  and decay 

p r o p e r t i e s  o f  l e v e l s  i n  59Co and 61Co. P rev ious  in fo rm a t io n  on the  

y - r a y  decay o f  59Co had been r e p o r t e d  in  s t u d i e s  u s in g  the  

( 160 , 160 ’y) and ( n , n ' y )  r e a c t i o n s  [No 67 and Da 6 8 ] ,  as w e l l  as from 

3 decay s t u d i e s  [N .D .S . ] .  The decay modes o f  s t a t e s  in  81Co had 

only been observed  in  3 decay.  These d a t a ,  w i th  s u b se q u e n t ly  pub

l i s h e d  r e s u l t s ,  w i l l  be d i s c u s s e d  wi th  r e s p e c t  t o  the  r e s u l t s  from 

the  p r e s e n t  exper iments  in  th e  r e l e v a n t  s e c t i o n s  ( 59Co - 7 .4 ,

61Co - 7 . 5 ) .

I n i t i a l l y ,  i t  was hoped t h a t  an g u la r  c o r r e l a t i o n  m easure 

ments could  be made f o r  s t a t e s  in  bo th  59Co and 81Co. A combinat ion 

o f  low y i e l d s  from th e  58F e(a ,py )  r e a c t i o n  and i n t e r f e r e n c e  from the  

56F e(a ,py )  r e a c t i o n  made measurements on 61Co i m p r a c t i c a b l e ,  

a l though  i t  was s t i l l  p o s s i b l e  t o  o b t a in  y - r a y  b ranch ing  r a t i o s  from 

the (a ,p )  r e a c t i o n  as w e l l  as the  64N i (p ,a )  r e a c t i o n  ( s e c t i o n  7 . 5 ) .  

E2/M1 mixing r a t i o s  f o r  the  y - r a y  decay and J  v a lues  f o r  low ly in g  

s t a t e s  o f  59Co were o b ta in ed  from a n g u la r  c o r r e l a t i o n  measurements 

in v o l v in g  th e  decay o f  the  f i r s t  t h r e e  e x c i t e d  s t a t e s  and th e  1.744 

MeV s t a t e .  F u r th e r  in f o r m a t io n  on th e s e  s t a t e s ,  and some o t h e r  

s t a t e s ,  was o b ta in e d  from y - r a y  b ranch ing  measurements.  These 

r e s u l t s  a re  r e p o r t e d  in  s e c t i o n  7 .4 .

P r e l i m in a ry  measurements o f  th e  56F e ( a , p ) 59Co y i e l d  and
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excitation functions were made to determine the feasibility of the 

proton-y-ray coincidence measurements, and also to find suitable 

bombarding energies at which the yields of groups of interest were 

enhanced (section 7.2).

The particle-y-ray coincidence measurements were made in 

the geometry of Method II of Litherland and Ferguson [Li 61]. The 

particles were detected either at 0° with a double focusing magnetic 

spectrometer, or near 180° with an annular surface barrier detector. 

12.7 cm diam. x 10.2 cm long Nal(Tl) crystals or a 40 cc Ge(Li) 

detector were used to detect the coincident y-rays. The various 

configurations with the appropriate timing electronics are described 

in section 7.3.

7.2 56Fe(a,p)59Co EXCITATION FUNCTIONS

Preliminary measurements of the 56Fe (a,p)59Co reaction 

yields were made to ensure that proton-y-ray coincidence measure

ments were feasible with a reasonable investment of accelerator time. 

Rough excitation functions were taken between = 10 and 11 MeV to

determine the energies at which the yields of the proton groups of 

interest were maximized. The bombarding energies are near the top 

of the Coulomb barrier (~ 10 MeV), so that at lower energies the 

proton yields would be expected to decrease. At higher energies, 

the value of increased proton yields would be offset by the 

increased neutron and y-ray backgrounds from (a,n) reactions.

Self supporting 56Fe targets were made from isotopically 

enriched material obtained from Oak Ridge National Laboratories; 

the relative isotopic abundances are listed in table 6.1. The
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method used in making the self supporting iron targets has been des

cribed in some detail by Coop [Co 69]. Basically, the enriched iron 

oxide was reduced under a hydrogen atmosphere and then evaporated 

onto copper foil which had been preheated to reduce stress in the 

iron coating on cooling. The copper was etched away using an 

ammonia-trichloroacetic acid mixture. Targets of thickness of 

~ 200 yg/cm2 were used in the present experiment.

The measurements were made in the 50 cm diameter scatter

ing chamber described earlier (section 2.1.1). Surface barrier 

detectors, 1000 y thick, were located at 12°, 20°, 32° and 52° to 

the incident beam direction. Aluminium foils (~ 0.01 cm thick) were 

placed in front of the detectors to stop the elastically scattered 

a-particles. Vacuum tube preamplifiers and amplifiers (Ortec models 

103 and 203) were used to amplify the energy pulses, which were 

analyzed and stored in two R.I.D.L. and two R.C.L. analyzers.

A typical spectrum obtained at 32° is shown in fig. 7.1. 

The large knock-on proton peak was thought to be due to protons 

present in the target as absorbed oil and water. Only a small 

amount of hydrogen in the target would account for the observed peak 

intensity, since the p(a,p)a reaction has a large cross section 

(~ 0.1 b/sr). The excitation functions obtained at 12° for the 

ground state and 1.74 MeV state proton groups are shown in fig. 7.1; 

the average cross section for the 1.74 MeV group is of the order of 

0.1 mb/sr. The proton groups were not well resolved (the measured 

resolution was ~ 100 keV F.W.H.M.) because of the foils placed in 

front of the detectors. However, from a close examination of the 

spectra, it was possible to determine where each of the states had a 

maximum yield.



F̂efa.pĴ Co 
0 « 32°
E.» 1107 MeV

o 100

CHANNEL NUMBER

Figure 7.1: 56Fe(a,p)59Co excitation functions for the proton
groups populating the ground state and 1.744 MeV state. A 
typical particle spectrum is also shown. The proton groups 
are labelled by the excitation energy of the state populated 
in 59Co.
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The yield at 12° was assumed to be similar to the yield at 

zero degrees, as a coherence angle of about this magnitude is 

expected in this mass region for bombarding energies of ~ 10 MeV 

[Br 64]. This assumption is supported by the high degree of simi

larity between the yield curves measured at 12° and 20°. The 

measurements at 0°, reported in the following section, were made at 

the maxima of these excitation functions.

7.3 PARTICLE-GAMMA-RAY COINCIDENCE MEASUREMENTS 

7.3.1 Method A

The first particle-y-ray coincidence measurements were 

made using the A.N.U. double focusing magnetic spectrometer to 

detect the outgoing particles at 0°. This spectrometer is vertic

ally mounted, and can be rotated in a horizontal plane from 0° to 

153° with respect to the beam direction. Particles are deflected 

through 180° with a central radius of curvature of 61 cm, and are 

focused in both the vertical and horizontal planes. Ordinary solid 

state detectors or position-sensitive detectors may be positioned in 

the focal plane. Adjustable rectangular slits at the entrance to 

the spectrometer may be set to subtend a solid angle of 0 to 13 msr 

at the target. Measurements [El 68] with a thin 8.78 MeV a- 

particle source have indicated that resolutions (E/AE @ F.W.H.M.) of 

760 to 1100 can be achieved. A more detailed description of the 

properties of the double focusing spectrometer has been given by 

Elliott oX al. [El 68].

For these measurements, the outgoing particles were 

detected at 0° with a 5 cm long position-sensitive detector located
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on the focal plane of the spectrometer. Aluminium foil, 0.007 to 

0.012 cm thick, was placed in front of the detector to prevent a- 

particles from entering it: a-particles of the same magnetic rigid

ity as the proton groups of interest arise from scattering in the 

target and off the slits and inner walls of the magnet. The beam 

was dumped in a cup inside the spectrometer so that y-ray back

grounds were minimized. In addition, the y-ray detector, a 12.7 cm 

diam. x 10.2 cm long Nal(Tl) crystal, was shielded with about 1 cm 

of lead.

For the branching ratio measurements, the Nal detector was 

mounted vertically on top of the target chamber so that its face was 

4 cm from the beam spot on the target. A schematic diagram of the 

electronics used is shown in fig. 7.2. Resolving times of approxim

ately 180 ns were obtained with double delay line shaping and Cosmic 

fast-slow coincidence equipment. The energy resolution obtained 

with the particle detector arose mainly from the difference in the 

target thickness for the incoming a-particles and outgoing protons 

(- 25 keV per 100 ygm/cm2 of Fe at = 10 MeV). With the approxim

ately 100 ygm/cm2 self supporting targets used in these measurements, 

the resolution was typically 30 keV.

Some sample spectra are shown in fig. 7.3. The spectra 

were generally obtained with data collection times of 3 to 8 hours 

using beam intensities of < 0.1 yA. It is apparent from inspection 

of the proton spectrum that there was a large background under the 

peaks of interest. These background protons came .from the p(a,p)a 

reaction. Although the proton group from this reaction is higher in 

energy than the proton groups from the 56Fe (a,p)59Co reaction, the 

protons scattered off the slits and inner walls of the magnet
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produce an extended tail on the low energy side of the very intense 

peak [Ke 69J. This large background, while not in coincidence with 

y-rays, increased the random to real ratio in the coincidence 

spectra.

The angular correlation measurements in this configuration 

(protons detected at 0°) were performed using a thin walled target 

chamber (1.6 mm-thick stainless steel) with the Nal detector in the 

horizontal plane. The Nal detector mount could be positioned accur

ately with locating pins at intervals of 2.5° around the target 

chamber. The isotropy of this arrangement has been checked by Kean 

[Ke 69], who found the count rate of 2.61 MeV y-rays from a ThB(ThC") 

source placed in the centre of the target chamber, to be independent 

of angle to within 1%. To avoid background subtraction difficulties 

associated with the position-sensitive detector mentioned above, an

other 12.7 cm x 10.2 cm Nal crystal was fixed in position at 90° to

the beam direction with its face 8.5 cm from the target. The coin

cidence yield from this detector was used as a normalizing factor 

for each run. The movable 12.7 cm x 10.2 cm Nal detector on the

opposite side of the target chamber, was 10.5 cm from the target and

could be rotated between 90° and 142.5°. Gain changes of up to a 

factor of ten were produced by the fringing field of the spectro

meter when the Nal detectors were mounted at forward angles [Ke 69], 

so that data were recorded in the backward quadrant.

A schematic drawing of the electronics is shown in fig.

7.4. A window width of 180 ns was placed on the time-to-pulse- 

height converter (TPHC) spectrum; such a large resolving time was 

necessary because of the poor timing characteristics of the position- 

sensitive detector. The y-ray random spectra were assumed to have
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the  same shape as the  y - r a v  s i n g l e s  s p e c t r a  a t  each an g le .  The mag

n i t u d e  o f  th e  random s p e c t r a  was ob ta in ed  from the  random to  r e a l  

r a t i o  observed  in  the  unga ted  TPHC s p e c t r a .  The c o r r e l a t i o n  was 

o b ta in e d  by n o rm a l i z in g  th e  photopeak  counts  o b ta in ed  a t  each angle  

with  t h e  movable c r y s t a l  t o  th e  photopeak counts  o b ta in e d  wi th  the  

f i x e d  c r y s t a l .

7 .3 .2  Method B

During th e  course  o f  t h e s e  ex p e r im e n t s ,  equipment became 

a v a i l a b l e  f o r  measur ing  c o r r e l a t i o n s  u s ing  an a n n u la r  p a r t i c l e  

d e t e c t o r .  In view o f  th e  d i f f i c u l t i e s  encoun te red  i n  making m easu re 

ments w i th  th e  magnetic  s p e c t r o m e t e r ,  t h e  use o f  an an n u la r  co u n te r  

was p r e f e r a b l e  f o r  s t a t e s  t h a t  could  be r e s o lv e d  by the  d e t e c t o r .

With th e  c o u n te r  l o c a t e d  a t  180° t h e r e  was no background from the  

p ( a , p ) a  r e a c t i o n ,  and th e  s o l i d  angle  subtended by th e  c o u n t e r ,  

be ing  l a r g e r  than  t h a t  subtended by th e  magnetic  s p e c t r o m e te r ,  

i n c r e a s e d  th e  co in c id en c e  r a t e .  In a l l  o f  t h e  exper iments  r e p o r t e d  

h e r e ,  th e  an n u la r  c o u n te r  subtended ang les  between 165° and 171°,  

c o r re spond ing  to  a s o l i d  ang le  o f  0 .13 s r ,  which was 10 t imes  l a r g e r  

than th e  maximum angle  sub tended  by the  s p e c t ro m e te r .

All  measurements made u s in g  the  a n n u l a r  co u n te r  and Nal 

c r y s t a l s  were performed on th e  same beam l i n e  and with  th e  same t h i n  

w al led  t a r g e t  chamber used f o r  the  c o r r e l a t i o n  measurements r e p o r t e d  

in  s e c t i o n  7 . 3 . 1 .  The s p e c t r o m e te r  was r o t a t e d  out  o f  the  way, and 

a 2 m long beam dump added a t  0W. The face  o f  th e  a n n u la r  c o u n t e r  

was l o c a t e d  2.5 cm from th e  t a r g e t ;  t a n ta lum  a p e r t u r e s  immedia te ly  

i n  f r o n t  o f  the  c o u n te r  face  d e f in e d  the  an g u la r  accep tanc e .  The 

a - p a r t i c l e  beam was c o l l i m a t e d  by two a p e r t u r e s  o f  0.020 and 0 .030
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cm diameter located upstream from the target chamber at distances of 

0.3 and 1.3 m respectively. As an additional precaution, a tantalum 

insert [ID s 0.25 cm) was placed through the centre of the counter 

to prevent the beam impinging on the counter itself. The target 

ladder was normally rotated ~ 25° from the perpendicular to the beam 

direction to prevent y-ray attenuation in the steel before being 

detected in the Nal crystal. The 12.7 cm x 10.2 cm Nal(Tl) detector 

was rotated in a forward quadrant from 90° to 22.5° at a target to 

crystal face distance of 20 cm. For the branching ratio measure

ments, the detector was fixed at 55°, 10 cm from the target. To 

minimize low energy y-ray background, the crystal sides were sur

rounded with a 1 cm thick lead collar.

