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FOREWORD 

The International Conference on Nuclear  Phys ic s  with 

Reac tor  Neutrons was held a t  Argonne,  I l l inois ,  on 15-17 October  1963 .  

It was sponsored  by Argonne National Labora tory  and was accepted a s  a 

topical conference by the Amer ican  Phys ica l  Society.  

the  contr ibuted pape r s  will  be pr inted in  the Bulletin of the Amer ican  

Phys ica l  Society.  

The a b s t r a c t s  of 

The total  reg is t ra t ion  was 2 0 7 .  Of these ,  1 2 8  w e r e  

phys ic i s t s  f r o m  other  l abora to r i e s ;  27 w e r e  f r o m  fore ign  count r ies .  

This  re la t ively s m a l l  group includes a high fract ion of all exper imenta l  

phys ic i s t s  who u s e  r e a c t o r  neutrons in nuc lear  physics  expe r imen t s .  

The subject  m a t t e r  of the conference was divided into five 

s e s s i o n s .  

p rope r t i e s  of the  neutron. 

concerned  with proposa ls  for  new and m o r e  ref ined expe r imen t s ,  indicate  

that exper iments  with t h e r m a l  neut rons  will in the fu ture  continue t o  be  

a n  impor tan t  s o u r c e  of information about the fundamental  p rope r t i e s  of 

the  neutron.  

The opening se s s ion  was concerned with the fundamental  

The pape r s  on this  topic,  which w e r e  l a rge ly  

Sess ions  I1 and I11 and p a r t  of IV  w e r e  concerned  with 

neut ron-capture  gamma r a y s .  

because  they  permi t ted  a thorough survey  of what is cu r ren t ly  the  m o s t  

ac t ive  a r e a  of nuc lear  physics  pe r fo rmed  with r e a c t o r  neut rons .  

indicat ion of the intensity of the in t e re s t  in neut ron-capture  gamma r a y s  

i s  that  p rec i s ion  in s t rumen t s  and  m e a s u r e m e n t s  w e r e  desc r ibed  by 

w o r k e r s  f r o m  Munich (Germany) ,  Risb  (Denmark) ,  Studsvik (Sweden), 

Chalk R ive r  (Canada) ,  Los Alamos ,  L i v e r m o r e ,  and Argonne.  With a n  

effor t  of th i s  magnitude, it i s  c l e a r  that  the study of neut ron-capture  

gamma r a y s  i s  and will  continue t o  be one of our  pr incipal  s o u r c e s  of 

information about t he  nuc lear  leve l  s t r u c t u r e  and decay schemes  of heavy 

nucl ides .  

These  se s s ions  w e r e  especial ly  significant 

An 

Although the  d iscuss ion  of m e a s u r e m e n t s  with p rec i s ion  

in s t rumen t s  was the l a r g e s t  s ingle  topic covered  by the  conference ,  an  

i m p r e s s i v e l y  l a r g e  number  of pape r s  showed that  other  kinds of expe r i -  

m e n t s  with neut ron-capture  gamma r a y s  a r e  a l s o  giving in t e re s t ing  r e su l t s .  
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Examples  a r e  angular - co r re l a t ion  measu remen t s  on coincidence gamma 

r a y s ,  the  study of s p e c t r a  f r o m  t a r g e t s  with ve ry  low neutron c r o s s  

sec t ions ,  the study of spec t r a  f r o m  resonant  neutron capture ,  and 

measu remen t s  on the  resonant  s ca t t e r ing  of capture  gamma r a y s .  

The f inal  two subjec ts  of the conference w e r e  neutron 

c r o s s  sect ions and f i ss ion .  Although many exper iments  in  both of t hese  

a r e a s  of r e s e a r c h  now make u s e  of s o u r c e s  other than r e a c t o r  neut rons ,  

the pape r s  presented  a t  the conference showed tha t  r e a c t o r s  continue to  

be the bes t  s o u r c e  fo r  many impor tan t  m e a s u r e m e n t s .  

c r o s s  -sect ion measu remen t s  on sepa ra t ed  i so topes  a r e  bes t  made  with 

a fas t  -chopper t ime  -of -flight neutron spec t romete r .  S imi la r ly ,  the 

recent  successfu l  development (Munich) of a magnet ic  m a s s  ana lyzer  

fo r  f i ss ion  f ragments  depends on the high intensi ty  of f ragments  tha t  

can  be produced with r e a c t o r  neut rons .  

For example,  

In p repa r ing  th i s  volume of Proceedings ,  ed i tor ia l  dabbling 

with the texts  of the pape r s  was kept to  a minimum.  

despi te  the c a r e  taken,  the ed i tor  offers  his s i n c e r e  apologies .  

i n t e r e s t  of prompt  publication, proof copies w e r e  not sen t  to  the au tho r s .  

If e r r o r s  c r e p t  i n  

In the 

The scient i f ic  s e c r e t a r i e s  of the respec t ive  meet ings checked 

the  t r a n s c r i p t s  of the d iscuss ions  with the par t ic ipants .  

c a s e s ,  the d i s c u s s e r s  quite thoroughly r ev i sed  the i r  s ta tements  in 

accordance  with the announced d e s i r e  that  the Proceedings  should "say  

what [ e a c h  au thor ]  wishes he had sa id  a t  the meet ing ."  Consequently,  

some  editing was r equ i r ed  to  p r e s e r v e  the connections between inde -  

pendently r ev i sed  s t a t emen t s .  

In a number  of 

The scient i f ic  s e c r e t a r i e s  and the edi tor  wish to  e x p r e s s  

the i r  thanks to  a l l  those  who contr ibuted manuscr ip ts  fo r  th i s  volume. 

Thei r  cour tesy  and promptness  w e r e  essent ia l  t o  the prompt  publication. 

For the 100% cooperat ion,  which we understand i s  quite unusual ,  we a r e  

m o  s t grateful  . 
Thanks a r e  a l s o  due to  M r .  W. G. T e r r y  and Mr .  George 

Kozuch of Leon M. Golding and Assoc ia tes ,  Chicago- the cour t  r e p o r t e r s  

who provided prompt  t r a n s c r i p t s  f o r  the d iscuss ions  and many of the 

pape r s .  Without them,  this  complete  r epor t  would not have been feas ib le .  
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Final ly ,  i t  is  a p l e a s u r e  t o  acknowledge the c a r e  and 

pat ience of the Phys ic s  Division s e c r e t a r i e s  who typed the mult i l i th  

p l a t e s :  M r s .  Kay M. Pemble ,  Miss  Jo  Mi l l e r ,  M r s .  Judy Mi l l e r ,  and 

M i s s  B a r b a r a  Baldwin. 
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FUNDAMENTAL PROPERTIES OF THE NEUTRON 

Tuesday morning, 15 October 1963 

Presiding: M. Hamermesh 

Scientific secretaries: 
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.I. 

1-1. THEORY OF FUNDAMENTAL PROPERTIES OF THE NEUTRON*'* 
. I  . *  *,-- 

R .  M. Tha le r  

C a s e  Insti tute of Technology, Cleveland, Ohio 

In prepar ing  this  t a lk  t o r  you,I began t o  wr i te  down what 

I expected to be a brief introduction. 

away with i tself ,  and what I shal l  p re sen t  h e r e  i s  that  br ief  introduction 

cu t  down somewhat s o  that it w i l l  f i t  the  allotted t ime.  I p re sen t  it with 

s o m e  trepidation, i n  the  hope that  it can s e r v e  as a preface  t o  this  con-  

fe rence .  I f ee l  a s  out of m y  element  at this  platform,  denuded of both 

chalk and equations,  a s  Gypsy Rose  Lee  fel t  when, i n  promotion of h e r  

novel she  found herself  speaking to a l a r g e  audience: absolutely fully 

clothed. 

The introduction however, r a n  

Nuclear physics has become a venerable  subject.  R u t h e r -  

fo rd  d iscovered  the exis tence of the  a tomic  nucleus in 1911, and t h e  m a s s  

of nuclei was investigated by J. J. Thompson in  1913. F o r  the next two 

d e c a d e s  o r  s o ,  however,  the nucleus was  a charged par t ic le  at the c e n t e r  

of the a tom.  These  events preda ted  the exis tence of m o s t  of the people in 

th i s  room, and ce r t a in ly  preceded  the professional  exis tence of vir tual ly  

everyone  he re .  

now neatly labeled "atomic physicst t  in  the  undergraduate  physics cu r r i cu lum.  

Attention w a s  p r i m a r i l y  focused in those  yea r s  i n  the a r e a  

In o r d e r  t o  explain the observat ion that A > 2 2 ,  i t  w a s  

hypothesized that  the nucleus was composed of A protons and (A - Z )  e lec -  

t rons .  In 1931 Ehrenfes t  and Oppenheimer pointed out that  N ~ which 

obeyed Bose-Eins te in  s ta t i s t ic$ ,  could not cons i s t  of an  odd number  of 

F e r m i - D i r a c  par t ic les  (14 protons and 7 e lec t rons) .  The following y e a r  

(1932) the neutron was experimental ly  observed  (Curie-Jol iot  and Jol iot ;  

Chadwick) and w a s  tamed by F e r m i  and co l labora tors  shor t ly  the rea f t e r  

(1934). 

labeled "nuclear physics" in the undergraduate  physics cu r r i cu lum of a 

growing number of insti tutions.  