Because of the negative Q values of the Fe(a,p) reactions, 

the energy of the scattered a-particles had to be reduced so that 

they did not interfere with the proton groups of interest. To do 

this, foils were placed over the face of the counter. After a 

series of trials using aluminium, nickel and mylar (CigHgOy) foils 

in front of a counter detecting protons from the 12C(3He,p)14N 

reaction, it was found that, for foils of equivalent a-particle 

stopping power, the best resolution was obtained with mylar. There

fore mylar was used in all the measurements.

Data collection times averaged ~ 10 hrs per angle with a 

target of ~ 100 yg/cm2 of Fe and with beam intensities of ~ 0.1 yA. 

The beam current was adjusted to maintain y-ray count rates above 

~ 80 keV constant. This was done to minimize variations in coin

cidence losses due to pile up. (The particle singles rate was con

siderably less than the y-ray singles rate, so that coincidence 

losses associated with changing particle count rates were relatively
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u n im p o r t a n t ) .  With a count  r a t e  o f  ~ 24,000 c o u n t s / s e c ,  assuming a 

Po is son  d i s t r i b u t i o n ,  7% o f  t h e  p u l s e s  from th e  l i n e a r  a m p l i f i e r  

(with double de l a y  l i n e  c l i p p i n g ,  the  p u l s e  w id th  was ~ 3 ysec)  

would o v e r l a p  t o  some e x t e n t .  Many of  t h e s e  p u l s e s  w i l l  have the  

zero c r o s s - o v e r  p o i n t  s h i f t e d  out  o f  the  co inc idence  window, and 

w i l l  n o t  be observed  i n  the  co inc idence  spect rum. However, assuming 

t h a t  any o v e r la p  causes  a p u l s e  t o  be l o s t ,  i t  i s  p o s s i b l e  t o  p u t  an 

upper  l i m i t  on th e  co inc idenc e  lo s s e s  due to  p i l e  up.  With a s i n 

g l e s  r a t e  o f  25,000 c o u n t s / s e c ,  a change in  th e  r a t e  o f  5,000 

c o u n t s / s e c  would change the  r e l a t i v e  co inc idence  y i e l d  by < 1.5%.

For the  f i r s t  measurement of  th e  1.744 MeV s t a t e  c o r r e l a 

t i o n ,  t h i s  e f f e c t  was even s m a l l e r  as an O r tec  f a s t  t ime p i c k o f f  

u n i t  was used  on the  y - r a y  s i g n a l .  This  u n i t  d e r iv e s  a s i g n a l  from 

the  le ad in g  edge o f  the  p u l s e ,  so t h a t  the  problem o f  co inc idence  

l o s s e s  was g r e a t l y  reduced .  However, p i l e  up r e j e c t i o n  could n o t  be 

u sed ,  and i t  was found t h a t  th e  t ime p i c k o f f  u n i t  p rov ided  only a 

marg ina l  improvement over th e  c r o s s - o v e r  t im ing  (both gave r e s o l v i n g  

t imes  o f  ~ 70 n s ) .  For t h i s  reason  the  c r o s s - o v e r  t im ing  e l e c t r o 

n i c s  shown in  f i g .  7.5 was used f o r  a l l  subsequen t  exper im en t s .  The 

IBM 1800 o n - l i n e  d a t a  a c q u i s i t i o n  system was used  in  dual  p a ra m e te r  

mode t o  c o l l e c t  the  d a t a  in  a 128 x 32 a r r a y .  The 128 channel  X- 

ax i s  p ro v id ed  s u f f i c i e n t  d i s p e r s i o n  f o r  th e  y - r a y  s p e c t r a ,  w h i le  the  

32 channel  Z -ax i s  enab led  more than  one p ro to n  group t o  be s t u d i e d  

a t  one t ime.  The 90° m on i to r  c o u n te r  of  method A was no t  needed in  

th e s e  e x p e r im en t s ,  s i n c e  the  p r o to n  s i n g l e s  s p e c t r a  c o l l e c t e d  a t  the  

same t ime as the  c o i n c id e n t  p ro to n s  could be used f o r  m on i to r in g .  

Pro ton  peak i n t e n s i t i e s  were o b ta in e d  by f i t t i n g  skewed Gaussians  on 

a l i n e a r  background t o  th e  p r o to n  s p e c t r a .  R e p r e s e n t a t i v e  s p e c t r a
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for the 1.291 and 1.100 MeV angular correlations are shown in fig.

7.6. The y-ray spectra were first inspected by summing the slices 

where no peak overlap occurred (the hatched regions in the summed 

proton coincidence spectra in fig. 7.6). The total number of y-ray- 

proton coincidences was obtained by normalizing each y-ray spectrum 

to the number of coincident protons to the corresponding state.

This latter quantity was obtained from fitting skew Gaussians to the 

summed proton coincidence slices. The angular correlations were 

than derived from the ratios of the coincident y-rays and the total 

number of protons to each state observed in the singles spectra. 

Appropriate corrections were made for dead time, gain changes, etc.

7.3.3 Method C

Because of the poor resolution inherent in Nal y-ray 

detectors, several ambiguities were found in the observed decay 

scheme for 59Co. To resolve these ambiguities, some coincidence 

measurements were made with a 40 cc Ge(Li) detector and the annular 

counter.

A thin walled target chamber, with an insert to accommo

date the Ge(Li) detector at 55'' to the beam direction and with the 

detector face 3.4 cm from the target, was used. The face of the 

annular counter was ~ 0.4 cm from the target 200 yg/cm2 of 55Fe). 

The beam of ~ 0.1 yA intensity was stopped on a platinum beam stop 

3 m beyond the target. The y-ray singles rate was not measured 

accurately but was in the range of 50 K to 80 K counts/sec.

Although the high count rate reduced the full energy peak resolution, 

a workable coincidence rate was possible.

A schematic diagram for the electronics is shown in fig.
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59Co, obtained using the 56Fe(a,py) reaction. The Nal detector 
was located at 57.5°. Proton coincidence spectra are shown in 
the insets. The cross hatched regions correspond to the summed 
slices of y-ray spectra shown.
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7 .7 .  One o f  th e  a m p l i f i e r s  on the  Ge(Li) s id e  o f  the  co inc idence  

c i r c u i t  was used  in  th e  RC c l i p p i n g  mode with  long t ime c o n s t a n t s  

(1 and 2 y s ) , in  o r d e r  to  o b t a in  optimum energy r e s o l u t i o n .  The 

o t h e r  a m p l i f i e r  was o p e ra t e d  i n  the  double d e lay  l i n e  mode f o r  

optimum t im ing  f o r  th e  co inc idence  c i r c u i t .  N e v e r t h e l e s s ,  because  

o f  the  poor  t im ing  q u a l i t i e s  a s s o c i a t e d  w i th  l a rg e  c o a x ia l  Ge(Li) 

d e t e c t o r s ,  i t  was n e c e s s a r y  t o  use a window wid th  o f  250 ns on th e  

TPHC spectrum to  ad eq u a te ly  b r a c k e t  the  co inc idence  peak.

When th e  58FeCa,py)6:iCo r e s u l t s  were found t o  be too  com

p le x  due t o  t h e  i n t e r f e r e n c e  o f  the  58Fe(a ,py )  r e a c t i o n ,  b ranch ing  

r a t i o  measurements were made u s ing  the  64N i ( p , a y ) 6 ^ o  r e a c t i o n .  The 

ex p e r im e n ta l  ar rangement  was s i m i l a r  t o  t h e  p re v io u s  Ge(Li)  c o i n 

cidence  measurements.  I t  was found n e c e s s a ry  t o  have a t h i n  f o i l  

(4 x 10_l+ cm a lum in ized  mylar)  over  the  face  o f  the  an n u la r  c o u n t e r  

to  exclude e l e c t r o n s  e j e c t e d  from the  t a r g e t  by the  p r o to n  beam. 

Although th e  f o i l  reduced th e  a - p a r t i c l e  r e s o l u t i o n ,  an energy r e s o 

l u t i o n  o f  ~ 125 keV F.W.H.M. was o b ta in ed  wi th  a t a r g e t  t h i c k n e s s  of  

~ 300 yg/cm2 .

A schem at ic  diagram o f  the  e l e c t r o n i c  c i r c u i t r y  i s  g iven  

in  f i g .  7 .8 .  The t iming  system f o r  th e  Ge(Li) d e t e c t o r  was t h e  same 

as b e f o r e ,  bu t  y - r a y s  a s s o c i a t e d  w i th  fou r  d i f f e r e n t  a - p a r t i c l e  

groups ,  s e l e c t e d  by s i n g l e  channel  a n a l y z e r s ,  were ro u te d  i n t o  

4 x 1024 channe ls  in  the  N uc lea r  Data 2200 a n a l y z e r .  The l i n e a r  

a m p l i f i e r s  on the  o u tp u t s  o f  t h e  s i n g l e  channel  a n a l y z e r s  t r a n s 

formed th e  r e c t a n g u l a r  l o g i c  p u l s e s  i n t o  shapes  s u i t a b l e  f o r  a c c e p t 

ance in  th e  N.D. 2200 and a d j u s t e d  th e  am pli tudes  to  co r respond  to  

the  a p p r o p r i a t e  channe ls  o f  th e  Z A.D.C. The N uclea r  Data a n a l y z e r  

was chosen f o r  t h i s  exper iment because  the  A.D.C.s could be D.C.
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coupled enabling a base line restorer to be used on the pulses from 

the Ge(Li) detector. With the constant count rate of ~ 50 K counts/ 

sec, this combination provided a good compromise between full energy 

peak and timing resolution (12 keV and 250 ns). The high count rate 

was due to a large neutron background, and, in fact, a measurable 

decrease in the energy resolution arising from neutron damage to the 

detector was noted during the course of this experiment.

7.4 59Co RESULTS

7.4.1 y-Ray Branching Ratios

Branching ratio measurements were made for states in 59Co 

at 1.190, 1.291, 1.744, 2.394, 2.476 and 2.581 MeV excitation using 

the 56Fe(a,py) reaction. At the time of these measurements, little 

was known about the decay modes of the last four states. Subse

quently, the stronger transitions from some of these states were 

obtained in an (n,n’y) experiment reported by Daniels and Felsteiner 

[Da 68] .

All five of the above states were studied using the mag

netic spectrometer (method A, section 7.3.1), and sample y-ray 

spectra for the 1.100 and 2.394 MeV state decays are shown in fig. 

7.3; random coincidence counts have not been subtracted. Photopeak 

counts were obtained by fitting the spectra with line shapes inter

polated from a standard set (0.511, 0.661, 1.173 and 2.365 MeV) 

measured in this laboratory [Op 68]. The relative photopeak effic

iency curve for the 12.7 cm diam. x 10.2 cm long Nal detector was 

assumed to be the same as that measured by Coop and Grench [Co 65] 

for a 10.2 cm diam. x 10.2 cm long Nal detector. The errors quoted
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by th e se  a u th o r s  were i n c r e a s e d  by 3% to  al low f o r  the  p o s s i b l e  

in a c c u ra c y  o f  t h i s  assumption .  Although th e  y - r a y  s p e c t r a  g e n e r a l l y  

i d e n t i f i e d  th e  main decay f e a t u r e s  o f  the  l e v e l s  s t u d i e d ,  in  some 

cases  poor  s t a t i s t i c s  made e x t r a c t i o n  o f  a c c u ra te  b ranch ing  r a t i o s  

im p o ss ib l e .  F u r t h e r  i n fo rm a t io n  on th e se  l e v e l s  was o b t a in e d  by th e  

o t h e r  methods mentioned below.

While o b t a i n i n g  some of  th e  dual  pa ram e te r  c o inc idenc e  

s p e c t r a  f o r  th e  an g u la r  c o r r e l a t i o n  exper iments  u s in g  the  a n n u la r  

c oun te r  and Nal d e t e c t o r s  (method B, s e c t i o n  7 . 3 . 2 ) ,  some s p e c t r a  

were o b ta in e d  f o r  the  group o f  5 s t a t e s  n e a r  2.1 MeV e x c i t a t i o n .

The l e v e l  spac ing  o f  th e  5 s t a t e s ,  be ing  much l e s s  than th e  p r o to n  

r e s o l u t i o n ,  p r o h i b i t e d  any e x t r a c t i o n  o f  b ranch ing  r a t i o s .  However, 

by making a s l i c e  by s l i c e  comparison o f  th e  s p e c t r a ,  th e  more 

i n t e n s e  y - r a y s  could be i d e n t i f i e d  wi th  p a r t i c u l a r  l e v e l s .  In the  

a n a l y s i s  o f  t h e  s p e c t r a ,  use was made o f  th e  d a t a  of  D an ie l s  and 

F e l s t e i n e r  [Da 68 ] ,  i n  which two y - r a y s  from t h i s  group o f  5 s t a t e s  

had been a t t r i b u t e d  t o  two i n d i v i d u a l  l e v e l s .  The t r a n s i t i o n s  

i d e n t i f i e d  a re  shown i n  f i g .  7.9 and t a b u l a t e d  in  t a b l e  7 . 1 .  The 

d a t a  shown a re  a summary o f  th e  r e s u l t s  from a l l  t h e  b r anch ing  r a t i o  

measurements,  i n c l u d i n g  the  b r anch ing  r a t i o s  e x t r a c t e d  from the  

a ngu la r  c o r r e l a t i o n  d a t a  w i th  th e  a id  o f  Legendre polynomia l  f i t s .  

The d a t a  f o r  the  h i g h e r  energy s t a t e s ,  and some o f  the  lower energy  

s t a t e s ,  were o b ta in e d  w i th  th e  Ge(Li)  d e t e c t o r s  as r e p o r t e d  below.

In th e  e a r l y  s t a g e s  o f  th e  e x p e r im e n t s ,  i t  was n o t  known 

whether t h e  low energy t r a n s i t i o n  from the  1.744 MeV s t a t e  in vo lved  

the  1.463 MeV or  the  1.482 MeV s t a t e  o r  bo th .  To answer t h i s  q u e s 

t i o n ,  a co in c id en c e  measurement was made u s in g  the  a n n u la r  co u n te r  

and the  40 cc Ge(Li)  d e t e c t o r  (method C, s e c t i o n  7 . 3 . 3 ) .  In ad d i -
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F igu re  7 .9 :  The decay scheme o f  59Co deduced in  th e  p r e s e n t
7Texperim en t .  The J  v a lu e s  were o b ta in e d  from th e  p r e s e n t  and 

p re v io u s  e x p e r im e n ts .
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Table 7.1
y-ray branching ratios for 59Co

Initial
state
(MeV)

Final
state
(MeV)

Branching ratios

This exp. [Be 67] [No 67] [Da 68]

1.100 0.0 100 100 100 100
1.190 0.0 100 100 100
1.292 0.0 93 ± 4 5 6

1.100 7 ± 4 95 94
1.463 0.0 > 90 90 100

1.190 < 10 10
1.482 0.0 80 ± 3 72 80

1.100 20 ± 3 28 20
1.744 0.0 59 ± 4 60

1.190 32 ± 2 30
1.482 9 ± 2 10

2.059 0.0 *(weak)
1.190 *
1.482 * (strong) *
1.744 *(weak)

2.085 0.0 *
1.100 *

2.146 1.463 * *
2.183 1.744 * (strong)
2.183 or 1.190 *
2.201 1.463 or *

1.434
2.394 0.0 18 ± 9 *

1.190 33 ± 9
1.482 8 ± 7
1.744 22 ± 6
2.059 15 ± 5
2.183 4 ± 2

2.476 0.0 ! > 90
2.183 < 10

2.537 li. 744 > 80
2.183 < 20

2.581 0.0 60 ± 8
1.190 40 ± 8

* y-ray observed, but little or no intensity information 
available.

The errors shown for the branching ratios are standard
errors.



79

tion, a measurement was made with a window set on the proton groups 

populating the states at 2.394, 2.476, 2.537 and 2.581 MeV. These 

groups were unresolved but were adequately separated from adjacent 

proton groups. Because of the large number of peaks present in the 

y-ray spectrum, the data were much more difficult to analyze than in 

the case of the 1.744 MeV state. However, most of the stronger 

transitions have been identified. To aid in the analysis of the 

data (particularly for the quartet of states), the coincidence y-ray 

spectra were smoothed using the technique described by Yule [Yu 67]. 

The original and smoothed spectra are shown in fig. 7.10. The 

energies of the peaks which have been fitted into the decay scheme 

are indicated; many of the smaller bumps are due to the smoothing 

program, and are not indicative of y-ray peaks. The branching 

ratios were obtained using the efficiency curves of Huang [Hu 68] 

and Black 2Ä at. [B1 68] for the detector. As small amplitude 

pulses are more likely to be lost from the system because of pile up 

effects [Co 69], the errors were increased to account for the losses 

associated with the high count rates. It can be seen that the 1.744 

MeV state has a branch to the 1.482 MeV state, and no detectable 

branch to the 1.463 MeV state. This agrees with the results of 

Daniels and Felsteiner [Da 68].

7.4.2 Angular Correlation Measurements

A discussion of the theory of angular correlation measure

ments and the modifications required to meet the present experi

mental limitations is contained in the Appendix. Briefly, the form

ulae and tables of Rose and Brink [Ro 67a] were used to analyze the 

data. At 0° the reaction populates only the |Mj_ | = 1/2 substates,
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but to allow for the finite range of angles subtended by the detec

tors about 0° or 180°, it was assumed that j |  = 3/2 substates 

could also be populated to a small extent.

The correlations were fitted by the equation given in the 

Appendix for various values of initial state spin Jj, final state 

spin J2 and the mixing ratio 5. For given values of the spins, 

least squares fits were made to the data and y2 values for each fit 

were obtained. The well established ground state spin of 7/2 

[N.D.S.] was used for all fits, while the spins of the initial 

states were varied from 1/2 to 13/2. The fitting program was valid 

for multipolarities up to and including octupole. Values of y2 were 

computed with the program by dividing the weighted sum of the 

squares of the residuals by (M-N), where M is the number of angles 

and N is the number of free parameters. The confidence limits for 

the normalized y2 values were taken from the tabulations of Nijght 

at at. [Ni 59]. With regard to these confidence limits, the general 

criteria adopted were that the theoretical correlation curves did 

not fit the data for values of y2 well outside the 1% confidence 

limit, and for values of y2 near or inside the 10% confidence limit, 

the fit was considered to be satisfactory. For values of y2 between 

these ranges, the fit was generally considered indeterminate. It is 

recognized that these criteria are arbitrary; however, it is felt 

that they are reasonable ones to use for the data presented. Fits 

to the data were also made with P (3/2)/p(1/2) = 0.1, and in some 

cases 0.3; these fits were considered when the mixing ratios and 

errors were deduced.

Five different sets of data (labelled A to E) were taken 

using the configurations of method A (section 7.3.1) or method B
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( se c t io n  7 . 3 . 2 )  and various bombarding en erg ies  as s e t  out in  tab le  

7.2.  The f i t s  to th ese  data s e t s  are considered below under the  

appropriate energy s t a t e  heading. A summary o f  the f in a l  sp in s  and 

mixing r a t io s  deduced i s  contained in  tab le  7 .8 .

Table 7.2

Conditions under which the 56Fe(a,py) angular co r r e la t io n  

measurements were made

Data Exp. 
method

Ea
(MeV) Angles measured

X2 confidence  
l im it s

2? U L
1% 10%

A A 10.15 9 0 ° , 1 0 2 . 5 ° , 1 1 5 ° , 1 2 7 . 5 ° , 1 4 0 ° 3.7 2.2

■
A 10.40 9 0 ° , 1 1 7 . 5 ° , 1 3 0 ° , 1 4 2 . 5 ° 3.3 1.9

C B 10.66 9 0 ° , 6 2 . 5 ° , 5 0 ° , 3 7 . 5 ° , 2 2 . 5 ° 3.7 2.2

D B 10.66 9 0 ° , 5 7 . 5 ° , 4 0 ° , 2 2 . 5 ° 3.3 1.9

E B 10.92 90° ,57 . 5° ,40®, 22 .5® 3.3 1.9
1

Data s e t  C was taken using  the f a s t  time p ic k o f f  u n i t ,  

w hile  D and E were taken with the cro ss -o v er  tim ing as descr ibed  in  

s e c t io n  7 . 3 . 2 .

1.100 MeV State

For a f i r s t  attempt at measuring angular c o r r e la t io n s ,  the  

f i r s t  ex c ite d  s t a t e  o f  59Co was s e le c t e d .  Although there had been 

some d iscrep an c ies  in the work o f  previous e x p er im en ta l is ts  in  

ass ign in g  a J value to  the l e v e l ,  an assignment o f  3/2 from the  

( t , a )  work appeared to  be co rrect  [N.D.S . ] .  Thus, the s t a t e  would 

be expected to  decay by a pure E2 tr a n s i t io n  to  the 7/2 ground 

s t a t e ,  and should y ie ld  a d e f i n i t e ,  p red ic ta b le  c o r r e la t io n .  The
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measurement of this correlation was, therefore, considered primarily 

as a test of the equipment and technique to be used for subsequent 

measurements involving states whose Jl! assignments were less cer

tain, or not known at all.

The first measurement with the magnetic spectrometer (data 

set A) was beset with difficulties associated with the monitor coun

ter, so that the correlation measurement was repeated using the 

annular counter (data set E) . The latter correlation, and the best 

fit to it, are shown in fig. 7.11. The results of the fits to both 

measurements are summarized in table 7.3. While not as definite as 

desired, the correlations do give good fits for the predicted 

3/2 7/2 transition for 6 = 0  (pure E2), and indicated that the

experimental method could be useful for assigning J values to other 

states.

Table 7.3

Summary of the theoretical fits to the 
1.100 MeV angular correlations

Spin
sequence

P(3/2) 
P(1/2)

2ymin

Values
at

of the mixing ratio 
confidence limits Data

1% 10% min. 10% 1%
b v L

1.100 to 
0.0 MeV
3/2—7/2 0.0 0.1 -.31 -.24 0.0 2.6 3 . 1

A1/2-7/2 0.8 A
3/2-7/2 0.0 0.1 -.18 -. 15 -.07 0.03 0.06 E
3/2—7/2 0.1 0.1 -.18 -.16 -.05 0.06 0. 11 E
1/2-7/2 1.6 E

P(3/2)/P(1/2) is the ratio of the population of the 
iMj = 3/2 to IMjI = 1/2 substates used in the theoretical correla
tion. xmin is the value of x2 at the minimum of the x2 vs. 6 curve 
The mixing ratio is that defined by Rose and Brink [Ro 67a] for the 
two lowest order multipolarities which can occur in the transition.



J= 5 /2  (8=0-23)

J = 9 /2  ( 8 = - 0  24)
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F igu re  7 .11 :  The 56F e (a ,p y )  a n g u la r  c o r r e l a t i o n s  f o r  th e  1 .100 ,

1.190 and 1.291 MeV s t a t e s  o b ta in e d  u s in g  th e  a n n u la r  c o u n te r  

(d a ta  s e t  E ) . The curves  a re  th e  t h e o r e t i c a l  c o r r e l a t i o n s  

f o r  th e  i n i t i a l  sp in  J  and m ixing r a t i o  6 shown in  th e  i n s e t s .
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1.190 MeV S t a t e

The 1.190 MeV s t a t e  i s  no t  p o p u la te d  in  8 decay ,  b u t  has 

been observed  in  a number o f  r e a c t i o n s  [N .D .S . ] ,  i n c lu d in g  

59Co(160 , 150 ’y) [No 67J . As a r e s u l t  o f  the  ( 160 , 160 fy) experiment 

th e  J 11 o f  the  l e v e l  has been l i m i t e d  to  5/2 , 7/2 o r  9/2  w i th  the  

5/2 choice  the  most im probable .  The 1.190 MeV s t a t e  decays e n t i r e 

ly  t o  th e  ground s t a t e  w i th  a mean l i f e ,  x = 0 .08  ± 0.01 ps [No 67] .

The 1.190 MeV s t a t e  was i n v e s t i g a t e d  bo th  by d i r e c t  cx- 

p a r t i c l e  p o p u la t i o n  and th rough  cascade y - r a y s  from the  1.744 MeV 

s t a t e .  The a n g u la r  c o r r e l a t i o n s  o b ta ined  u s in g  the  magnetic  s p e c t r o 

mete r  and an n u la r  c o u n te r  t o  d e t e c t  th e  1.190 MeV s t a t e  a - p a r t i c l e  

group,  a re  shown in  f i g s .  7.12 and 7.11 r e s p e c t i v e l y .  A summary o f  

the  f i t s  t o  t h i s  d a t a  i s  c o n ta in e d  in  the  f i r s t  p a r t  o f  t a b l e  7 .4 .

A t y p i c a l  spectrum o b ta in e d  in  the  1.744 MeV s t a t e  c o r r e l a t i o n s  i s  

shown in  f i g .  7 .13 ,  and i t  can be seen t h a t  bo th  the  1.190 MeV s t a t e  

p o p u la t i o n  y - r a y  (0.55 MeV) and the  decay y - r a y  could be e x t r a c t e d  

from the  d a t a .  The curve in  f i g .  7.13 i s  the  f i t  t o  the  spectrum 

o b ta in e d  w i th  a s t a n d a rd  s e t  o f  l i n e  shapes  as d e s c r ib e d  in  s e c t i o n  

7 . 4 . 1 .  The cascade c o r r e l a t i o n s  o b ta in e d  from d a t a  s e t s  C and D are  

shown in  f i g s .  7.14 and 7.15 r e s p e c t i v e l y ;  a summary o f  the  t h e o r 

e t i c a l  f i t s  to  them i s  c o n ta in e d  in  t a b l e  7 .4 .  In t h e s e  f i t s  i t  was 

assumed t h a t  th e  1.744 MeV s t a t e  had a s p in  o f  7/2 which was the  

sp in  deduced f o r  i t  i n  th e  p r e s e n t  exper im en t s .

All  o f  the  c o r r e l a t i o n s  in v o l v in g  th e  1.190 MeV s t a t e  

decay are  f i t t e d  w e l l  f o r  bo th  J  = 5/2 and 9 / 2 ,  bu t  do no t  exclude 

J  = 7 /2 .  However, th e  f i t s  t o  the  two measurements i n v o l v in g  the  

1.744 MeV t o  1.190 t r a n s i t i o n  bo th  g ive  v a lu es  o f  x 2 o u t s id e  th e  1% 

conf idence  l i m i t  f o r  J  = 7 /2 .  These f i t s  can be improved by assum-
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J s 7 /2  (8=0-73)

1-744

J = 9 /2  (8 = -0 -0 2 )  
J = 5 /2  (8 = -0 -07) .