- 
14 

These  events m a r k  the  beginnings of that discipl ine which is  now 

.L -,- 
Invited paper .  
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On this  bas i s ,  the neutron and proton w e r e  postulated a s  

the fundamental  const i tuents  of nuclear  m a t t e r  by Heisenberg  (1932). 

That  this has  proved a frui t ful  point of view can  hard ly  be doubted. 

i n  the y e a r s  1932-1934 nuclear  physics  took on i ts  modern  a spec t .  

t h e r  recent  developments  a r e  somet imes  a l s o  r e f e r r e d  to  a s  nuclear  

phys ics .  

pa r t ic  1e"or jus  t "par t ic  1 e"phys ic s , to  d i  s tingui s h i t  f r o m  c la s s ic  a1 nuclear  

Thus 

F u r -  

Today these  developments  a r e  mos t  f requent ly  ca l l ed 'k l emen ta ry -  

physic s a 

Thus we recognize that the h i s t o r y  of nuclear  physics  be-  

g i n s  with the neutron. 

obstacle  to  the acceptance  of this postulate .  

i n  1934. 

w e r e  two: 

nucleon-nucleon sca t te r ing  exper iments  and (b )  using th i s  information, to 

ca lcu la te  the s ta t ic  and dynamic p rope r t i e s  of nuclei. 

showed us how to approach  this problem,  and demons t r a t ed  that  the 

nuc lear  f o r c e  was  sho r t  ranged and s t rong  within that  range.  

However,  the problem of j3 decay  was  a fo rmidab le  

F e r m i  solved this  problem 

Thenceforth the c e n t r a l  p rob lems  of c l a s s i c a l  nuc lear  physics  

(a)  to  de t e rmine  the f o r c e s  between nucleons p r i m a r i l y  f r o m  

Wigner (1933) 

It took 25 y e a r s  f o r  t he re  to  be subs tan t ia l  fu r the r  p r o g r e s s  

Within the l a s t  f ive y e a r s  o r  s o  r e a l  p r o g r e s s  was made  along that  l ine.  

on these  p rob lems  (Signel l -Marshak,  Gammel -Tha le r ,  B r e i t  and co l labora-  

t o r s ) .  

c l a s s i c a l  problem of nuc lear  physics .  

this  problem i s  e s sen t i a l ly  t r u l y  insoluble i n  i t s  c l a s s i c  formulat ion.  

p ragmat i c  r e a s o n  f o r  this  difficulty l i e s  i n  the key  p h r a s e  "off the e n e r g y  

she l l . "  

m a y  indeed cons t ruc t  a potential  exchange dependence, spin dependence, 

e t c .  ( o r  i ts  equivalent - the  V, S, o r  T, ma t r ix )  which f i t s  the data .  Such 

a potential  cannot be unique however.  Rather, a t  b e s t  we find a f ami ly  of 

V,  T, S m a t r i c e s  which coincide "on the ene rgy  shell" - i . e . ,  ' f o r  the 

c a s e  where  the incident and sca t t e red  wave numbers  a r e  equal i n  magni tude,  

This  work  r e p r e s e n t s  a significant m e a s u r e  of p r o g r e s s  i n  the 

But what has  e m e r g e d  has  been  that  

The  

F r o m  the da ta  o n  the sca t t e r ing  of nucleons f r o m  nucleons one 
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However,  a complete  specification requi res  "off the energy shell" informa- 

tion and this cannot be gotten f rom e las t ic -sca t te r ing  da ta  alone. F u r t h e r ,  

i n  the nuclear-s t ructure  problem, "off the energy  shell" contributions make 

significant contributions s o  that  we c a n  expect different r e su l t s  i n  our  c a l -  

culations f rom different  models  which f i t  the e las t ic  - sca t te r ing  data  

equally well .  This i s  not a fatal defect,  however,  s ince the  phenomeno- 

logical descr ipt ion of the nuclear  f o r c e  then must  s imply  b e  based on both 

nucleon-nucleon e las t ic  - sca t te r ing  data  and the data  on composi te  nuclei. 

However,  i t  is not a p rospec t  which gladdens the h e a r t  of even the most  

dogged the o r e  tic a1 physic is t .. 
His tor ica l ly  we mus t  now re tu rn  t o  a pa ra l l e l  development.  

Soon a f t e r  the cen t r a l  problem of c l a s s i ca l  nuclear  physics  w a s  formula ted  

i n  roughly the t e r m s  desc r ibed  above ( i n  the e a r l y  1930's) Yukawa proposed 

a "mesonp'  f ield theory analogous to  the electromagnet ic  field theory  - 
with the finite m a s s  of the meson accounting f o r  the sho r t  range of the 

nuc lear  fo rce .  

w a s  s e e n  as a t r iumph f o r  this  idea.  

wrong kind of mesons  - they were ,  of cour se ,  p. mesons .  The r ight  kind 

of mesons  - TT mesons  - w e r e  not observkd until 1947. Exper iments  

with IT mesons ,  par t icu lar ly  T -nucleon sca t te r ing ,  and the i r  theoret ical  

in te rpre ta t ion  came  even l a t e r  ( F e r m i  -- e t  aE. 1954; Brueckner  1952;  Chew 

1953)"  During this  per iod too, f ie ld  theory ,  s t imulated by the Lamb-  

R e ther ford  experiment  (1947) was developed into a full-blown discipl ine 

(Bethe 1947; Feynman 1949; Dyson 1949). 

know, does not have a happy ending. 

s o  well  c a m e  grinding to a halt. 

ca lcu la te  the nuc lear  f o r c e  on a renormal ized  f ie ld- theoret ic  bas i s  

(Brueckner  and Watson, Gar tenhaus) .  

tat ive success  at best ,  although they do offer what appea r s  to be  a qual i ta-  

t i v e l y  c o r r e c t  p ic ture ,  What then appeared  to be a hopeful. line of a t tack 

The d i scove ry  i n  1937 of par t ic les  of the expected m a s s  

Now we know that  these  w e r e  the 

However,  the s t o r y g  a s  we all 

These  developments which augured 

A number of a t tempts  have been made to 

These  have me t  with l imited quanti-  
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which would allow us to calculate  the nuclear  f o r c e  f r o m  f i r s t  pr inciples  

(and hence, among other  advantages,  c i rcumvent  the "off the energy  

shell" problem)  did not f inal ly  live up to i ts  p r o m i s e .  

N e w  lines of a t tack  a r e  a t  p re sen t  under investigation ~ 

about which m o r e  l a t e r .  

o r  l e s s  into the l a t t e r  p a r t  of the l a s t  decade,  o r  the e a r l i e s t  p a r t  of this  

decade.  

The p ic ture  I have j u s t  given you br ings  -1s up m o r e  

Let ' s  ta lk  about the neutron i tself  for  a moment .  What 

a r e  i t s  known p rope r t i e s?  We know the m a s s  of the neutron, i ts  spin,  i t s  

e l ec t r i c  cha rge ,  i ts  magnetic moment .  These  p rope r t i e s  a r e  r a the r  well 

fixed - m a s s  939.505 MeV; spin 2 ; e lec t r i c  cha rge  0.  

of these  th ree  p rope r t i e s  i s  sufficient to much r e s e a r c h  in which the neu-. 

t r o n  i s  used as  a tool-to study the s t r u c t u r e  of c r y s t a l s ,  f o r  example.  

we know much more  about the neutron. 

ta lk  about the m a s s  dis t r ibut ion and the cha rge  dis t r ibut ion aild the magnet ic-  

moment  dis t r ibut ion in the neutron. 

ta lk  about t hem?  

five s e n s e s .  

putting as ide  v e r y  f i r m l y  the philosophical questions involved, we s t i l l  find 

that w e  know the neutron o r  any other  subatomic par t ic le  only through i ts  

in te rac t ions  w i t h  other par t ic les .  

1 In fac t  a knowledge 

But  

We give it a baryon number ,  W e  

How can  we know such things,  o r  even 

No  one has  eve r  identified a neutron direct . ly through his  

The neutron i s  a f te r  all v e r y  much a menta l  cons t ruc t .  But 

So I'd l ike to ta lk  now about the p rope r t i e s  of the neutron a s  

a nucleon, in t e r m s  of i t s  interact ions.  

approach,  but one which r e q u i r e s  that  we know no f ie ld  theo ry  to  d i scuss  

together.  

This  i s  v e r y  much a f ie ld- theoret ic  

Le t ' s  f i r s t  ca tegor ize  the var ious  types of in te rac t ions  of 

na ture  that we know about. In o r d e r  of i nc reas ing  s t rength  these  a r e :  (1) 

GRAVITATIONAL INTERACTION, ( 2 )  WEAK INTERACTION, (3) ELECTRO-  

MAGNETIC INTERACTION, and (4) STRONG INTERACTION. F ie ld  

theore t ica l ly  we c l a s s i fy  these interact ions in  t e r m s  of the s t rength  of the  

coupling constant .  The e lec t romagnet ic  coupling constant  i s  the f ami l i a r  
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2 
e /%.c = l/ 137. 

the fundamental  natural  unit of charge  in dimensionless  units. 

I n  fac t  the coupling constant  r ep resen t s  t he  squa re  of 

F o r  the 
-56 

gravi ta t ional  interact ion we get  a coupling constant  of the o r d e r  of 10 . 
The weak interact ions a r e  cha rac t e r i zed  by a coupling constant  of the 

o r d e r  of 10 a The electromagnet ic  coupling constant  i s  10 . The 

s t rong  interact ions have a coupling constant  of the o r d e r  of 10  

- 14 -2 

-1  

C l e a r l y  the gravi ta t ional  f o r c e  i s  too weak to be of any  

p rac t i ca l  i n t e r e s t  (on the subatomic sca le ,  of c o u r s e )  f o r  s o m e  t i m e  to  

come.  

no different  in the i r  interact ion with the gravi ta t ional  f ield than other  

ma te r i a l  pa r t i c l e s .  

fall ttuptt o r  tldown.tt 

saying goes,  a re  "beyond the present  state of the art." F r o m  the  point 

of view of nuclear  physics ,  we  can  s imply  s a y  that  gravi ta t ional  f o r c e s  

s imply  do not exist .  

We do know experimental ly  that  slow neutrons fall down and a r e  

We should v e r y  much l ike to know whether  an t ipar t ic les  

Such exper iments  a r e  v e r y  difficult and, a s  the old 

Turning now t o  the weak interact ions,  we s e e  that the  weak 

interact ions a r e  v e r y  much s t ronge r  re la t ive t o  the  gravi ta t ional  i n t e r  - 
ac t ion  than they a r e  weak relat ive to the  s t rong  in te rac t ions .  

coupling constants  a r e  - 10 - 10 ~ - 10 . You a r e  all a w a r e  that 

this has  been a v e r y  exciting field recently.  The f u r o r  has  now died down 

somewhat ,  but the f ie ld  i s  still  v e r y  much alive.  The pa r i ty  revolution 

culminated in the v e r y  beautiful  paper  of Feynman  and Gell-Mann. 

s t rongly r ecommend  this  pape r  to your attention. It i s  a t r u e  work  of a r t !  

In this  paper  the old ideas  of F e r m i  a r e  reworked,  i n  a manner  suggested 

by  par i ty-nonconservat ion,  t o  r evea l  a new underlying s implici ty .  F r o m  

the  point of view of p decay,  this r e p r e s e n t s  a sa t i s f ac to ry  solution which 

w i l l  s tand indefinitely. 

and the conserved  vec tor  c u r r e n t  a r e  another  m a t t e r  which i s  under  c u r r e n t  

The re levant  
- 1  - 14 -56 

I 

---- 

The suggest ions of the un ive r sa l  F e r m i  in te rac t ion  

investigation 
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Again, however ,  f r o m  the viewpoint of the s t rong  i n t e r -  

act ions,  the weak interact ions essent ia l ly  never  take p lace .  This means ,  

mainly that  we never  h a v e  to  cons ide r  them toge ther .  

Now we come to the e lec t romagnet ic  in te rac t ions .  H e r e  

t h e  s t o r y  changes.  The e lec t romagnet ic  interact ions a r e  v e r y  much 

s t r o n g e r  than the gravi ta t ional  and weak interact ions and only sl ightly 

weake r  than s t rong in te rac t ions .  To emphas ize  th i s ,  I some t imes  s a y  

that  the r enorma l i zed  m e s i c  cha rge  i s  only a f a c t o r  of t h r e e  or s o  g r e a t e r  

than the e l ec t r i c  charge .  That is,the fac t  that  ( e  /?tic) .= 1 / 1 3 7  whereas  

(g  / ?tic) =: 0 . 0 8  impl ies  e = 0.  3 g. This  impl ies ,  among o the r  things,  that  

i t  will  not be possible  to  completely s e p a r a t e  nuclear  effects f r o m  e l ec t r i c  

effects .  Somet imes  th i s  i s  useful to use,  some t imes  the r e v e r s e .  One 

of the m o s t  f ami l i a r  of such  effects i s  the Coulomb-nuclear  i n t e r f e rence  

t e r m  i n  the sca t te r ing  of charged  par t ic les .  

2 

2 

Since the  e l ec t ron  i s  a pu re ly  e lec t romagnet ic  par t ic le ,  i n  

ou r  p r e s e n t  view of things,  we shal l  ta lk  f i r s t  about the in te rac t ions  of 

e l ec t rons  with nucleons.  F i r s t ,  what do the words "pure ly  e lec t romagnet ic"  

m e a n ?  

t i c l e s  can  be explained without the postulation of any  f o r c e s  o the r  than 

e lec t romagnet ic  fo rces .  

t e r a c t i o n  i s  the mos t  in te res t ing  phenomenon. 

exper imenta l ly  i s  : 

the  pu re ly  e lec t romagnet ic  one? 

p r o g r a m .  H e r e  we mus t ,  however ,  be  v e r y  c e r t a i n  that  we ful ly  unde r -  

s tand the  na tu re  of the e lec t romagnet ic  in te rac t ion  o r  we m a y  fool o u r -  

s e l v e s .  

impor tan t  contr ibut ion a r i s e s  i n  a ca re fu l  re la t iv i s t ic  t r e a t m e n t  which m a y  

eas i ly  b e  overlooked i n  a n  intuit ive nonrelat ivis t ic  t r ea tmen t .  

s u c h  a n  in te rac t ion  i s  f a r  f r o m  n e c e s s a r i l y  a t  odds with our  f i r s t  comment  

about the pu re  e lec t romagnet ic  na ture  of the e lec t ron .  Our  i n t e r p r e t a -  

t ion of such  a n  in te rac t ion  would be made  i n  t e r m s  of the p i c tu re  of the 

They mean  that the interact ions between e lec t rons  and o the r  p a r -  

In this connection, then,the e lec t ron-neut ron  i n -  

The quest ion to  be answered 

i s  t h e r e  a specif ic  e lec t ron-neut ron  in te rac t ion  beyond 

You will  h e a r  m o r e  about that  l a t e r  i n  the 

F o r  example ,  Foldy  pointed out many y e a r s  ago  that  a s m a l l  but 

F u r t h e r ,  
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neutron as being (pa r t  of the t ime,  at l ea s t )  a proton plus a negatively 

charged  T meson.  

netic and s t rong  interact ions mus t  be t r ea t ed  together .  

This  i s  another  example,then,of how the  e lec t romag-  

Whatever the  in te rpre ta t ion  of the resu l t  in mes ic  t e r m s ,  

the ha rd  f ac t  remains  that a specific e lectron-neutron interact ion impl ies  

a dis t r ibut ion of cha rge  in the neutron. 

charge .  

neutron interact ion specif ical ly  m e a s u r e s  the second moment  of the charge  

dis t r ibut ion.  

a surpr i s ing ly  s m a l l  value f o r  th i s  second moment.  

s u r p r i s e  - s ince  i t  impl ies  that  the cha rge  dis t r ibut ion cannot be of the 

fo rm we might expect. 

a shel l  containing a n  equal amount of negative charge .  

f r ac t ion  of the fundamental  cha rge  is  contained in this c o r e ,  s a y  307'0, then 

the value f o r  the electron-neutron in te rac t ion  would be  much l a r g e r  than 

measu red ,  s ince the outs ide cha rge  i s  weighted s o  much m o r e  heavily i n  

the second moment .  S o  f r o m  the electron-neutron in te rac t ion  we have 

learned  that e i the r  the c h a r g e  dis t r ibut ion i n  the neutron i s  everywhere  

z e r o  ( for  t 'zero" r ead  t l smal l t t ) ;  o r  e l s e  that  the cha rge  dis t r ibut ion i s  

complicated,  consis t ing of at l e a s t  an'hp>" a"down(' and another 'up-" 

The zero th  moment  i s  the total  

Foldy  has  pointed out that  the e lec t ron-  This  i s  necessa r i ly  zero .  

You will h e a r  l a t e r  this  morning that the exper iments  yield 

This i s  rea l ly  a 

That is, i t  cannot b e  a posit ive c o r e  surrounded by 

If a substant ia l  

The  high - e ne rgy  e l  e c t r o n - s c a  t t  e r  i ng expe r i m e  nt s of Hof s tadt e r 

and co l labora tors  a t  Stanford and R 

have given us  a new pic ture  of the  nucleons. 

banish the p ic ture  of the nucleons a s  point pa r t i c l e s .  

ing exper iments ,  we m a y  r ecove r ,  with innumerable  ifs and buts ,  the 

c h a r g e  and magnet ic -moment  dis t r ibut ion i n  the nucleons. 

t ions do  not lead to  a s imple  p ic ture  of the  neutron. 

p e a r s  to have a c o r e  of posi t ive charge ,  sur rounded by a region of negative 

charge ,  with, f inally,  a she l l  of posit ive cha rge  outside the whole beas t .  It 

i s  in te res t ing  to note that this  vas t  s t r u c t u r e  of exper iment  and ana lys i s  

r e s t s  squa re ly  on the shoulders  of the m e a s u r e m e n t  of the e lec t ron-neut ron  

R Wilson and co l labora tors  at  Cornel1 

These  exper iments  f o r e v e r  

F r o m  these  s c a t t e r -  

These  d i s t r ibu -  

The neutron now ap -  
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interact ion.  Without the specif ic  information that the second moment  of 

the cha rge  dis t r ibut ion was necessa r i ly  sma l l ,  i t  would have been much 

m o r e  difficult to have de te rmined  a detailed p ic ture  of the cha rge  d i s t r i -  

bution a s  a c o r e  of radius  about *F containing total  cha rge  - 0. 3 e ,  a 

sl ightly g r e a t e r  amount of negative cha rge  extending out to about 3 t imes  

that  rad ius ,  and finally a she l l  of POSITIVE cha rge  outside i t  a l l  contain-  

ing a f e w  pe rcen t  of e .  