I -744- ----- 7 /2
( 8 * - 0  0 2  o r - 0 - 0 7 )

1-190

J a 5 / 2  (8 = 0-29)

J = 9 / 2  ( 8 * -0 - 2 8 )

Cos2 6

F igure  7 .14 :  56F e (a ,p y )  a n g u la r  c o r r e l a t i o n s  (d a ta  s e t  C) in v o lv in g

th e  1.744 1.190 -> 0 .0  MeV cascad e .  The heavy arrows in  th e

i n s e t s  i n d i c a t e  th e  y - r a y  in v o lv ed .



I -744

(8 *0 -90 )

J = 9 /2  (8 * -0 -0 2 )  
J * 5 /2  (8 * -0 -0 7 )

LU 40
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1-744
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J = 5 /2  (8 = 0)

1-744- 
I-482-

Figure 7.15: 56Fe(a,py) angular correlations (data set D) for
y-ray decays from the 1.744 MeV state.
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Table 7,4
Summary of the theoretical fits to the 

angular correlations involving the 1,190 MeV state

Transition 
and spin 
sequence

P (3/2)
P (1/2)

2
^min

Values of the mixing ratio
at confidence limits ____ ____________________________ Data

set
1% 10% min. 10% 1%

1.190 to
0.0 MeV
9/2-7/2 0.0 0.5 -.43 -.37 -.23 -.11 -.06 B
1/2-112 0.0 2.6 oo -4.5 -2.2 B

0.0 0.8 0.06 0.16 0.38 0.68 0.88 B
S/2-1/2 0.0 0.6 -.04 0.02 0.18 0.41 0.55 B

0.0 0.4 1.23 1.57 2,7 5.5 9.0 B
13/2-7/2 0.0 99. E

(6 = 0) 0.3 93. E
11/2-7/2 0.0 40. OO E

0.3 28. oo E
9/2 - 7/2 0.0 0.9 -.29 -.27 -.24 -.20 -.18 E
7/2-7/2 0.0 2.6 0.27 0.33 0.39 E

0.1 2.4 0.26 0.33 0.39 E
S/2-1/2 0.0 1.3 0.13 0.17 0.21 0.26 0.28 E

0.0 0.9 2.2 2.4 2.8 3.2 3.6 E
S/2-1/2 0.0 1.3 E
(6 = 0)

1/2-7/2 7.8 E

1.744 to
1.190 MeV

1/2-9/2 0.0 1.1 -.07 -.05 -.02 0.01 0.03 C
0 . 1 1.1 -.08 -.06 -.03 0.01 0.03 c

7/2-7/2 0.0 3.4 0.73 c0.1 2.8 0.68 0.74 0.81 C
1/2-S/2 0.0 1.1 - . i i -.10 -.07 -.05 -.04 c

0.1 1.1 -.11 -.10 -.07 -.04 -.03 c
1/2-9/2 0.0 2.1 -.10 -.04 -.02 0.0 0.07 D

0 . 1 2.1 -.11 -.04 -.02 0.0 0.07 D
0.0 1.4 5.4 7.1 14. 60. D

7/2-7/2 0.0 4.7 0 o 69 D
0.1 4.4 0.69 D

1/2-S/2 0.0 2.1 -.15 -.09 -.08 -.06 -.01 D 1



85

Table 7 .4  ( c o n t ' d )

T r a n s i t i o n  
and sp in P (3/2)  

P (1/2)
2

Xmin

Values o f  th e  mixing r a t i o  
a t  conf idence  l i m i t s

i

Data

sequence 1% 10% min. 10% n
__________________1

—

1.744 (62) 
to  1.190 
to  0 .0  MeV 
2nd member

9 /2 -7 /2 0 .0 0.1 - .3 7 - .36 - .2 8 - .22 - .2 0 c
(6 i = - . 02) 0.1 0.1 - .3 9 - .3 7 - .2 9 - .22 - .21 C

1/2-112 0.0 0.5 - 2 .6 -2 .2 -1 .6 -1 .2 -1 .0 c
(6! = 0.73) 0 .0 0 .3 -0 4 0.03 0.18 0.33 0.39 c

S/2-1/2 0.0 0.1 0.15 0.19 0.29 0.41 0.48 c
(6 i = - .07) 0.1 0.1 0.15 0.19 0.29 0.43 0.50 c

0.0 0.1 1.5 1.6 2.2 3.0 3.3 c

ing  a c o n t r i b u t i o n  from the  | j  = 3/2 s u b s t a t e s ,  b u t  even f o r  

P ( 3 / 2 ) / P (1 /2)  = 0 .1  th e y  a re  s t i l l  p o o r ,  e s n e c i a l l y  f o r  d a t a  s e t  D, 

which remains o u t s i d e  th e  1% l i m i t .  S ince  the  1.744 MeV s t a t e  can 

and does decay by d i p o l e  t r a n s i t i o n s  t o  s e v e r a l  d i f f e r e n t  s t a t e s ,  i t  

i s  h ig h l y  improbable  t h a t  i t s  l i f e t i m e  i s  lo n g e r  th an  10“ 11 sec .  

T h e re fo re ,  i t  i s  improbab le  t h a t  a P ( 3 / 2 ) / P (1 /2 )  > 0.1 i s  needed t o  

account  f o r  th e  a t t e n u a t i o n  o f  th e  1.744 -> 1.190 c o r r e l a t i o n ,  and a 

s p in  o f  7/2 can be f a i r l y  c o n f i d e n t l y  r u l e d  out  f o r  th e  1.190 MeV 

s t a t e .

The cho ice  between 5/2  and 9 /2  cannot  be made on th e  b a s i s  

o f  th e  c o r r e l a t i o n  d a t a .  The mixing r a t i o s  ob ta in ed  f o r  th e  

1.190 -> 0 .0  t r a n s i t i o n  a re  in  s a t i s f a c t o r y  agreement w i th  th o s e  

o b ta in e d  by Nordhagen <l£ at. [No 67] from B(E2) and l i f e t i m e  meas

u rem e n ts ,  and w i th  t h o s e  o b ta in e d  in  th e  ( l60 , l 6 0 ' y )  c o r r e l a t i o n  

measurements.  ( I t  i s  t o  be no te d  t h a t  they  have used a d i f f e r e n t
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phase convention). However, they have argued against J = 5/2 on the 

basis of comparisons with B(E2) values obtained in 59Co and neigh

bouring nuclei. Also, since the 1.190 MeV state has negative parity 

[No 67], it could be populated by an allowed ß decay from the 59Fe 

(3/2 ) ground state if its spin were 5/2. This state has not been 

observed in ß decay while higher energy states with J71 = 1/2", 3/2 

and 5/2” have been.

Thus 9/2 remains the most probable J assignment for the 

level, in agreement with the Hauser-Feshbach calculations of the 

(n,n'y) cross sections by Daniels and Felsteiner [Da 68].

1.291 MeV State

This state is thought to have a J77 of 3/2" [N.D.S. and 

No 67], although Daniels and Felsteiner [Da 68] have assigned a spin 

of 5/2 on the basis of Hauser-Feshbach fits to (n,n'y) cross sec

tions. A typical y-ray spectrum from the angular correlation meas

urement (method B, data set E) is shown in fig. 7.6, and the correl

ation obtained, with a fit for J = 3/2 (pure E2 transition), is con

tained in fig. 7.11. The fit is not very satisfactory, and, as can 

be seen from the summary of fits in table 7.5, a spin of 5/2 could 

fit the data just as well. Because of the long lifetime of the

1.291 MeV state (t ^ ^  = 0.6 ns), some perturbation due to hyperfine 

interactions might be expected, and somewhat better fits can be 

obtained by assuming a contribution from the jM̂ | = 3/2 substates. 

However, the data are not accurate enough to definitely conclude 

that the correlation is perturbed. No further information on this 

state could be obtained from the 1.290 - 1.100 MeV transition, 

because it was not possible to accurately extract the 1.10 or 1.19 

MeV y-rays.
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Table 7.5

Summary of the theoretical fits to the 1.291 MeV 
angular correlation

Spin
sequence

P (3/2) 
P(l/2)

2
xmin

Values of the mixing ratio 
at confidence limits Data

set
1% 10% min. 10% 1%

1.291 to
0.0 MeV
S/2-7/2 0.0 0.7 .09 .10 .16 .23 .25 E

0.1 0.7 .09 .10 . 16 .23 .26 E
0.3 0.7 .07 . 10 .17 .24 .29 E

3/2-7/2 0.0 0.7 -.19 -.15 -.06 0.03 0.07 E
0.1 0.7 -.19 -.15 -.04 0.06 0.13 E
0.3 0.7 -.21 -.15 0.01 0.21 0.40 E
0.0 0.7 1.25 1.37 1.6 2.0 2.2 E

1/2-7/2 2.1 E

1.482 MeV State

The population of the 1.482 MeV state in 8 decay by an 

allowed or first forbidden transition (log ft = 7.25) has been 

observed by Beraud <lt at. [Be 67] , so that it must have a spin of 

1/2, 3/2 or 5/2. The 1/2 possibility is highly unlikely, since the 

state has a large branch to the 7/2 ground state as well as being 

populated from the 1.744 MeV state (J71 - 7/2”).

If the 1.482 MeV state has a spin of 3/2, then the 

1.744 -* 1.482 transition would be expected to be a pure quadrupole 

transition; the predicted correlation is strongly anisotropic, 

increasing by a factor of 2 between 90" and 40°. On the other hand, 

a 7/2 to 5/2 transition (quadrupole/dipole mixture) would be consid

erably different for most values of the mixing ratio. Thus it was 

anticipated that a short correlation meausrement, involving the 0.26
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MeV y-ray from the 1.744 MeV state, might yield a definite spin 

value for the 1.482 MeV state.

As can be seen from fig. 7.13, the 0.26 MeV y-ray could be 

extracted from the 1.744 MeV angular correlation measurements, 

although large errors were involved in background subtraction. The 

correlation obtained along with the fits for J = 3/2 (6 = 0) and 

J = 5/2 (6 = 0) is shown in fig. 7.15. A summary of the fits is 

contained in table 7.6. Although the fit for a spin of 5/2 was out

side the 1% confidence limit, the shape of the 3/2 correlation 

precluded a J of 3/2, and it was concluded that the 1.482 MeV state 

has a spin of 5/2.

Table 7.6

Summary of the theoretical fits to the 
1.744 1.482 MeV transition angular correlation

Spin P(3/2)
sequence P(l/2) xmin

Values of the mixing ratio 
at confidence limits Data

set
1% 10% min. 10% 1%

1.744 to
1.482 MeV
7/ 2—5/2 0.0 2.4 -.15 -.02 0.10 D

0.1 2.4 -.15 -.02 0.10 D
7/2-3/2 0.0 4.2 0.5 D

0.1 3.2 0.40 0.7 1.7 D
(6=0) 0.0 10.2 D
(6=0) 0.1 9.7 D

.

A parity assignment to this state is not possible with the 

existing experimental data. With a 5 = 0 for the 1.744 (7/2 ) -> 

1.482 (5/2) transition, the multipolarity could be either El or Ml.
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I f  th e  mixing r a t i o  i s  n o n -z e ro ,  then  the  most p ro b a b le  ass ignment 

i s  n e g a t i v e ,  as an M2/E1 m ix tu re  i s  u n l i k e l y  to  occur .

1.744 MeV S t a t e

The an g u la r  d i s t r i b u t i o n  o f  the  a - p a r t i c l e  group p o p u l a t 

ing  the  1.744 MeV s t a t e  i n  th e  6QN i ( t , a )  r e a c t i o n  [B1 6 6 ] ,  i s  th ough t

7Tt o  be c h a r a c t e r i s t i c  o f  an Z  = 3 p ickup  p a t t e r n .  This  l i m i t s  the  J  

va lu e  o f  th e  s t a t e  to  5/2  o r  7/2 [N .D .S . ] .  I f  th e  assumptions  o f

B l a i r  and Armstrong [B1 66] r e g a r d i n g  th e  ( t , a )  r e a c t i o n  mechanism 

and the  c o n f i g u r a t i o n  o f  the  61Ni ground s t a t e  a re  c o r r e c t ,  then  7/2 

i s  th e  most p ro b a b le  a ss ignm en t .  The l e v e l  i s  p o p u la te d  in  a number 

o f  o t h e r  r e a c t i o n s ,  b u t  has n o t  been seen  i n  ß decay s t u d i e s  [N .D .S . ] .  

Th is  would a l s o  f avou r  th e  7/2 ass ignm en t .

As the  1.744 MeV s t a t e  i s  a t  l e a s t  250 keV from i t s  

n e a r e s t  n e ig h b o u r ,  i t  i s  p a r t i c u l a r l y  amenable to  s tudy  us ing  the  

an n u la r  c o u n te r  (method B, s e c t i o n  7 . 3 . 2 ) .  Two s e p a r a t e  m easure 

ments were made, and t h e  ground s t a t e  c o r r e l a t i o n s  o b ta in e d  are 

shown in  f i g .  7.15 ( d a t a  s e t  D) and f i g .  7.16 (d a ta  s e t  C ) . From 

the  p l o t s  o f  x 2 vs., t a n -1 6 shown in  f i g .  7 .16 ,  i t  i s  c l e a r  t h a t  the  

on ly  s a t i s f a c t o r y  f i t  i s  o b ta in e d  wi th  a J  o f  7/2 f o r  the  1.744 MeV 

s t a t e .  A summary o f  th e  t h e o r e t i c a l  f i t s  f o r  both  measurements i s  

con ta ined  in  t a b l e  7 .7 .

The r e s u l t s  o f  the  56F e(a ,py )  c o r r e l a t i o n  measurements a re

summarized in  t a b l e  7 . 8 .
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Figure 7 .16: 56F e(a ,py) angular c o r r e la t io n  obtained fo r  th e ground

s ta te  decay o f  the 1.744 MeV s ta te  (data s e t  C ).

Top: P lo ts  o f  x2 v s .  ta n ^ S . The curves are la b e lle d  w ith  the

sp in  value used fo r  the i n i t i a l  s t a t e .

Bottom: The curves shown are the ca lc u la te d  c o r r e la tio n s

obtained w ith th e J and <$ in d ic a te d .
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Table  7.7

Summary o f  th e  t h e o r e t i c a l  f i t s  to the  1.744 MeV 

a n g u la r  c o r r e l a t i o n

Values o f  the  mixing r a t i o
Spin P (3/2)  2 a t  conf idence  l i m i t s  Data

sequence P ( l / 2 )  ^min ------------------------------------------------------- ■ s e t
1% 10% min. 10% 1%

1.744 to
0 .0  MeV

: 13 /2 -7 /2  0 .0  235. C
(5=0) 0 .3  228. C

| 11 /2 -7 /2  0 .0  40. 2.7 C
0.3  28. 2.7 C

1 9 /2 - 7 / 2  0 .0  7.7 - .0 2 C
0.1 7.6 - .02 C

7 /2 -7 /2  0 .0  0 .7 0.74 0 .78  0 .88 1.02 1.09 C
0.1 0 .9 0.76 0.81 0.91 1.05 1.13 C

5 /2 - 7 / 2  0 .0  7.6 - .0 9 c
0.1 7.6 - .0 9 C

3 /2 -7 /2  0 .0  7.6 - .41 c

1 /2 -7 /2  31. c

j 7 /2 - 7 / 2  0 .0  0 .3 0.58  0.63  0.85  1.10 1.30 D  i
S / 2 - 1 / 2  0 .0 3.2 - .1 1  - .0 6  0.01 D

0.1 3.2 - .1 3  - .0 6  - .02 D

7.5 61 Co RESULTS

I n i t i a l  a t t e m p t s  a t  measur ing the  decay scheme o f  l e v e l s  

i n  61Co, u s in g  the  58F e (a ,py )  r e a c t i o n ,  were made in  two e x p e r im en t s ,  

one w i th  th e  magnetic  s p e c t r o m e te r  and Nal d e t e c t o r ,  and th e  o t h e r  

w i th  the  a n n u la r  c o u n t e r  and Ge(Li)  d e t e c t o r .  Both exper im en ts  were 

u n s u c c e s s f u l  because o f  low y i e l d s  and i n t e r f e r e n c e  from the  

58F e (a ,p )  r e a c t i o n .  (The t a r g e t  c o n ta in ed  16% 56Fe, and th e  (a ,p )  

c ro s s  s e c t i o n  f o r  t h i s  i s o t o p e  was g e n e r a l l y  s e v e r a l  t imes  l a r g e r  

than  f o r  58Fe.)
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Table 7.8

Spins  and mixing r a t i o s  deduced in  the  

56F e(a ,py )  c o r r e l a t i o n  measurements

I n i t i a l s t a t e

Energy Deduced
J 77

Mixing r a t i o F in a l s t a t e

1.100 C o n s i s t e n t
pure

wi th  3/2 ,
E2 t r a n s i t i o n 0 .0

■ i

7/2"

1.190 9 / 2 ' -0 .25  ± 0.05 0.0 7/2"

( 5 / 2 ' ) 0 22 + ° ‘09 U‘ - 0.06

1.291 C o n s i s t e n t
pure

w i th  3 /2 " ,
E2 t r a n s i t i o n 0 .0 7/2"

1.482 5/2

1.744 7 / 2 ' 0.89 T 0,25 - 0.17 0 .0 7 / 2 '

-0 .02  ± 0.05 1.190 9 /2"

-0 .0 7  + ° ' 03 - 0.04 (5 /2")

-0 .02  ± 0.13 1.482 5/2

The mixing r a t i o s  were o b ta in e d  from s im u l taneous  f i t s  to  

a l l  d a t a  s e t s ;  th e  l i m i t s  were o b ta in e d  from the  1% conf idence  

l i m i t s  o f  the  x 2 vs .  <$ p l o t s .  (The f i t s  f o r  bo th  P (3/2)  /P (1 /2)  = 

0 .0  and 0.1 were co n s id e re d  and th e  l a r g e s t  A6 compatib le  w i th  

e i t h e r  f i t  i s  shown above . )

A more s u c c e s s f u l  approach was made by comparing two- 

d im ens iona l  c o in c id e n c e  s p e c t r a  o b ta in e d  wi th  an 56Fe t a r g e t  (99.9% 

55Fe) and an 58Fe t a r g e t  (82% 58Fe,  16% 58F e ) . The c o n f i g u r a t i o n  

and e l e c t r o n i c s  used were th o se  o f  method B ( s e c t i o n  ( 7 .3 . 2 )  w i th  

th e  Nal d e t e c t o r  a t  55° ,  10 cm from the  t a r g e t .  I n i t i a l  measure 

ments were made wi th  t h e  1.65 MeV d o u b le t  in  6 I Co. As d i s c u s s e d  in
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section 6.3.3, it was not known which of these two states is popu

lated in 3 decay. The state observed in 3 decay studies [N.D.S.] 

decays entirely to the ground state, so that a measurement of the 

branching ratios from the doublet could resolve this question.

After an excitation function was measured, a bombarding 

energy of 11.27 MeV was chosen because the annular counter spectrum 

showed a relatively high yield of protons to the 1.65 MeV doublet 

from the 58Fe(a,p) reaction, compared to the yield to the interfer

ing states in 59Co from the 58Fe(a,p) reaction. This is demon

strated in fig. 7.17 where particle spectra are shown for both the 

56Fe and 58Fe targets. Two two-dimensional coincidence spectra were 

obtained - one containing information on the 59Co and 61 Co states, 

and the other containing information on only the 59Co states.

The y-ray slices, summed over the region of interest, are 

shown in fig. 7.18. Three y-rays can be seen to be associated with 

81Co; their energies are 1.65 ± 0.04, 1.29 ± 0.03, and 0.35 ± 0.02 

MeV. The spectra therefore demonstrate that one of the pair of 

levels at 1.65 MeV has a large branch to the 1.287 MeV state which 

then decays to the ground state. To determine which member of the 

doublet decays through the 1.287 MeV state, the summed y-ray spec

trum (slices 15- 17), shown in the upper diagram of fig. 7.18 was 

divided into two spectra - slices 15 and 16 in coincidence with 

proton pulses of lower amplitude were summed and compared with 

slice 17 which was in coincidence with higher energy protons. These 

two spectra are shown in fig. 7.19. By comparing the counts in the 

0.35 and 1.29 MeV photopeaks with those in the 1.65 MeV photopeak, 

it could be deduced that the lower member of the doublet (1.623 

MeV) branches to the 1.287 MeV state. This is confirmed by addi-
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Figure 7.17t Particle singles spectra obtained in the annular 
counter.
Top: From an enriched 58Fe target.
Bottom: From an enriched 56Fe target.
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Figure 7.18: y-ray decay of states in 59Co and 61Co obtained
using the (a,py) reaction.
Top: From an enriched 58Fe target.
Bottom: From an enriched 56Fe target.
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t i o n a l  r e s u l t s  ob ta in ed  w i th  a Ge(Li) d e t e c t o r  d i s c u s s e d  l a t e r  in  

t h i s  s e c t i o n .  Thus, the  1.655 MeV l e v e l  i s  p o p u la ted  i n  (3 decay and 

t h e r e f o r e  has  a s p in  o f  3/2 o r  5 /2 .  This  co n c lu s io n  i s  in  c o n t r a 

d i c t i o n  to  th e  c u r r e n t  ass ignment i n  N uc lea r  Data Sheets  [N .D .S . ] ,  

where the  com pi le r s  assumed t h a t  the  1.623 MeV l e v e l  was p o p u la te d  

and on t h i s  b a s i s  a s s ig n ed  a s p in  o f  (5 /2)  .

Attempts  were made t o  look a t  h i g h e r  energy s t a t e s  of  61Co 

u s in g  th e  same p ro c e d u r e ,  b u t  th e  d a t a  acqu i red  were too  complex f o r  

a n a l y s i s  w i th  a r e a s o n a b le  inves tm en t  o f  t ime.

A f t e r  some t r i a l s ,  i t  was found p o s s i b l e  t o  use  the  40 cc 

Ge(Li)  d e t e c t o r  and an a n n u l a r  c o u n te r  t o  d e t e c t  co inc idenc e  y - r a y s  

in  the  64N i ( p ,a y )  r e a c t i o n  (method C, s e c t i o n  7 . 3 . 3 ) .  A bombarding 

energy  o f  about  10 MeV or  more i s  r e q u i r e d  i f  the  ou tg o ing  a -  

p a r t i c l e s  o f  i n t e r e s t  a re  t o  be n e a r  o r  above the  top  o f  th e  Coulomb 

b a r r i e r .  However, l a r g e  n e u t ro n  and y - r a y  backgrounds ,  which 

i n c r e a s e  r a p i d l y  w i th  i n c r e a s i n g  bombarding ene rgy ,  can be expec ted  

w i th  p ro to n  induced  r e a c t i o n s  a t  th e s e  e n e r g i e s .  The a c t u a l  c o i n 

c idence  run was per formed a t  10.00 MeV us ing  th e  t im in g  e l e c t r o n i c s  

shown in  f i g .  7 .8 .

C o inc iden t  y - r a y s  from f o u r  d i f f e r e n t  a - p a r t i c l e  groups  

were s e l e c t e d  by fo u r  windows on the  an n u la r  c o u n te r  spec trum ,  as 

i n d i c a t e d  in  f i g .  7 .20,  The windows were s e t  on:

(a) th e  ground s t a t e  group to  c o l l e c t  the  random s p e c t r a ;

(b) the  1.65 MeV d o u b le t ;

(c) the  1 .887 ,  1.953 and 2.015 MeV s t a t e s ;  and

(d) th e  2 .230 ,  2.302 and 2.343 MeV s t a t e s .

Because th e  d i s c r i m i n a t o r  c u t - o f f s  were smeared somewhat, a l a rg e  

p a r t  o f  the  2.015 MeV s t a t e  was excluded  from window ( c ) . L ikewise ,
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Figure 7.20: A typical particle spectrum obtained in the annular
counter from the 64Ni(p,a)61Co reaction. The solid lines 
indicate the shape of the gated spectra obtained in the four 
windows described in the text. The a-particle groups are 
labelled by the excitation energy (MeV) of the states 
populated in 61Co.
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the 2.343 MeV state, and to a lesser extent the 2.302 MeV state, 

might have been excluded from window (d). The coincidence spectra 

were accumulated for a total time of 30 hours with a beam of 0.2 yA. 

During this time the resolution of the detector decreased measurably 

due to neutron damage.

The y-ray detection system was calibrated with 228Th and 

80Co sources before and after the measurement. A fairly large dev

iation from a straight line calibration was observed for the lower 

y-ray energies, so that a parabola was fitted to the 0.239, 0.511 

and 0.583 MeV calibration points to provide a calibration curve 

below 0.5 MeV. The relative full energy efficiencies determined by 

Huang [Hu 68] and Black QX at. [B1 68] were used to obtain relative 

y-ray intensities. The efficiency curves were corrected at the low 

energy end to allow for attenuation in the perspex wall of the tar

get chamber. (The corrections were determined by a subsidiary 

experiment with a 228Th source.)

For display purposes the 1024 channel spectra have been 

compressed to 512 channels; they are shown in fig. 7.21. For the 

purposes of discussion, the energies of levels as deduced in chapter 

6 will be used, even though the values obtained in the present 

experiment are more accurate. These energy level values and the 

branching ratios deduced, are listed in table 7.9; the branching 

ratios are also shown schematically in fig. 7.22.

The 1.623 and 1.655 MeV States (Slice (b))

Examination of slice (b) in fig. 7.21 reveals that both 

members of the doublet have branches to the ground state. In agree

ment with the (a,py) experiment, the 1.623 MeV state was observed to



33NNVH0 H3d SlNflOO

10
0 

20
0 

3
0

0
 

4
0

0
 

50
0

CH
AN
NE
L 

NU
MB
ER

Fi
gu

re
 7

.2
1:
 

Th
e 

y-
ra

y 
sp

ec
tr

a 
ob

ta
in

ed
 i

n 
th
e 

64
Ni

(p
,a

y)
6•’■

Co
 r

ea
ct
io
n.

 
Th
e 

en
er

gi
es

 o
f 

th
e

y-
ra

ys
 a

re
 s

ho
wn

 n
ea

r 
th

e 
fu
ll
 e

ne
rg

y 
pe
ak
s.



2 3 0 2
T

1
1
1
1

3/2 .5 /2 2015

3/2*. 1/2" 1 1-953
1

3 /2 --9 /2 $  & b 1-887

1
1
1
1

5/2 .3 /2 i <§> & 1-655
7/2* 1623

i
i
i
i
i
i

(1/2) 1

1
1
1
1
1
1

1325
' ' I 1-287

1
3/2". 5/2* 1

1
1 1-206

1
1
1

3/2* t J '

1
1
1

1029

7/2  ~

F ig u re  7 . 22 :  The d ecay  schem e o f  61 Co as d e te rm in e d  in  th e
7Tp r e s e n t  e x p e r im e n t . The J  v a lu e s  w ere o b ta in e d  from  th e  

p r e s e n t  and p r e v io u s  e x p e r im e n ts .
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Table  7.9

y - r a y  b ran ch in g  r a t i o s  f o r  61 Co

I n i t i a l  s t a t e  
energy  o b ta in e d

I n i t i a l
s t a t e

F in a l
s t a t e Branching r a t i o s

from ( p , a y ) 
exper iment Energ ies  from 

c h a p t e r  6
P r e s e n t  exp. ± 
s t a n d a r d  e r r o r [N.D.S.]