Another p rope r ty  of the nucleon that m a y  be studied via 

the  e lec t romagnet ic  in te rac t ion  i s  i ts  e l ec t r i c  polar izabi l i ty ,  We speak  

9 

p r i m a r i l y  of the polar izabi l i ty  of the neutron only because  the ze ro  cha rge  

of the neutron makes  i t s  po lar izabi l i ty  m o r e  readi ly  a c c e s s i b l e  to  

m e a s u r e m e n t .  

induce i n  the neutron a n  e l ec t r i c  dipole moment .  

ab i l i ty  i s  a m e a s u r e  of how eas i ly  this m a y  be accompl ished .  

how c lose ly  this i s  tied to the r e su l t s  we w e r e  ju s t  d i scuss ing .  

neutron w e r e  cha rac t e r i zed  by z e r o  cha rge  dens i ty  eve rywhere ,  i t  could 

not be polar ized.  

t ion i s  not enough to yield the e l ec t r i c  polar izabi l i ty .  

s ca t t e r ing  f r o m  nuclei l eads  to a n  upper  l imi t  f o r  the polar izabi l i ty ,  

p r e s e n t  th i s  i s  not a n  excit ing r e su l t  s imp ly  because  the upper  l imi t  s o  

d e t e r m i n e d  is  much  g r e a t e r  than might be expected o n  meson theore t ic  

grounds  

H e r e  the effect  i s  that  a charged  pa r t i c l e  nea r  a neutron ma-; 

The e l e c t r i c  po la r i z -  

Notice 

If the 

On the o ther  hand, a knowledge of the c h a r g e  d i s t r ibu -  

Low-energy  neutron 

At 

The point of view i s  c l e a r .  We believe we unders tand  the 

e lec t romagnet ic  in te rac t ions .  

gained i n  those  s tudies  a s  da t a  re la t ing t o  the  s t rong in te rac t ions .  

m u s t  now t r y  to  unders tand  the m e a s u r e d  e l e c t r i c - c h a r g e  and magnet ic -  

moment  dis t r ibut ions ( o r  equivalently the e l ec t r i c  and magnet ic  f o r m  

f a c t o r s )  i n  m e s i c  t e r m s .  

which I hope to  mention l a t e r .  

Hence we m a y  use the  information we have 

We 

T h e r e  a r e  s o m e  in te res t ing  speculat ions about tl i s  
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Of cour se ,  you know there  i s  a chance that  everything I 've 

sa id  i s  a l l  hooey- that t he re  is a nonelectromagnetic neutron-electron 

f o r c e  and that the z e r o  r e su l t  comes  f r o m  cancel la t ion between that  and 

a second-moment  contribution. 

s e rious ly right now. 

This possibi l i ty  i s  not taken v e r y  

The indisputable success  of quantum electrodynamics leads 

us to take ser ious ly  any electromagnet ic  effects which we can predict .  

Polar iza t ion  of the vacuum i s  such a n  effect. 

vacuum a r i s e s  f r o m  the exis tence of the electron-posi t ron field, which, 

f r o m  the point of view of the potential energy,  leads to  a s m a l l  additional 

t e r m .  It i s  a l s o  ju s t  

b a r e l y  observable  in  very- low-energy  proton-proton sca t te r ing .  

b y  the w a y ,  i s  a n  exper imenta l  problem which m e r i t s  fu r the r  work . )  

Again, though, our  p re sen t  expectations a r e  that this effect i s  understood. 

It needs to be taken into account  p r i m a r i l y  to disentangle  da ta  p r i m a r i l y  

re levant  to the s t rong  interact ions - subject  a lways to the usual ly  unstated 

assumption that m o r e  da ta  on s o  fundamental  a quest ion i s  always welcome 

and our  f i rmly-held theor ies  will  a t  once be abandoned when exper iment  

proves  them untenable.  

B r i e f l b a  polarization of the 

This i s  the effect that accounts f o r  the L a m b  shift .  

(This ,  

We c o m e  now t o  the  s t rong  interact ions.  H e r e  the 

m y s t e r i e s  multiply.  

acting pa r t i c l e s  b reed  like rabbi t s .  

down and they tax  the bounds of the G r e e k  alphabet,  even with sub-  and 

s u p e r s c r i p t s .  

fashioned neutrons and protons.  

In fac t ,  at the moment  i t  appea r s  that  s t rongly  i n t e r -  

It t akes  s e v e r a l  pages to  wr i te  them 

But for  a while anyway, le t ' s  s t ick  to nucleons - ju s t  old 

I mentioned e a r l i e r  that the  c l a s s i c  problem of nuclear  

physics was to  s tudy the  sca t te r ing  of nucleons by nucleons in o r d e r  to d i s -  

cove r  the f o r c e  between them. 

successful ly  and uniquely accomplished,  we have, f r o m  a fundamental  

point of view, found the data  which the meson  theo ry  of nuc lear  f o r c e s  

mus t  explain on a m o r e  fundamental  bas i s .  

Assuming fo r  a moment  that this has  been 

The situation i s  en t i re ly  
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analogous to  the one we d i scussed  a few moments  ago. 

e l ec t ron - sca t t e r ing  da ta ,  we m a y  a s s u m e  we have found the e l e c t r o -  

magnet ic  s t r u c t u r e  of the nucleon in t e r m s  of the c h a r g e  and moment  

dis t r ibut ions.  

to  explain these.  

media te  s t e p  of the phenomenological potential  o r  d i s t r ibu t ion  wi4.1 prove  

a n  u n n e c e s s a r y  detour  and that the fundamental  theory  will  dea l  d i r e c t l y  

with sca t t e r ing  ampli tudes o r  f o r m  fac to r s .  

the function of helping us d raw p ic tu re s ;  mos t  of us  v isua l ize  ve ry  much 

b e t t e r  i n  coordinate  space  than we do i n  momentum space ,  

F r o m  the 

It  i s  now the bus iness  of the theory  of s t rong  in te rac t ions  

In both c a s e s - i t  may  v e r y  wel l  t u rn  out that  the in t e r -  

I n  that  c a s e  they  s e r v e  only 

In view of the emphas i s  I have placed on the re la t ive ly  

l a r g e  s t r eng th  of the e lec t romagnet ic  in te rac t ions ,  it would b e  lud icrous  

f o r  m e  to  launch immedia te ly  into the t h e o r i s t ' s  Alice i n  Wonderland where  

the e lec t romagnet ic  in te rac t ion  can  be switched off at  will ,  

the t r ans i t i on  g radua l  by d iscus  sing the twilight zone w h e r e  s t rong  and 

e lec t romagnet ic  in te rac t ions  a r e  both impor tan t .  

So  l e t ' s  make  

We have a l r eady  mentioned one such:  vacuum polar izat ion 

A p rec i s ion  de termina t ion  of the p-p sca t te r ing  1.ength i n  p -p  sca t t e r ing .  

r equ i r e s  a sui table  subt rac t ion  of this  effect. If we a r e  to s tudy the c h a r g e  

independence of nuc lear  f o r c e s ,  all such effects  m u s t  be  t r ea t ed  with c a r e ,  

Back  i n  the  days  w h e n  the s p e c t e r  of cha rged  a n d  neu t r a l  TT m e s o n s  of 

differ ing m a s s  did not haunt us ,  we could s ta te  this v e r y  s imply ,  

independence of nuclear  f o r c e s  meant  that, t o  within the r e s t r i c t ions  i m -  

plied by the exclusion pr inciple ,  the f o r c e s  between nucleons w e r e  identical  

except  f o r  e lec t romagnet ic  effects  

m e a s u r e d  s inglet  s ca t t e r ing  lengths i n  n-p and p -p  sca t t e r ing  should co in-  

c ide when c o r r e c t e d  fo r  e lec t romagnet ic  effects .  

that  the d i sc repancy  that  remained  a f t e r  c o r r e c t i o n  fo r  the Coulomb i n t e r -  

act ion vanished when the  magnet ic  in te rac t ion  was  a l s o  taken into account ,  

That reconci l ia t ion of the two's ca t te r ing  lengths b e c a m e  untenable with the  

introduct ion of the h a r d  c o r e  (Sa lpe ter  1953) ,  s ince the magnet ic  in te rac t ion  

Charge  

W e  might thus expect  tha t  the 

Schwinger in  1950 showed 

a 
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contains a delta function cen te red  a t  the origin.  Recently,  however,  the 

new data  on the e lec t romagnet ic  s t ruc tu re  of the nucleons has  shed new 

light on the problem and a definitive calculation can  be made.  In br ief ,  

the f i n a l  conclusion r e m a i n s  the s a m e  - the s m a l l  res idua l  d i sc repanc ie s  

a r e  of the o r d e r  that could be  explained by the pion m a s s  difference,  but 

that  calculation i s  uncertain.  

Incidentally, t he re  is  s t i l l  need for  much p rec i s ion  data  

on low-energy neutron-proton sca t te r ing  (and high-energy too, fo r  that  

ma t t e r ) .  And b le s sed  i s  he  who does neutron-neutron sca t te r ing .  