1.025 1.029 0.0 100 100

1.205 1.206 0.0 100 96
1.029

4
1.285 1.287 0.0 100

1.325 0 .0
1.029 80
1.206 20

1.619 1.623 0.0 55 ± 8 100
1.287 45 ± 8

1.647 1.655 0.0 88 ± 4
1.029 12 ± 4

1.891 1.887 0.0 50 ± 8
1.287 42 ± 8

i
1.655 8 ± 3

1.952 1.953 0 .0 < 20 100
1.206 100

2.015 0.0

2.232 2.230 0 .0 18 ± 7 100
1.029 or)  
1.206 ) 66 ± 9

1,287 16 ± 5

2.302 1.029 ( t e n t a t i v e
ass ignment)

have a l a rg e  branch  t o  th e  1.287 MeV s t a t e ,  which in  t u r n  decays to  

th e  ground s t a t e .  A smal l  b ranch  (12%) from the  1.655 MeV s t a t e  to  

th e  1.029 MeV s t a t e  was a l s o  observed .  This  aga in  r a i s e s  the  q u e s 

t i o n  o f  which member o f  th e  d o u b le t  i s  p o p u la te d  in  ß decay ,  s i n c e ,
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in the ß decay studies of Grench <lt aZ. [Gr 67J , and others, only a 

1.65 MeV -* ground state transition is reported. However, in the 

Ge(Li) spectrum of Grench <l£ at. the 0.34 MeV y-ray (1.623 to 1.287) 

would have had a relative intensity of ~ 7%, and would have been 

readily apparent if present, while the 0.63 MeV y-ray (1.655 to 

1.029), with a relative intensity of ~ 1.2%, would not have been 

seen. Therefore, it appears that the Jn of the 1.623 MeV state is 

7/2 , as reported in the (t,a) and (t,p) studies [B1 66, Hu 71].

The 1.655 MeV level could have a spin of 3/2 or 5/2 on the basis of 

its population in (3 decay, although the (t,a) and (t,p) data favour 

a spin of 5/2 .

The 1.887, 1.953 and 2.015 MeV States (Slice (c))

The decay modes of the 1.887 and 1.953 MeV states are 

deduced from slice (c) of fig. 7.21; no y-rays were observed which 

can be attributed to the 2.015 MeV state. The 1.887 MeV state was 

seen to decay to the 7/2 ground state, to the 1.287 MeV state and 

to the 5/2 (3/2 ) 1.655 MeV state. Thus the possible spin assign

ments are 3/2, 5/2, 7/2 and 9/2, assuming dipole or quadrupole 

transitions. The 1.953 MeV state decays to the 1.206 MeV state with 

an upper limit of 20% placed on a possible ground state branch.

This is consistent with the 3/2 assignment from the (t,a) studies 

[B1 66], since the 1.206 MeV state is considered to have Jn = 3/2 

or 5/2 .

Although the decay of the 2.015 MeV state was not observed 

here, its decay can be inferred from the present data and ß decay 

studies. Since the 1.953 MeV state decays primarily by a cascade to 

the 1.206 MeV state, it follows that the 2.015 MeV state is populated
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in 3 decay and decays primarily to the ground state. The spin of 

the 2.015 MeV state can then be limited to 3/2 or 5/2 (1/2 is 

improbable because of the ground state decay).

Grench oX at. [Gr 67] saw a very weak 1.20 — 0.80 MeV pair 

of coincident y-rays in their 3 decay studies, but did not consider 

the transition definitely established. It is possible that this was 

an indication of a weak population of the 1.953 to 1.206 cascade in 

3 decay.

The 2.230 MeV State (Slice (d))

The main y-rays observed in slice (d) of fig. 7.21 were 

all attributed to the 2.230 MeV state, although there was some 

evidence for a possible weak transition from the 2.302 MeV state to 

the 1.029 MeV state. The evidence was based on the broadening of 

the 1.287 MeV full energy peak. As mentioned above, the window on 

the a-particle spectrum probably excluded most of the a-particle 

pulses corresponding to the population of this state.

In addition to the ground state decay of the 2.230 MeV 

state, branches were observed to the 1,287 MeV state and to either 

the 1.029 or 1.206 MeV states, or to both. It was not possible to 

distinguish between the last two possibilities, since both give rise 

to pairs of y-rays of the same energies (within experimental error). 

Because the intensities of both members of the cascade were equal, 

they cannot be attributed to decays from higher energy states.

A state near 2.230 MeV has been observed in both (t,a) and 

(t,p) studies [Hu 71]. However, the (t,a) work indicated a state at 

2.250 MeV with a spin of 1/2 while the (t,p) angular distributions 

indicated a state at 2.240 MeV with negative parity. Both assign-
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ments are unambiguous, so that it appears that the present (p,ay) 

work populated one member of a close doublet at this energy. (In 

the (p,a) spectrometer measurements there was no evidence for a 

doublet with a separation of > 5 keV). The decay of the 2.230 MeV 

level observed here, to the 3/2 1.029 MeV state, is consistent with 

both assignments. However, decay to the 7/2 ground state would 

require an E3 (or M4) transition, which on the basis of the Weiss- 

kopf single particle estimates, is about a factor of 108 slower than 

possible El transitions to other states (e.g. the 1.029 MeV state). 

An E3 enhancement of more than 102 can be ruled out [N.D.S.], and an 

El retardation of at least 106, which is required for the El and E3 

transitions to compete, though possible, is unlikely [Go 66]. Thus 

the evidence is that the state populated in the (p,a) reaction is 

the negative parity state observed in the (t,p) studies.

The other decay mode of the 2.230 MeV state is through the 

1.287 MeV state, whose spin is not known. The 1,287 MeV level has 

been seen in the (t,p) reaction, but is only weakly populated in the 

(t,a) reaction, and has not been observed in 3 decay studies. This, 

along with the population of the level through transitions from the 

7/2 , 1.623 MeV state and the 1.887 MeV state (which could be 7/2 or 

9/2), and the non-population by transitions from states with known 

spins of 3/2 or 5/2, is consistent with a high spin assignment 

(> 9/2) for the 1.287 MeV level. This would definitely rule out a 

spin of l/2+ for the 2.230 MeV level, since transitions slower than 

octupole would have lifetimes longer than the resolving time of the 

coincidence circuit used in the present experiment.

A consistent set of spin assignments can now be suggested 

to fit the observed decays. Allowing dipole and quadrupole transi-
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tions, the spin of the 1.287 MeV state can be 9/2, 11/2 or 13/2, so 

that the spins of both the 1.887 and 2.230 MeV states can be 5/2,

7/2 or 9/2. However, these assignments are only conjectural and no 

more can be said without more information on the spin and parity of 

the 1.287 MeV state.

7.6 DISCUSSION

The level schemes for 59Co and 61 Co are shown in fig. 7.23.
7TThe J values and modes of decay obtained in the present and 

previous experiments [N.D.S.], for some of the levels are indicated. 

Also shown is the level scheme for 59Co calculated by Satpathy and 

Gujrathi [Sa 68]. The calculated level scheme for 61Co is similar 

and is shown in fig. 6.5.

The dashed lines in fig. 7.23 connect levels in the two 

nuclei which have energy ratios of E(59Co]/E(61Co) ~ 1.08, as dis

cussed in chapter 6. It can be seen that the 4 lower pairs of 

levels have similar decay schemes and possibly the same J71 values. 

However, this similarity is not carried on to the other four pairs 

of levels connected by dashed lines. The decays from the 2.085 - 

1.953 MeV pair and the 2.183 - 2.015 MeV pair have no common feat

ures. There are some similarities in the decays of the states at 

2.394 (59Co) and 2.230 (61Co) MeV, but a transition to the 1.623 MeV 

state is missing in 61Co, while that to the low lying 3/2 or 5/2 

state, which appears in 61Co, is not present in 59Co. Information 

on the decay of the 2.302 MeV state in biCo is insufficient to allow 

an adequate comparison to be made with that of the 2.476 MeV state 

in 59Co. However, if the 2.302 MeV state decays to the 1.029 MeV
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s t a t e ,  as t e n t a t i v e l y  i n d i c a t e d ,  th en  the  decay schemes o f  th e  p a i r  

o f  l e v e l s  a re  obv ious ly  d i f f e r e n t .

F u r th e r  ev idence  fo r  s i m i l a r i t i e s  i n  l e v e l  s t r u c t u r e  f o r  

the  low ly ing  s t a t e s  o f  59Co and 6 I Co, gained  from ( t , a )  and ( 3He,d) 

d a t a ,  i s  d i s c u s s e d  i n  r e l a t i o n  t o  the  o t h e r  odd-mass c o b a l t  n u c l e i  

i n  c h a p t e r  8.

U n f o r tu n a t e ly ,  t h e  c a l c u l a t i o n s  o f  Sa tpa thy  and G u j r a th i  

[Sa 68] d id  n o t  in c lu d e  th e  e x t r a c t i o n  o f  mixing and branch ing  

r a t i o s ,  a l though  such c a l c u l a t i o n s  can be made w i th i n  th e  framework 

o f  th e  model used .  T h e o r e t i c a l  va lu e s  f o r  t h e se  q u a n t i t i e s  would be 

u s e f u l  in  c o r r e l a t i n g  the  e x p e r i m e n t a l l y  de termined  s t a t e s  with  the  

c a l c u l a t e d  ones ,  and would a l s o  s e rv e  as a f u r t h e r  check on the  

model.  C o re l lo  and Manfred! [Co 71] have made s i m i l a r  c a l c u l a t i o n s  

f o r  57Co, and t h e i r  t h e o r e t i c a l  v a l u e s  fo r  E2/M1 mixing r a t i o s  agree 

w e l l  w i th  th e  ex p e r im en ta l  v a lu e s  o f  Coop oX oJL. [Co 70] .

S a tpa thy  and G u j r a t h i  [Sa 68] p r e d i c t e d  two low - ly ing  

h i g h - s p i n  s t a t e s  i n  61Co (9/2  and 11/2 ) .  The p r e s e n t  exper iment 

has p rov ided  evidence  f o r  only one (1.287 MeV). The only  o t h e r  

l i k e l y  cand ida te  i s  the  1.887 MeV s t a t e  which i s  w el l  away from the  

p r e d i c t e d  p o s i t i o n .  Another s e r i o u s  d i s c r e p a n c y  e x i s t s  in  59Co, 

where the d o ub le t  which appea rs  in  bo th  5 ; Co and 6 i Co, should  appear 

in  59Co a t  - 1.75 MeV. Branching r a t i o s  taken  a t  d i f f e r e n t  bombard

ing  e n e r g i e s  i n d i c a t e  t h a t  the  l e v e l  observed  in  1.744 i s  a s i n g l e  

i s o l a t e d  s t a t e .  There a r e ,  t h e r e f o r e ,  s t i l l  some a p p a r e n t ly  

u n r e c o n c i l a b l e  d i f f e r e n c e s  between the  c a l c u l a t e d  and t h e o r e t i c a l  

l e v e l  schemes f o r  59Co and 61Co.
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CHAPTER 8 

CONCLUSIONS

The p u r p o s e  o f  t h i s  c h a p t e r  i s  t o  d i s c u s s  t h e  s y s t e m a t i c s  

i n  t h e  l e v e l  s t r u c t u r e  o f  t h e  od d -m ass  c o b a l t  n u c l e i ,  5 / Co, 59Co and 

61 Co. The low l y i n g  l e v e l s  o f  t h e  t h r e e  n u c l e i  a r e  shown i n  f i g .  

8 . 1 ,  t o g e t h e r  w i t h  t h e  l e v e l  scheme f o r  55Co [Ro 70] and t h e  scheme 

o b t a i n e d  f o r  6 3 Co f rom 6l4N i ( t , a )  e x p e r i m e n t s  [B1 6 6 ] .

T h e r e  i s  now a  l a r g e  body  o f  i n f o r m a t i o n  a v a i l a b l e  on t h e  

low l y i n g  l e v e l s  o f  5 5 , 5 7 , 5 9 , 6 1 c 0  ̂ a n d ,  t o  a  l e s s e r  e x t e n t ,  6 3 Co.

The l o w e s t  e x c i t e d  s t a t e s  o f  55Co a p p e a r  a t  r e l a t i v e l y  h i g h  e x c i t a 

t i o n  and a r e  w i d e l y  s p a c e d  -  p r o p e r t i e s  t o  be  e x p e c t e d  i n  a  n u c l e u s  

d i f f e r i n g  by one n u c l e o n  f rom a d o u b l y  c l o s e d  s h e l l .  The a d d i t i o n  

o f  two n e u t r o n s  i n t o  t h e  2p o r  I f  s h e l l  t o  fo rm  57Co,  p r o d u c e s  a 

m ark e d  d e c r e a s e  i n  e x c i t a t i o n  e n e r g y  f o r  t h e  l o w e s t  l e v e l s  and an 

i n c r e a s e  i n  l e v e l  d e n s i t y .  With  t h e  a d d i t i o n  o f  f u r t h e r  p a i r s  o f  

n e u t r o n s ,  t h e  e n e r g y  o f  t h e  f i r s t  e x c i t e d  s t a t e  c o n t i n u e s  t o  

d e c r e a s e ,  b u t  i t  i s  n o t  i m m e d i a t e l y  o b v i o u s  t h a t  t h i s  i s  t h e  c a s e  

f o r  low l y i n g  l e v e l s  i n  g e n e r a l .  In  a s i m p l e  a p p r o a c h ,  one w o u ld  

e x p e c t  any p u r e  p r o t o n  h o l e  s t a t e s  t o  be  l i t t l e  a f f e c t e d  by t h e  

a d d i t i o n  o f  t h e  n e u t r o n  p a i r s .  B l a i r  and A r m s t r o n g ,  i n  t h e i r  ( t , a )  

s t u d i e s  [B1 6 6 ] ,  o b s e r v e d  t h a t  t h e  e x c i t a t i o n  e n e r g i e s  o f  t h e  

f 2 s i / 2D_1 and  ( l d ^ ^ ) -1 s t a t e s ,  w h i c h  a p p e a r  a t  s e v e r a l  MeV e x c i t a 

t i o n ,  d e c r e a s e  w i t h  i n c r e a s i n g  mass  num ber .

I t  was n o t e d  i n  c h a p t e r  6 ,  t h a t  t h e  ( 3H e ,d )  r e a c t i o n ,

p r o c e e d i n g  l a r g e l y  v i a  a  s i m p l e  s t r i p p i n g  m ech a n i s m ,  i s  e x p e c t e d  t o  

p r e f e r e n t i a l l y  p o p u l a t e  s t a t e s  w h i c h  h a v e  a  s t r o n g  s i n g l e  p a r t i c l e  

c h a r a c t e r .  The s t a t e s  i d e n t i f i e d  i n  t h i s  way w e re  f o u n d  t o  be  t h e
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Figure 8 .1 : Energy le v e ls  o f th e  odd mass c o b a lt n u c le i ,  55“63Co.

The in fo rm ation  reg a rd in g  th e  le v e ls  in  55Co, 57Co and 63Co 

was ob tained  from Roussel dt at. [Ro 7 0 ], Coop dt at. [Co 70] 
and B la ir  and Armstrong [B1 66] re s p e c tiv e ly . The le v e l 

schemes fo r  59Co and 61Co are those deduced in  th e  p re se n t work
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states not described by the collective model calculations of 

Satpathy and Gujrathi [Sa 68]. On the other hand, the (t,a) reac

tion tends to populate states which can be described in terms of the 

target nucleus coupled to a proton hole. Owing to the large number 

of final states populated in these reactions on the Ni isotopes 

[B1 66], many of these hole states must be coupled to an excited or 

deformed core (the basis of the calculations of Satpathy and 

Gujrathi). In fact, Nordhagen <lt of. [No 67] have observed that 

states in 59Co which are enhanced in the (t,a) reaction, were found 

to be highly collective in character from (d,d') and (160,160') 

reaction studies; also, in general, states strongly populated in 

the (t,a) reactions [B1 66], are weakly, or not at all, populated in 

the (3He,d) reactions [Ro 67], and vice versa. Thus, states that 

are strongly populated in the (t,a) reaction, might be expected to 

have substantial collective components.

In fig. 8.1, levels in 57»59,6lCo which appear to have the 

same J values and similar y-ray decay schemes, are connected by 

solid and dashed lines. States which may have single particle com

ponents on the above criteria are joined by solid lines, while those 

states of suspected collective nature are joined by dashed lines. 

Some of these similarities between states in 57Co and 59Co have been 

pointed out previously by Nordhagen Qjt oX. [No 67] and Gatrousis oX 

of. [Ga 69]. The latter authors have also suggested that there are 

different major configurations for some of the states in 57Co; on 

the basis of the available evidence, this suggestion would appear to 

be valid for 59Co and 61Co as well. In this regard, the decays of 

the J = 5/2 levels which are connected by dashed lines, are worthy 

of note - all have ground state branches and branches to J = 3/2
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l ev e l s  connected by dashed l i n e s ,  but have no branches to  the  

J  = 3/2 leve l s  connected by s o l id  l i n e s .  In c o n t r a s t ,  the  5/2 

s t a t e  a t  2.127 MeV in b /Co, which was s t ro n g ly  popula ted  in  the 

( 3He,d) r e a c t io n  [Ro 67] and would th e re fo re  appear to  have a s t rong 

s in g le  p a r t i c l e  c h a r a c te r ,  decays to  the  s in g le  p a r t i c l e  1/2 and 

3 /2 - s t a t e s ,  but  not to  any of the  o th e r  complex s t a t e s .

The sys tem a t ic  change in  energy of the  s t a t e s  connected by 

s o l i d  l in e s  sugges ts  the  presence of two s t a t e s  in 63Co a t  1.1 and 

1.3 MeV e x c i t a t i o n .  Because o f  the  suggested s in g le  p a r t i c l e  c h a r 

a c t e r  o f  these  l e v e l s ,  the ( t , a )  r e a c t io n  would not be expected to 

e x c i t e  them a t  the 15 MeV bombarding energy used by B la i r  and Arm

s t rong  [B1 66].  However, evidence fo r  t h e i r  ex is t ence  might be 

obta ined a t  lower bombarding e n e r g ie s ,  where the  compound nucleus  

mechanism i s  more impor tant.

In the  in te rm ed ia te  coupling c a l c u l a t i o n s  of Sa tpathy and 

G ujra th i  [Sa 68],  the  schemes fo r  the  low ly ing  nega t ive  p a r i t y  

s t a t e s  were very s i m i l a r  in  the  four n u c l e i ,  3 /Co, 59Co, 61Co and 

63Co, showing a decrease  in  e x c i t a t i o n  energy fo r  in c re a s in g  mass 

number, but keeping the  same order ing  of the  s t a t e s .  However, the 

suggested c o l l e c t i v e  s t a t e s  in  the  exper imenta l ly  determined leve l  

schemes of 57>59>61Co, jo ined  by dashed l in e s  in f i g .  8 .1 ,  show no 

such sys tem a t ic  t rend .  The l ink ing  of these  s t a t e s  was based on 

le v e l s  which could have the  same J 11 v a lu e s ,  have s i m i l a r  decay 

schemes, and have s i m i l a r  spec t ro scop ic  f a c to r s  as measured in  the 

( t , a )  r e a c t io n s  [B1 66].  Support fo r  ass ign ing  a c o l l e c t i v e  na ture  

to  these  l e v e l s  comes from Core llo  and Manfredi 's  c a l c u l a t i o n s  

[Co 71] on the q u in t e t  in  57Co. They performed a s im i l a r  c a l c u l a 

t io n  to t h a t  of Satpathy and G u jra th i  [Sa 68] ,  coupling the f ^ 2 »
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an<̂  ^3/9 Proton hole states to quadrupole and octupole vibra

tions of the 58Ni core, and derived mixing ratios for transitions 

between the levels which agree well with the experimental values of 

Coop 2Ä aZ. [Co 70]. In the case of 58Co, further support for the 

division of levels comes from the (d,dr) measurements of Nordhagen 

oX at. [No 67]. This reaction strongly excites collective vibra

tional levels, and it was found that the reaction excited the five 

states in 59Co which are indicated as being collective in fig. 8.1, 

but did not excite the 3/2 and 1/2 single particle states.

Continuing the assignments up to 61 Co and &3Co is more 

difficult. The 3/2 first excited states have the same (t,a) spec

troscopic factors as the first excited state of 59Co, but apart from 

this, further assignments in 63Co are not possible without more data. 

The 5/2, 7/2 doublet at 1.65 MeV in 51Co has a similar decay scheme 

to the 1.90 MeV doublet in 57Co if the 1.287 MeV state is taken to 

be the 9/2 member of the "collective quintet" in 61Co. Accepting 

this interpretation, there are then no levels in 61 Co below 2.2 MeV 

which can be associated with the (11/2 ) states in 57Co and 59Co. 

However, if the 1.287 MeV state is 11/2 , then the 1.887 MeV state 

is the only likely 9/2 candidate. Further experimental study is 

required to settle this problem.

The labelling of states in these nuclei as either single 

particle or collective is not completely justified as there could be 

mixing of configurations in these states. Hudson and Glover [Hu 71] 

in their (t,p) and (t,a) studies of 61 Co, observed that, although 

the two reaction mechanisms were different, many states were excited 

in both reactions. They interpreted this as evidence of mixing of 

neutron and proton configurations. Similarly, from an examination
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of the (3He,d) and (t,a) results [Ro 67, B1 65 and B1 66], there may 

be some admixing of configurations into the single particle states 

in 57Co and b9Co. In particular, the "single particle" 3/2 state 

in 57Co appears to have a purer single particle configuration than 

the 3/2” state in 59Co, while the "collective" 3/2” state in 59Co 

has a larger share of the 3/2 strength in the (3He,d) reaction than 

its equivalent in 5/Co.

Some indication of the magnitude of the admixture into the 

3/2” 1.291 MeV state in 59Co comes from the calculations of Agarwal 

at al. [Ag 67]. The 1.375 (57Co) and 1.291 (59Co) MeV levels have 

lifetimes of T^y2 = anc* 0*6 ns > respectively [Be 67a and Ag 67].

This large difference in lifetimes cannot be explained by the energy 

differences alone, and, in fact, the b9Co 1.291 MeV E2 transition to 

ground is retarded considerably in comparison to a single particle 

estimate. Agarwal at dZ. accounted for this by assuming an admix

ture of a P 3/2 s^ngle particle state and a 3/2” state obtained by 

coupling an f ^ 2 h°le to The 2+ excitation of the 60Ni core. The 

wave functions of the two 59Co 3/2 states were then written as:

ih (1.100 MeV) = a|f?/2; 2+ :3/2')+ /l - a2|p3/2>

and ip2 (1.291 MeV) = /l - a21 f ; 2+ :3/2") - a|p3/2) .

A value of a = 0.9, i.e. a single particle admixture of about 80%, 

was needed to fit the observed lifetime. This value was then used 

to calculate other properties of the 1.100 and 1.291 MeV states, and 

good agreement with experimental results was achieved. A similar 

calculation on the 3/2 levels in 57Co (where the 1.375 MeV E2



transition is only retarded by a factor of 4 [Be 67a] as compared 

with a factor of 50 for the 59Co state), would be expected to lead 

to a purer single particle configuration.

Thus it would appear that the systematic decrease of 

excitation energies of the collective quintet with increase in mass 

as calculated by Satpathy and Gujrathi [Sa 68], is modified by sin

gle particle admixtures. The general trend is reproduced by the 

experimental results, and in particular, the 7/2” states are near 

the calculated values (2.01, 1.73 and 1.57 MeV). The 7/2" levels 

would be expected to be the purest collective states, since they 

have the highest transition strengths in the (t,a) reactions. How

ever, it is obvious that another theoretical approach is necessary 

to attempt to account for the known low lying levels of these iso

topes and their decay properties. The calculations would need to 

describe the apparent strong single-particle character of some 

levels, and the more complex character of others. Lamer [La 70] 

has performed calculations on nuclei in this region, (51Ti, 53Cr, 

55pe , 6l,63,65£u) using an intermediate coupling model developed by 

Thankappan and True [Th 65], In general, Lamer achieved a good 

agreement between the theory and experimental data for both the sin 

gle particle strengths and the collective properties. The calcula

tions of Satpathy and Gujrathi [Sa 68] for the odd-mass cobalt iso

topes are similar to those of Lamer [La 70], and it is possible 

that the calculations of the former authors could be successfully 

extended by including additional single particle configurations.

This study of the level schemes for the low lying states 

of 57Co, 59Co and 61Co has indicated that there are many similar

ities between the nuclei. Additional data for some of the states
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concerned and for higher excited states are needed before further 

comparisons can be made; however, the acquisition of such data 

becomes increasingly difficult as excitation energies and level 

densities increase. It would also be useful to have more informa

tion on the levels in 63Co, so that it could be compared with the 

other three odd-mass cobalt isotopes. The main need though, is for 

an improved theoretical approach to exnlain the properties already 

observed in these nuclei.
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APPENDIX

CONSIDERATIONS INVOLVED IN ANGULAR CORRELATION MEASUREMENTS

The t h e o r y  o f  y - r a y  a n g u l a r  c o r r e l a t i o n s  h a s  b e e n  d i s 

c u s s e d  a t  l e n g t h  by L i t h e r l a n d  and F e r g u s o n  [L i  61] and Rose and 

B r i n k  [Ro 6 7 a ] . The l a t t e r  a u t h o r s  d e v e l o p e d  a  p h a s e  d e f i n e d  t h e o r y  

f rom f i r s t  p r i n c i p l e s ,  so  t h a t  e x p e r i m e n t a l l y  m e a s u r e d  and t h e o r e t 

i c a l l y  p r e d i c t e d  s i g n s  o f  m i x i n g  r a t i o s  c o u l d  be  c o m p ar ed .  T h i s  was 

n e c e s s a r y ,  s i n c e  p r e v i o u s  t r e a t m e n t s  d i f f e r e d  i n  t h e i r  s i g n  c o n v e n 

t i o n s  f o r  some c a s e s .  The f o r m u l a e  and t a b l e s  c a l c u l a t e d  b y  Rose 

and  B r i n k  were  u s e d  t o  a n a l y z e  t h e  r e s u l t s  o f  t h e  a n g u l a r  c o r r e l a 

t i o n  m e a s u r e m e n t s  r e p o r t e d  i n  t h i s  t h e s i s .

The f o r m u l a  f o r  y - r a y  a n g u l a r  d i s t r i b u t i o n s  i s  g i v e n  ( w i t h 

o u t  t h e  c o e f f i c i e n t s  Q^) by Rose and B r i n k  [Ro 6 7a ]  a s :

wee)  = l bk (J ! )  p k (cose) qk
K

R (L L J1J 2 )  + 26R ( L L ' J 1J 2 ) + 5 2R ( L , L , J 1J 2 )_

w h ich  i s  v a l i d  f o r  t h e  c a s e  when o n l y  t h e  two l o w e s t  m u l t i p o l a r i t i e s ,  

L and L* = L + 1,  c o n t r i b u t e  t o  t h e  y - r a y  t r a n s i t i o n  b e t w e e n  t h e  

i n i t i a l  s t a t e  o f  s p i n  J j  and t h e  f i n a l  s t a t e  o f  s p i n  J 2 ; t h i s  c o n 

d i t i o n  i s  a s sum ed  t o  be  v a l i d  f o r  m e a s u r e m e n t s  r e p o r t e d  i n  t h i s  

t h e s i s .  0 i s  t h e  a n g l e  b e t w e e n  t h e  d i r e c t i o n  o f  t h e  p a r t i c l e  beam 

(w h ic h  i s  t a k e n  as  t h e  a x i s  o f  sym m et ry )  and t h e  o u t g o i n g  y - r a y .