Charge  independence leads to  the idea of isotopic spin, and 

i s  cen t r a l  to our  idea that neutron and proton a r e  different a spec t s  of the 

s a m e  entity, the nucleon. Any violation of this hypothesis  which was not 

e lec t romagnet ic  i n  or igin would s e r i o u s l y  affect  the whole s t ruc tu re  of 

e l emen ta ry -pa r t i c l e  physics  e 

In whatever  t ime  i s  left now, Ietls  ta lk  about the s t rong 

in te rac t ions  i n  what we r e g a r d  a s  a m o r e  fundamental  way -- that i s ,  i n  

t e r m s  of m e s i c  theory.  E a r l i e r  we mentioned i n  passing,  a s  i t  were,the 

hopeful development  of a field theo ry  with the TT mesons  a s  the mediat ing 

par t ic les  Exper imen t s  on pion-nucleon sca t te r ing  (and the i r  i n t e rp re t a -  

t ion)  a decade  ago  led us to the kind of understanding of the  p r o p e r t i e s  of 

m e s i c  f ie lds  which should have sufficed for  the calculation of the nuc lear  

force .  The na tu re  of the f ie ld  was  c l e a r l y  identified, and field theore t ic  

techniques to  handle the pseudosca la r  f ield w e r e  sharpened .  And i n  fac t  

Brueckne r  and Watson (1953)  e m e r g e d  with a quali tatively c o r r e c t  picture  

of the nuc lear  force .  But t he re  it stopped. 

The  r eason  i s  not h a r d  to see .  F i e l d  theory,  even in i t s  

That  i s  t o  say,  i t  i s  a r enorma l i zed  form,is  a pe r tu rba t ion  expansion. 

p o w e r - s e r i e s  expansion i n  the coupling constant.  

f ield theo ry  i s  comple te ly  c o r r e c t  i n  a11 i t s  de ta i l s .  

s e r i e s  m a y  not converge .  

f o r  a moment  that  we had solved a c e r t a i n  problem i n  a s e r i e s  expansion 

L e t  us a s s u m e  that the 

None the l e s s ,  the 

We a r e  v e r y  used  to  this  s o r t  of thing. Suppose 
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2 3 4 
i n  E , and had gotten the r e s u l t  1 - E t E - E t E . a s  a resu l t .  

And suppose fu r the r  that  i n  the problem at hand E = 2. The s e r i e s  

13 

1 - 2 t 4 - 8 t 16 - 32 t - 
answer .  Now Sommerfe ld  might have done the s a m e  problem,  say,  in 

parabol ic  coordinates  and found the answer  in c losed f o r m  to be  l / ( l  t 

1 / 3  f o r  E = 2. 

solution coincide.  In fact ,  all we needed to ge t  the answer  l/(l + E )  f r o m  

the s e r i e s  1 - e f E - E e was the added information that the s e r i e s  

r ep resen ted  a n  analytic function of E , and we could have gotten the 

c losed- form answer  f r o m  the s e r i e s  by analytic continuation. 

shows no tendency toward yielding a useful 

E )  = 

On the other  hand, fo r  I E  I << 1 the s e r i e s  and closed-form 

2 3 

The point of this i l lustrat ionlI  think,need not b e  belabored,  

The only place we have had t rouble  with field theory  has  been fo r  the s t rong  

interact ions.  

theory  of the weak interact ions gives us no t rouble .  

Quantum electrodynamics has  been most  successfu l ;  the 

A s  an  a s ide ,  le t  me has ten  to  add that  I do  not think the 

difficult ies with the per turbat ion t r ea tmen t  of f ield theo ry  a r e  a s  s imple  

minded as m y  i l lustrat ion.  Dyson, I believe,  has  shown that  t he re  i s  

r e a s o n  to suspec t  the quantum electrodynamics does not converge - S O  

that  the per turbat ion s e r i e s  m a y  b e  m o r e  in the na ture  of a n  asymptot ic  

o r  semiconvergent  s e r i e s  - the  f i r s t  umpteen t e r m s  of which sum t o  an 

approximation to the function, but which finally d iverges  

What I have t r i ed  to do i s  give a br ief  motivation for all the 

work  i n  analytic p rope r t i e s  o r  d i spe r s ion  theory  which has  s o  occupied 

the attention of t heo r i s t s  of la te .  F i e ld  theory  works  when the  coupling 

constant  i s  s m a l l  enough. 

f ices  e 

F o r  the weak interact ions the leading t e r m  suf-  

F ie ld  theory has  not been en t i r e ly  unsuccessful  i n  the 

nuc lear - force  problem e i ther .  Speaking in t e r m s  of potentials,  a n  unneces-  

s a r y  but visual ly  useful  device,  the lowest  o r d e r  t e r m  i n  the per turbat ion 

expansion gives  the so-cal led one-pion-exchange t e r m ,  which i s  s imply  

our  old f r iend  the Yukawa potential  with range  given by the pion m a s s  and 
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s t rength  given by the coupling constant ,  

h igher  o r d e r  t e r m s  i s  of s h o r t e r  and s h o r t e r  range,  it i s  possible t o  

i so la te  the one-pion contribution by  looking a t  angular-momentum s t a t e s  

sufficiently high that the  angular-momentum b a r r i e r  s c r e e n s  out the 

s h o r t e r  range contributions.  This s o r t  of study, by Moravcs ik  and other  

co l labora tors  of Chew at L ive rmore ,  showed us  that  the nucleon-nucleon 

sca t te r ing  data  were  indeed completely consis tent  with our  meson-  

theoret ic  ideas  a s  to the  nuc lear  fo rce .  

Since the  contributions of all 

H e r e  a n  accident of nature  made  the problem ext ra  hard .  

The pseudosca lar  c h a r a c t e r  of the mesons  made the one-pion-exchange 

t e r m  v e r y  much l e s s  impor tan t  re la t ive to  the two-pion-exchange t e r m  

than would have been the c a s e  f o r  a s c a l a r  theory.  

that  l i t t le  information relevant  to nuclear  physics  could be gained f rom a 

This m e a n t ,  in prac t ice ,  

s tudy of the leading t e r m  in the per turba t ion  expansion. 

I r eca l l  Feynman  having r emarked ,  with justif iable pr ide  

in his  achievements ,  that  we now know everything about the  WEAK in t e r -  

act ions and nothing about the STRONG. I should like h e r e  t o  maintain - 
not en t i re ly  facet iously - tha t  we know jus t  a s  much. 

c a s e s  we only know definitely the lowest  o r d e r  contr ibut ions.  

is that f o r  the weak in te rac t ions  the lowest  o r d e r  t e r m  suff ices .  

Namely, in both 

The hooker  

With the expansion of the number of s t rongly- interact ing 

elementary par t ic les ,  new and even m o r e  in te res t ing  p rob lems  a r i s e .  

About these ,  t ime w i l l  p e r m i t  not even the b r i e f e s t  of r e m a r k s .  I want t o  

point out, however, that  t h e s e  phenomena cannot be ignored i n  low-energy 

nuc lear  physics .  

e lec t ron  interact ion,  in  which a pure ly  re la t iv i s t ic  effect  i s  being 

m e a s u r e d  at v e r y  low energ ies .  

a r e  explained in  t e r m s  of the w and p resonances .  

the deuteron  is v e r y  s t rongly  affected by  m e s i c  exchange c u r r e n t s .  

ene rgy  neutron sca t te r ing  is affected by  the product ion of v i r tua l  cha rged  

pions.  

We have a l r e a d y  mentioned the example of the neutron- 

The cha rge  dis t r ibut ions of the nucleons 

The percent  D s t a t e  of 

Low- 

On this note I c lose .  Thank you f o r  your patience.  
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I would like to  d i scuss  the r easons  for  our  continuing 

i n t e r e s t  i n  the m e a s u r e m e n t  of the e lec t ron-neut ron  in te rac t ion  with 

low-energy neut rons .  

theory  of nucleon s t r u c t u r e  and with the high-energy e lec t ron-sca t te r ing  

expe r imen t s  which invest igate  nucleon s t ruc tu re .  Then I will  d i scuss  

the va r ious  methods which have been used t o  m e a s u r e  th i s  interact ion 

I will br ief ly  mention the connection with the 

with low-energy neutrons a 

When the f i r s t  m e a s u r e m e n t s  of the e lec t ron-neut ron  

in te rac t ion  became  available in  the late fo r t i e s ,  as  the previous speake r  

h a s  ment ioned ,  most theo r i s t s  were  s u r p r i s e d  that the r e s u l t  was  a s  

small a s  it tu rned  out t o  b e ,  

viously apprec i a t ed ,  which seemed  to account for  the en t i r e  observed  

in te rac t ion  a l l  by i t se l f .  

at some  length, I will  m e r e l y  point out the  magnitude of this  t e r m .  

o r d e r  to  do th i s ,  I w i l l  adopt the usua l  convention, which is  t o  ta lk  about 

the e lec t ron-neut ron  in te rac t ion  in  t e r m s  of the potential  which would give 

it,, i f  that  potential  w e r e  effective over  a sphe re  having a r ad ius  equal to 

the  c l a s s i c a l  rad ius  of the e lec t ron .  

Then Foldy pointed out a n  e f fec t ,  not p r e -  

Since the Foldy t e r m  has  a l r e a d y  been  d i scussed  

In 

Then the  Foldy effect  i s  -4080 eV.  

Measuremen t s ,  even to  this  da te ,  have not definitely e s -  

tabl ished a difference between the Foldy t e r m  and the to ta l  in te rac t ion ,  

although it is  obvious that  t h e r e  ought to  be a difference.  

ly  a for tui tous cancellation of the second moment  of the  in t r in s i c  cha,rge 

dis t r ibut ion of the neutron.  