The q u a n t i t y  6 i s  t h e  y - r a y  m i x i n g  r a t i o  d e f i n e d  i n  eq .  3 . 3 9  o f  r e f .  

[Ro 6 7 a ] ;  i t  c a n ,  -In moduJLuA , be  i n t e r p r e t e d  as  t h e  s q u a r e  r o o t  o f  

t h e  r a t i o  o f  t h e  p a r t i a l  y w i d t h s  f o r  t h e  two m u l t i p o l a r i t i e s  o c c u r -
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ing  in  the  t r a n s i t i o n .  The c o e f f i c i e n t s  d e s c r i b e  the  a l i g n 

ment o f  th e  i n i t i a l  s t a t e  J ^ ,  while th e  c o e f f i c i e n t s  are inde pen 

den t  o f  th e  a l ignment and depend only  upon the  sp in s  o f  the  i n i t i a l  

and f i n a l  s t a t e s ,  and th e  m u l t i p o l a r i t i e s  invo lved  in  the  t r a n s i t i o n ;  

th e  c o e f f i c i e n t s  a re  t a b u l a t e d  in  r e f .  [Ro 67a] .  The c o e f f i c i e n t s  

Q account  f o r  th e  a t t e n u a t i o n  o f  th e  an g u la r  c o r r e l a t i o n  due t o  the  

f i n i t e  s i z e  o f  the  Nal d e t e c t o r ;  th e y  were c a l c u l a t e d  u s in g  the  

method o u t l i n e d  by Rose [Ro 53] .  F i n a l l y ,  th e  c o e f f i c i e n t s  are 

the  Legendre po ly n o m ia l s .

For th e  case where the  second member o f  a y - r a y  cascade  i s  

observed ,  th e  above e q u a t io n  can be made a p p l i c a b l e  by i n c l u d i n g  a 

c o e f f i c i e n t  ( t a b u l a t e d  in  r e f .  [Ro 6 7 a ] ) ,  which i s  dependent  upon 

th e  i n i t i a l  and f i n a l  s t a t e  sp in s  o f  the  unobserved  y - r a y ,  and upon 

the  mixing r a t i o  o f  the  t r a n s i t i o n  between th e se  two s t a t e s .  In 

t h i s  c a s e ,  the  c o e f f i c i e n t  B̂  r e f e r s  t o  the a l ignment of  the  i n i t i a l  

s t a t e  o f  th e  unobserved y - r a y .  Thus th e  p roduc t  B̂  e f f e c t i v e l y  

de te rm ines  the  a l ignment o f  t h e  i n i t i a l  s t a t e  o f  th e  second 

(observed) member o f  t h e  cascade .

For r e a c t i o n s  o f  th e  type X(a,by)Y, where b_ i s  n o t  

d e t e c t e d ,  th e  system i s  c y l i n d r i c a l l y  symmetric about th e  beam a x i s .  

I f  th e  beam and t a r g e t  n u c l e i  are u n p o l a r i z e d ,  and i f  the  i n i t i a l  

s t a t e  J i  has d e f i n i t e  p a r i t y ,  th e  p o p u l a t i o n  o f  each +M* s u b s t a t e  i s  

equa l  t o  th e  p o p u l a t i o n  o f  the  -Mj s u b s t a t e ;  i . e .  the  s t a t e  i s  

a l i g n e d .  This  s i m p l i f i e s  the  B̂  c o e f f i c i e n t s  so t h a t  th ey  can be 

w r i t t e n  a s :

Ml =Jl

B U i )  = I oj(MU p C J i MJ  ,
K M1=0 o r  1/2
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where the  a re  the  s t a t i s t i c a l  t e n s o r  c o e f f i c i e n t s  ( t a b u l a t e d  in  

r e f .  [Ro 6 7 a ] ) ,  and th e  00 (Mi) a re  the  p o p u l a t i o n  p a ram e te r s  of  the  

Mi s u b s t a t e s  which a re  normal ized  so t h a t :

I ucmi) = 1 .
Mi

This  l i m i t s  the  v a lu e s  o f  k , s in c e  the  B c o e f f i c i e n t s  a re  ze ro  f o rK

odd k . A f u r t h e r  l i m i t  on th e  v a lu e s  o f  k i s  de termined  by the  

t r i a n g u l a r  c o n d i t i o n s  govern ing  th e  Clebsch-Gordan and Racah c o e f 

f i c i e n t s  used in  th e  d e f i n i t i o n s  o f  and R^; namely,  

k < min ( 2 J i , 2 L , 2 L ' ) .

In o rd e r  t o  c a l c u l a t e  the  a n g u la r  c o r r e l a t i o n  in  the  above 

ca s e ,  a complete knowledge o f  the  r e a c t i o n  mechanism i s  r e q u i r e d  t o  

p r e d i c t  the  p o p u l a t i o n  p a ram e te r s  go (Mi) u n iq u e ly .  However, i f  the  

p a r t i c l e  b_ i s  d e t e c t e d  a t  0° o r  180°,  then  n e i t h e r  the  c y l i n d r i c a l  

symmetry no r  the  a l ignment  c o n d i t i o n  i s  d e s t r o y e d ,  and t h e r e  i s  a 

f u r t h e r  r e s t r i c t i o n  on th e  p o p u l a t i o n  p a r a m e te r s .  Because o f  the  

d e t e c t i o n  o f  b_ c o a x i a l  w i th  a_ no c o n t r i b u t i o n s  to  th e  p o s s i b l e  Mi 

va lues  can come from o r b i t a l  a n g u la r  momenta. Thus,  the  only  popu

l a t i o n  pa ram ete rs  which can c o n t r i b u t e ,  must f u l f i l  the  c o n d i t i o n  

I Mi I < J  + s + s, where J  i s  th e  t a r g e t  s p i n ,  and s and s, are 

th e  s p in s  o f  th e  i n c i d e n t  and ou tgo ing  p a r t i c l e s ,  r e s p e c t i v e l y .  For 

r e a c t i o n s  such as ( a ,p )  on t a r g e t s  o f  zero  s p i n ,  th e  c o n d i t i o n  on 

jMi I reduces  t o  |M^| = 1/2 and the  al ignment i s  un ique .

However, i n  p r a c t i c e ,  when an g u la r  c o r r e l a t i o n s  are  meas

ured  between the  p r o to n s  and c o i n c i d e n t  y - r a y s ,  the  p r o to n  d e t e c t o r  

sub tends  a f i n i t e  range  o f  ang les  about 0® or 180°. I f  the  d e t e c t o r  

i s  an an n u la r  c o u n t e r ,  the  c y l i n d r i c a l  symmetry o f  the  problem i s
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preserved, but, because of the finite range of angles subtended, 

substates other than |M}| = 1/2 may now contribute to the population 

of the state J^. In the magnetic spectrometer measurements, the 

maximum half angle subtended is considerably less than that sub

tended by the annular counter (6° compared to 15°) , so that this 

effect should be substantially reduced. However, a further compli

cation arises from the rectangular acceptance slits of the instru

ment; the axial symmetry which is, strictly speaking, required for 

the above formulae to be applicable, is not preserved. In this 

regard, Litherland [Li 64] has pointed out that certain misalign

ments of the particle counter do not affect the angular correlations; 

Kean [Ke 69] has discussed this problem in relation to the A.N.U. 

spectrometer and has argued that the errors introduced are negligi

ble .

In general, the relative population of substates contribu

ting to the correlation depends not only on the angles subtended by 

the detector, but also depends upon the specific process by which 

the state is formed. Litherland and Ferguson [Li 61] have indicated 

that the relative population of higher substates contributing to the 

correlation is proportional to <})2, where <{> is the half angle sub

tended by the detector. For small values of cj>, most experimenters 

assume that the contributions from substates | |  > 1/2, due to the 

finite size of the particle detector, are small and can be neglected 

for reactions such as (a,py).

Another problem in determining the population parameters 

of the magnetic substates arises if the alignment of the initial 

state is significantly changed before the emission of the y-ray.

For sufficiently long lived states, the relative population of the
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magnetic substates may be altered by the interaction of the electric 

and magnetic moments of the nucleus with the electric and magnetic 

fields generated by the atomic electrons. This effect is usually 

assumed to be negligible for lifetimes shorter than approximately 

IO-10 sec [Fe 65]; however, a recent study by Ben Zvi at aZ.

[Be 68] has shown that, under certain conditions, states with life

times as short as 10-12 sec may be appreciably affected by the hyper- 

fine fields generated in highly ionized, recoiling atoms. With the 

conditions pertaining in the present experiments, it is unlikely 

that the hyperfine fields will be as large as those observed by Ben 

Zvi at at., but for states with longer lifetimes, some attenuation 
of the correlations might be expected.

In the 56Fe(c4,py) correlation measurements, there are some 

internal checks regarding these problems. The 1.291 and 1.100 MeV 

states have lifetimes of 6 x 10-10 and 2 x 10*12 sec respectively. 

Both states have a spin of 3/2 , and the ground state transitions 

are almost certainly pure E2 (5 = 0). Therefore, the correlation is 

dependent only upon the relative contribution of the |M1| = 1/2 and 

IMxI = 3/2 substates. Unfortunately, the predicted correlations for 

the |Mj| = 1/2 and 3/2 cases are not strongly anisotropic, and the 

errors involved in the measurements are large compared with the 

expected changes in the pure |M1| = 1/2 correlation. Hence, even 

the presence of rather large contributions from the jMj | = 3/2 sub

states is difficult to detect.

Coop [Co 69] has made measurements on the 56Fe and 

64Ni(a,a'y) reactions to investigate this effect. Angular correla

tions were made on 2+ to 0+ transitions from states with known life

times, under similar experimental conditions to those used in the
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p r e s e n t  Fe(a ,py )  expe r im en t s .  The 2 t o  0 t r a n s i t i o n s  a re  pure E2 

and have the d e s i r a b l e  f e a t u r e  of  be ing  s t r o n g l y  a n i s o t r o p i c .

Coop's  r e s u l t s  i n d i c a t e d  t h a t  the  a t t e n u a t i o n  o f  the  a n g u l a r  c o r r e l 

a t i o n  due to  the  f i n i t e  s i z e  o f  th e  p a r t i c l e  d e t e c t o r  and the  h y p e r -  

f i n e  i n t e r a c t i o n s ,  could be accounted f o r  by assuming t h a t  only  th e  

two lowes t  magnetic  s u b s t a t e s  c o n t r i b u t e d  t o  th e  c o r r e l a t i o n .

For th e  (a ,py )  measurements,  i t  was concluded t h a t  a popu 

l a t i o n  r a t i o  o f  0.1  o r  l e s s  f o r  th e  |M]| = 3/2 to  1/2 s u b s t a t e s

would g e n e r a l l y  account  f o r  the  observed  a t t e n u a t i o n .  The l i f e t i m e s

of the  l e v e l s  i n v e s t i g a t e d  by Coop [Co 69] were o f  th e  o r d e r  o f  

~ 10-11 s e c ,  and t h i s  was c o n s id e re d  th e  l i m i t  o f  the  a p p l i c a b i l i t y  

o f  the  above c o n c lu s io n .  As most s t a t e s  i n v e s t i g a t e d  can decay by 

E2/M1 adm ix tu res ,  t h i s  i s  n o t  a p a r t i c u l a r l y  r e s t r i c t i v e  assumption .  

(The Weisskopf e s t i m a t e s  f o r  a 1.5 MeV y - r a y  t r a n s i t i o n  in  c o b a l t  

a re  x(Ml) =: 10-14 sec and t (E2) = 1CT11 s e c . )  Of the  t h r e e  l i f e 

t imes  known f o r  s t a t e s  i n  59Co, two are  below t h i s  l i m i t  (1.100 MeV 

- 2 x 10“ 12 sec  and 1.190 MeV - 5 x 10“ 14 s e c ) .  The o t h e r ,  the

1.291 MeV s t a t e  has a l i f e t i m e  o f  6 x 10-10 s ec .  This  long l i f e t i m e

i s  q u i t e  u n u s u a l ,  be ing  two o rd e r s  o f  magnitude g r e a t e r  than  the  

Weisskopf e s t i m a t e  f o r  a pure  E2 t r a n s i t i o n  (3/2~ to  7/2 ) .  For 

o t h e r  s t a t e s  in  59Co where such an i n h i b i t i o n  might  be expec ted  t o  

occur  (low ly ing  s t a t e s  w i th  J  < 3/2 o r  > 1 1 / 2 ) ,  due no te  i s  taken  

in  the  d i s c u s s i o n  o f  th e  a n a l y s i s  ( s e c t i o n  7 . 4 . 2 ) .

Thus th e  g e n e r a l  p rocedu re  fo l lowed  here  was t o  f i t  t h e  

d a t a  f o r  bo th  P ( 3 / 2 ) /P (1 /2 )  = 0 .0  and 0 . 1 ,  and t o  c o n s id e r  both  

r e s u l t s  when making s p in  ass ignm en ts  and d e t e rm in in g  p o s s i b l e  mixing 

r a t i o  v a l u e s .  In some cas es  where long l i f e t i m e s  might  have been 

expec ted ,  the  e f f e c t s  o f  assuming P ( 3 / 2 ) / P (1 /2 )  = 0 . 3  were a l s o  

i n v e s t i g a t e d .
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