The re  i s  appa ren t -  

As  far as  the e l ec t ron - sca t t e r ing  m e a s u r e m e n t s  a r e  con- 

ce rned ,  as  P r o f e s s o r  Thaler  has  pointed out,  these  give g r e a t e r  detail  

about nucleon s t r u c t u r e  than i s  obtained f r o m  the e lec t ron-neut ron  

.b a,. 

Invited paper  
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interact ion alone, and recent ly  these  measu remen t s  have led to d e t e r -  

minations of the low -energy electron-neutron interact ion with uncertaint ies  

somewhat s m a l l e r  than the magnitude of the effect .  

appea r  that  fo r  some  t ime  to come the sca t te r ing  measu remen t s  will not 

give the value of the electron-neutron interact ion with a prec is ion  c o m -  

parable  to that which can  be achieved with low-energy neutrons.  

this  resu l t  is obviously a s e v e r e  t e s t  of any detai led theory  of nucleon 

s t ruc tu re ,  t he re  i s  good reason ' to  seek  the mos t  p rec i se  and rel iable  

exper imenta l  value that can  be obtained f r o m  exper iments  involving low - 

ene rgy  neutrons.  

However,  i t  would 

Since 

L e t  m e  now d i scuss  br ie f ly  the var ious  methods used to  

m e a s u r e  the e lec t ron-neut ron  interact ion with low -energy  neutrons e 

of these w a s  f i r s t  used by Havens,  Rabi, and Rainwater  It involves 

t r ansmiss ion  measu remen t s  on liquid meta ls .  I should mention that,  a s  

is  the c a s e  with the  o the r  two methods,  this method looks a t  the  s c a t t e r -  

ing ampli tude r a t h e r  than the c r o s s  sect ion.  

f o r  the sca t te r ing  of neutrons by  a n  a tom t h e r e  i s ,  in  addition to  the  t e r m  

involving the s q u a r e  of the nuc lear  sca t te r ing  amplitude,  a t e r m  which 

comes  f r o m  the  coherent  sca t te r ing  of neutrons by the e lec t rons  and the 

nucleus of a n  a tom.  This  t e r m  i s  proport ional  to  the nuciear  sca t te r ing  

amplitude, the e lec t ron-neut ron  sca t te r ing  amplitude,  and the f o r m  fac to r  

( s t r u c t u r e  f ac to r )  of the a tom.  By making m e a s u r e m e n t s  a t  low energy  

where  the f o r m  fac to r  i s  f a i r l y  l a r g e  and a t  higher  ene rg ie s  where  it i s  

a l m o s t  negligible, one obtains a difference which i s  p r i m a r i l y  a t t r ibu ted  

to the  electron-neutron interact ion.  The ene rgy  range of i n t e re s t  i n  this  

exper iment  i s  f r o m  about 0. 1 V to around 8 or 10 V.  

i n  addition to the e lec t ron-neut ron  t e r m ,  one has  a s m a l l  t e r m  as soc ia t ed  

with diffract ion in  the liquid meta l ,  and this has  t o  b e  calculated and taken 

into account 

One 

In the  total  c r o s s  sect ion 

At the lower energyb 

. .. . 
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The f i r s t  exper iments  were  done with liquid lead and sub-  

sequently m o r e  p r e c i s e  r e su l t s  w e r e  obtained with b ismuth .  

i s  unfortunate  that lead was  not included i n  the p r e c i s e  work .  

a c c u r a t e  r e s u l t  by this method w a s  obtained by Melkonian, Rustad,  and 

Havens.  I t  i s  -4340 f 140 eV. The au thors  s ta te  t ha t  th i s  resu l t  does not 

def ini te ly  es tab l i sh  a difference f r o m  the Foldy  t e r m .  

I think i t  

The m o s t  

Another method was used by Hughes,  Harvey ,  Goldberg,  

These  au thors  took advantage of the f ac t  that  a t  a n  in te r face  and Stafne.  

between b ismuth  and liquid oxygen, the difference i n  the indices  of r e -  

f r ac t ion  of these  m a t e r i a l s  f o r  neutrons i s  l a rge ly  contr ibuted by the 

e lec t ron-neut ron  sca t te r ing  ampli tude.  

pe r imen t s  with low-energy neutrons to  es tab l i sh  the magnitude of this 

difference and used t r a n s m i s s i o n  m e a s u r e m e n t s  at higher  ene rg ie s  to 

d e t e r m i n e  the s m a l l  contr ibut ion of the nuclear  ampli tudes to the  d i f f e r -  

ence .  

f o r  diffract ion i n  a liquid me ta l .  The r e s u l t  obtained f r o m  th is  exper iment  

was -3860 f 370 V.  This  r e su l t  was,  I bel ieve,  the m o s t  p r e c i s e  ava i lab le  

a t  the t i m e  i t  was published. 

They  did c r i t i c a l  ref lect ion ex-  

This  method has  the advantage that  one does  not have a co r rec t ion  

One objection to  these  two m e a s u r e m e n t s  standing alone 

is that both of them depend i n  about the s a m e  way on the a s sumpt ion  that  

the cohe ren t  sca t te r ing  ampli tude of b i smuth  i s  p rac t i ca l ly  cons tan t  i n  

t h e  r ange  of neutron ene rg ie s  f r o m  n e a r  t h e r m a l  to  about 10 eV, 

it d e s i r a b l e  to  obtain r e s u l t s  depending o n  d i f fe ren t  nuc lear  s ca t t e r ing  

ampli tudes i n  o r d e r  to  min imize  the poss ib i l i ty  that  the r e su l t s  m a y  be  

a f fec ted  by s e r i o u s  sys t ema t i c  e r r o r .  Thus,  our  i n t e r e s t  i n  f u r t h e r  

m e a s u r e m e n t s  c o m e s  main ly  f r o m  a d e s i r e  to  improve  the re l iab i l i ty  of 

the  r e su l t s  with r e s p e c t  t o  sys t ema t i c  e r r o r ,  r a t h e r  than to  r educe  the 

r a t h e r  s m a l l  uncer ta in t ies  p re sen t  i n  the expe r imen t s  of Melkonian et  a l .  

I think 

-- 
The th i rd  expe r imen ta l  method was f i r s t  used by F e r m i  and  

M a r s h a l l  and i s  the one which we a r e  now pursuing i n  a n  a t t empt  to  obtain 

p r e c i s e  r e su l t s .  In  this  expe r imen t ,  one looks a t  the fore-and-af t  



1-2 

a s y m m e t r y  i n  the sca t te r ing  of neutrons by a n  a tom.  

comes  f r o m  the t e r m  d i scussed  i n  connection with the f i r s t  exper imenta l  

method, the coherent  sca t te r ing  of neutrons by the e lec t rons  and the 

nucleus of a n  a tom.  

a n d  t o  the a tomic  f o r m  f a c t o r  which i s  a function of the sca t te r ing  angle.  

This  a s y m m e t r y  

It i s  proport ional  to  the two sca t t e r ing  ampli tudes 

I like to  think of the over -a l l  measu remen t  a s  a de t e rmina -  

t ion of the difference between the observed  a s y m m e t r y  i n  the sca t te r ing  

and  the  a s y m m e t r y  which m u s t  be  a s soc ia t ed  with the  motion of the c e n t e r  

of m a s s  of the sca t te r ing  s y s t e m ,  

a s soc ia t ed  with the motion of the c e n t e r  of m a s s ,  one m u s t  know the t e m -  

p e r a t u r e  of the sca t t e r ing  g a s  and the spec t rum of the neutrons.  

addition, t o  be  p r e c i s e  one m u s t  do  a s e p a r a t e  calculat ion f o r  each  isotopic 

m a s s  and m u s t  weight the r e su l t s  in propor t ion  to the isotopic  sca t te r ing  

c r o s s  sect ions and abundances i n  o r d e r  to  obtain a r e s u l t  which appl ies  

to  a na tura l  mix tu re  of i so topes ,  Consequent ly  we plan to  m e a s u r e  the  

sca t t e r ing  c r o s s  sect ions of the isotopes of the noble g a s e s .  

a r e  se lec ted  f o r  the a s y m m e t r y  m e a s u r e m e n t s  i n  o r d e r  t o  avoid the e f fec ts  

of molecular  diffract ion and  i n  o r d e r  to  have a toms  of z e r o  magnet ic  

moment  

In o r d e r  t o  ca lcu la te  the a s y m m e t r y  

In 

Noble g a s e s  

W e  have es tab l i shed  that  r e su l t s  f o r  the e lec t ron-neut ron  

in te rac t ion  can  be  obtained i r o m  argon,  krypton, and xenon. In addition, 

the m e a s u r e d  a s y m m e t r y  of neon will  be used  to  t e s t  the calculat ion of 

t h e  a s y m m e t r y  a s soc ia t ed  with the motion of the  c e n t e r  of m a s s .  

Another  a r e a  w h e r e  we f ee l  we m u s t  concent ra te  our  ef-  

f o r t  if we a r e  to  obtain g r e a t e r  p rec i s ion  i s  the purif icat ion of the g a s e s  

used  i n  the sca t te r ing-asymmetry  exper iments .  

h igher  c r o s s  sec t ions  than  the  noble g a s e s  and exhibit v e r y  l a r g e  fo re -and-  

aft a s y m m e t r i e s .  

to  show that  impur i t i e s  a r e  not affecting the  r e s u l t s .  

Hydrocarbons have much 

Hence, i t  i s  impor tan t  t o  achieve v e r y  high pur i ty  and 
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Hopefully, when we a r e  finished we will have r e su l t s  

f r o m  th ree  different  e lements  s o  that  the possibi l i ty  of sys t ema t i c  

e r r o r s  affecting the r e su l t s  wil l  be minimized.  Also ,  the fas t -chopper  

g r o u p  h e r e  a t  Argonne i s  consider ing measu remen t s  by the f i r s t  method 

d i scussed ,  with liquid lead a s  well as  bismuth,  but a n  effor t  t o  pe r fo rm 

th is  exper iment  has  not been s t a r t ed .  

0 

J. A. HARVEY, Oak Ridge National Labora to ry :  Do  you w o r r y  

about a s m a l l  e l ec t r i c  c h a r g e  i n  the neutron affecting your  sca t te r ing  

expe r imen t?  I mean,  something a s  s m a l l  a s  10 e l ec t ron  cha rges  

could possibly give you some  a s y m m e t r y .  

that  i t  i s  absolutely z e r o ?  

neutron-electron in te rac t ion  with the m i r r o r  technique. 

s m a l l  c o r r e c t i o n  f o r  the change of the  b ismuth  ampli tude f r o m  low 

ene rg ie s  to  10 eV based  on  the p a r a m e t e r s  of the higher  ene rgy  r e sonances .  

You pointed this  out a s  one poss ib le  weakness .  

KROHN: 

- 1 2  

O r  do  you t r u s t  the theo ry  

I would a l s o  l ike to make  a s t a t emen t  o n  the  

We did make  a 

I would s a y  i n  connection with the cha rge ,  that  if a d i s -  

c r epancy  develops when additional p r e c i s e  data  a r e  avai lable ,  perhaps  

one could s t a r t  worry ing  about th i s .  

s i d e r e d  i t .  

F o r  the moment ,  we have not con- 

I n  connection with your  o the r  r e m a r k ,  I did not m e a n  to  

imp ly  that  I think something i s  wrong, but that  t h e r e  might be ;  and  this  

would p resumab ly  be  caused  by unknown re sonances .  

A .  I. YAVIN, Univers i ty  of I l l inois:  I wish to  make  a comment  

about a n  exper iment  which could be  done s o m e t i m e  i n  the  fu tu re .  

r e l a t ed  t o  the pape r  which we have ju s t  h e a r d  and t o  the possibi l i ty  

ment ioned in the prev ious  pape r  that  t h e r e  might be  a nonelectromagnet ic  

e -n  f o r c e  which somehow cance ls  out i n  e lec t ron-neut ron  sca t te r ing .  

Most  low-energy  e lec t ron-neut ron  expe r imen t s  have been done up  t o  

now with neutrons impinging on e lec t rons  i n  t a r g e t  a t o m s .  

I t  i s  

T h e r e  i s  a l s o  
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the opposite approach  of sca t te r ing  e lec t rons  f r o m  neutrons i n  deuter ium,  

but  the binding ene rgy  of the deuteron  a s  wel l  a s  the in t e r f e rence  f r o m  

the  proton make such  invest igat ions useful mainly at high ene rg ie s ,  

where  s t i l l  t he re  might be some sc reen ing  p resen t .  

I a m  thinking of a new technique of sca t te r ing  electrons 

f r o m  f r e e  neutrons.  I n  fac t  this technique would enable  investigations 

of both e - n  and e - n  in te rac t ions ,  thus contributing to the  solution of 

the quest ion of whether  or  not t he re  i s  a nonelectromagnet ic  f o r c e  between 

the e l ec t ron  and  the neutron. 

neutron-gas t a r g e t  and a beam of e l ec t rons  o r  pos i t rons  impinging on it. 

High interact ion r a t e s  can be achieved e i the r  by the uti l ization of a high- 

f lux s teady-s ta te  r e a c t o r  i n  conjunction with a s to rage  ring f o r  e lec t rons  

and pos i t rons ,  o r  by the u s e  of pulsed r e a c t o r s  and p rope r ly  matched 

bunched b e a m s  of e l ec t rons .  

in te rac t ion  r a t e  i n  the i i r s t  method, w h e r e a s  beam bunching and r e a c t o r  

pulsing achieves  a s i m i l a r  e f fec t  i n  the second method. I do not expect  

t ha t  such expe r imen t s  could be done today, but I would not b e  s u r p r i s e d  

i f  they become feas ib le  i n  a y e a r  o r  two. 

- t 

Such a technique involves the u s e  of a 

Mul t i t r ave r sa l  of the t a r g e t  enhances the 
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1-3. PROPOSED EXPERIMENT T-LO_BS-ERVE n-n  SCATTERING"' 
-------we- ^-- 

-.----c------- ---- _.- 
C .  0. Muehlhause 

National Bureau  of Standards,  Washington, D. C .  

A m e a s u r e  of the n - n  sca t te r ing  c r o s s  sect ion a t  t h e r m a l  

ene rg ie s  would be of i n t e r e s t  i n  that i t  would yield d i r ec t ly  the z e r o -  

e n e r g y  n-n  singlet  sca t te r ing  amplitude fo r  compar ison  with the n-p and 

p-p singlet  ampli tudes.  I t  should be feasible  to  make this  measu remen t  

using a high-flux ( >  10 / c m  s e c )  s teady-s ta te  r e a c t o r  i n  which a well 

evacuated in te rna l  coll imating beam duct (-10 

14 2 - 
-8 

t o r r )  p a s s e s  through the 
1 

high-flux region. 

The duct is tapered  and stepped and i t  begins and ends i n  

near ly  f ie ld-free space ,  i. e . ,  it p a s s e s  through the  en t i re  r eac to r  s t r u c -  

t u re  including the biological shield.  

outside the r e a c t o r  o n  the axis of the duct and is located beyond the point 

A thermal -neut ron  de tec tor  i s  placed 

where  i t  could view the walls of the duct a s  shown in  Fig.  1. Under these  

F ig .  1. Geomet ry  of duct and de tec tor  a r r angemen t  proposed 
f o r  the NBSR. 

J. -r 
Invited pape r. 

C .  0. Muehlhause,  National Bureau  of Standards C i r c u l a r  NBS 7583, 
1 

NBSR -8, "Therma l  n - n  Scattering" (unpubl ished NBS repor t ,  1963).  8 
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conditions , except f o r  window scat ter ing , only neutrons which sca t t e r  

f r o m  other  neutrons can  r each  the  de tec tor .  The stepped section shown 

i s  over  the most  intense region of flux (i. e .  , over  the c o r e )  and requi res  

a t  l ea s t  one internal  sca t te r ing  fo r  background neutrons to exit f r o m  the 

co l l imator .  

along the duct. 

The s tep and taper  r e s t r i c t  ep i the rma l  neutron s t reaming 

The effect i n  question ( n - n )  v a r i e s  as the squa re  of the flux 

o r  power of the r e a c t o r  and a l s o  a s  the four th  power of the duct d i ame te r .  

In a par t icu lar  a r r angemen t  proposed f o r  the NBSR wherein the through- 

c o r e  portion of the tube i s  about 

b e  between 5 and 10 counts /min .  

involved, the es t imate  i s  based  on the work of Ilakovak et al. 

a n  n-n  amplitude value of -22 F i s  given. 

by introducing a known quantity of some  s imple  sca t te r ing  gas  ( e . g . ,  helium) 

into the sys tem.  

reac tor  and analyzing for  the square  component of signal.  

5 in .  X 9 i n . ,  the  expected signal should 

I n  addition t o  the geometr ica l  f ac to r s  
2 

i n  which -- 
The n-n  effect  can  be ca l ibra ted  

The effect is  a l s o  identifiable b y  varying the power of the 

I n  real iz ing the above ar rangementy  the pr inc ipa l  technical 

p rob lems  appear  to be (1) fabricat ion of the duct to  the prec is ion  required,  

( 2 )  fabr icat ion of the duct with a minimum of welds o r  s ea l s ,  ( 3 )  m e a s u r -  

ing the p r e s s u r e  i n  the high-flux region, and (4)  obviating, if necessary ,  the 
- 10 

effect of deep  outgassing by radiation in the wal ls  of the duct (- 10 to 

io - ' '  t o r r  l i t e r s  / sec requi red) .  

S. KAPLAN, Lawrence  Radiation Labora tory :  Would you c a r e  to  

comment  on the feasibi l i ty  of doing this  s o r t  of experiment  with, say,  a 

pulsed r eac to r  where  you might be ab le  to  get  possibly 100 t imes  the flux 

you a r e  talking about, but where  I suspec t  t he re  might be t rans ien t  effects 

2 
K.  Ilakovac, L. G. Kuo, M. Pe t r av ic ,  and I. Slaus, Phys .  Rev. 

124, 1923 (1961). - 
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that  would affect  your accu racy?  

MUEHLHAUSE: Yes,  that i s  another  way that could v e r y  wel l  

I have ca l -  succeed i n  doing i t .  

culated what one would expect  i n  the way of neutrons emi t ted  per  pulse ,  

s a y  by the p r e s e n t  advanced type of pulsed r eac to r ,  and it i s  of the o r d e r  

of one o r  possibly two counts pe r  pulse .  

of these  i n  o r d e r  to  gain the s ta t i s t ics .  

I have a few gene ra l  comments  on it. 

So one would have t o  run  many 

The big advantage you would have is that  the background 

problems,  and  s o  on, would be negligible; but you would have to  monitor  

the  flux and the flux-time spec t rum carefu l ly .  

I failed to  s t ress  h e r e  one o ther  thing somewhat  i n  r e l a -  

tion to  th i s .  

t o  the squa re  of the f l u x .  

hole that  you can  manage to put through a r eac to r .  The effect  goes with 

the  four th  power of the rad ius  of that  beam hole -bas i ca l ly  because  the 

squa re  comes  into de te rmining  the volume of neutrons sca t te r ing  neutrons,  

and the next s q u a r e  power h a s  t o  do  with the  solid angle that  def ines  that 

sou rce .  

c a n  do  i t  than it i s  t o  go u p  i n  power.  

to do the expe r imen t  s a y  at 10 with a big hole, w h e r e  i n  p r inc ip le  you 

would have maybe m o r e  s ignal  than you would have i n  the s m a l l e r  hole a t  

10 o r  10 your  vacuum problem would then become inordinate ,  

I pointed out that  the effect  sought i s  c lose  to  propor t iona l  

Even  more  impor t an t  i s  the s i z e  of the  b e a m  

It is m o r e  impor tan t  t o  put a big f a t  hole through a r e a c t o r  if you 

The only t rouble  i s ,  i f  you a t tempted  
13  

14 15 

H. MAIER -LEIBNITZ, Technischen Hochschule ,  Munich: The  idea 

of measu r ing  the neutron-neutron c r o s s  sec t ion  has  been  known f o r  qui te  a 

long t ime ,  and I would rea l ly  l ike to  know what a c c u r a c y  do  you want f o r  

that expe r imen t  t o  be  useful.  I mean ,  we had thought that  10% would not 

be  enough. We thought i t  should have been  something of the  o r d e r  of 370~ 
MUEHLHAUSE: Yes,  that  i s  m y  feeling about it, having ta lked to  

the theore t ica l  people. P e r h a p s  D r .  T h a l e r  could c o m m e n t  on th i s .  

R .  M,  THALER, C a s e  Insti tute of Technology: I would b e  i n t e r -  

e s t ed  i n  even  a lwo expe r imen t fpa r t i cu la r ly  if i t  was widely d i f fe ren t  f r o m  

o u r  expectat ions 
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MUEHLHAUSE: It has t o  be a few p e r  cent  t o  be worthwhile - 
the m o r e  accu ra t e  the be t t e r ,  espec ia l ly  a s  t hese  o the r  m e a s u r e m e n t s  

become m o r e  accu ra t e .  

LYLE B. BORST, State Universi ty  of New York at Buffalo: What 

value of the c r o s s  sect ion did you a s s u m e  i n  your calculat ion? 

MUEHLHAUSE: I a s s u m e d  jus t  f o r  pu rposes  of calculat ion the r e -  

su l t  of I lakovac,  sca t te r ing  ampli tudes of - 2 2  F. That g ives  r i s e  to a n  

en t i r e ly  reasonable  c r o s s  sec t ion  of 6 1  b a r n s .  

anything be t te r .  If it d rops  t o  20 ba rns ,  things would b e  tha t  much m o r e  

difficult. The s igna l  would fall. If it should be 100 b a r n s ,  that  would be 

all right.  

I put th i s  i n  f o r  lack  of 

R .  K. SMITHER, Argonne National Labora to ry :  I have h e a r d  

speculation on occas ion  about using two a tomic  bombs s imultaneously 

exploded. 

MUEHLHAUSE: Tha t  would be a n  in te res t ing  exper iment .  It would 

give the sca t te r ing  a t  14 MeV which would have some  complicat ions to  it, 

That i s ,  i t  would not be the ze ro -ene rgy  value but quite a worthwhile thing. 

SMITHER : 

MUEHLHAUSE: Yes .  You have to  detonate  two bombs  that a r e  

A r e  the f luxes reasonable  t o  expect  good counting r a t e s ?  

roughly the o r d e r  of a k i lometer  a p a r t .  

do l l a r s  a foot through mountains,  and they come  toge ther ,  and  you make  

a T and you go another  k i lome te r  away  and then you go boom! T h e r e  a r e  

You dig tunnels a t  hundreds of 

e nough 14-MeV neutrons h e r e  to  swamp the  de t ec to r .  I t  i s  qui te  e a s y  to  do. 

A. I. YAVIN, Univers i ty  of Il l inois:  I t  s e e m s  to  me that  you could 

i n c r e a s e  the neutron-neutron in te rac t ion  r a t e  and d e c r e a s e  the background 

f r o m  g a s  sca t t e r ing  by  cooling the neutrons to, say,  l iquid-helium t e m p e r -  

a t u r e  

MUEHLHAUSE: Right. That would be  the  s i tuat ion i f  you hold the 

flux invariant ,  you would lower  vo b y  the squa re  root  of the t e m p e r a t u r e .  

This  would give a f a c t o r  of 10 o r  m o r e  and tha t  would emphas ize  t h e  effect .  

That  would be  v e r y  des i r ab le .  

thing to  t r y  to  do. 

It is  ju s t  another  complicated technological 
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B. I. SPINRAD, Argonne National Labora to ry :  I would l ike to  

make a comment  on  the pu l sed - reac to r  technique. 

v e r y  much because  the slowing-down t i m e  lengthens the pulse v e r y  ap -  

prec iab ly ,  and the in tegra ted  s teady-s ta te  flux i n  the  r e a c t o r  is  g r e a t e r  

than  that you g e t  f r o m  the pulses .  However ,  I would l ike to  a sk  what high- 

flux s teady  s ta te ,  i f  you could achieve i t  f o r  a few minutes ,  might sa t i s fy  

It is  not a thing used 

you? 
16 

MUEHLHAUSE: What a r e  you thinking of, 10 ? 
17 

SPINRAD: i o i 6  o r  i o  . 
MUEHLHAUSE: At l o i 6  you would have 5 0  to  100 thousand 

coun t s /min .  If that  went on f o r  2 min, you would get  maybe  100 0 0 0  counts .  

That  sounds p re t ty  good. You would want t o  d o  this a few t i m e s .  

M. HAMERMESH, Argonne National Labora to ry :  I did not unde r -  

s tand the  a n s w e r t o  the quest ion about the a c c u r a c y  and knowledge of u 

I don*t  unders tand  why a few p e r  cent  i s  good enough. 

do i s  s e e  whether  t he re  i s  a deviation f r o m  the cor responding  thing i n  the 

m i r r o r  in te rac t ion  i n  the cr f o r  example.  The 370 i s  nice to  have, but 

that  i s  a poor  a rgument .  

nn  
What you have to  

PP 

THALER: The be t t e r  it i s ,  the be t t e r  off we a r e  of c o u r s e .  What 

we r ea l ly  want i s  something which m e e t s  the p rec i s ion  of the p-p expe r i -  

men t .  

HAMERMESH: But  a r e n ' t  t h e r e  o ther  expe r imen t s  w h e r e  if t h e r e  

w e r e  a violation of cha rge  independence beyond s o m e  f igu re  i t  would al- 

r e a d y  have shown up; what is  that  f i gu re?  
14 

R .  SEGEL, Argonne National Labora to ry :  370 f r o m  the 0 decay .  

THALER: L e t  me make  a r e m a r k  about that .  Namely,  the s c a t -  

t e r ing  ampli tude i s  p rac t i ca l ly  infinity so tha t  a s m a l l  change in this  

s ca t t e r ing  ampli tude would i n  fac t  r e p r e s e n t  a v e r y  s m a l l  effect  i n  the 

r e s t  of the nuc lear  physics .  F o r  example ,  thinking i n  t e r m s  of potent ia ls ,  

a change of a few p e r  c e n t  i n  the depth o r  r ange  would m a k e  a n  enormous  

change i n  the sca t te r ing  ampli tude h e r e ,  s o  that t h e s e  numbers  would 
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indicate that l e s s  than a few p e r  cent deviation f r o m  cha rge  s y m m e t r y  

i n  nuc lear  react ions and s o  on i s  not as  relevant a s  i t  might s eem.  In 

s h o r h t h i s  amplitude is quite sensi t ive to  the  n-n potential and this i s  

why even a 10% m e a s u r e m e n t  might be  of in te res t .  
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1-4 .  SEARCH FOR PARTICLE-STABLE TETRANEUTRONS AND 
DINEUTRONS IN FISSION" 

t J .  P .  Schiffer and R .  Vandenbosch 

Argonne National Labora to ry ,  Argonne,  I l l inois  

[S ince  a r e p o r t  of th i s  work has  a l r e a d y  been published- J .  P.  Schiffer 
and R .  Vandenbosch, P h y s .  L e t t e r s  - 5 ,  2 9 2  (1963)-only the a b s t r a c t  of 
t h i s  pape r  is  given h e r e .  ] 

Recent  high-energy expe r imen t s  have suggested the pos -  

If such  a nucleus does  i n  fac t  s ibi l i ty  of a pa r t i c l e - s t ab le  t e t r aneu t ron .  

ex i s t ,  t h e r e  i s  no appa ren t  r e a s o n  why it should not be observed  i n  f i ss ion .  

We have s e a r c h e d  for  i t ,  using the hypothet ical  r eac t ions  N (n  , n )N  and 

A1 (n  , t )Mg a s  d e t e c t o r s .  Assuming n c r o s s  sec t ions  t o  be similar to  

a lpha -pa r t i c l e  c r o s s  sections,we can  s e t  a l imi t  of no m o r e  than 10  

neut rons  p e r  f i ss ion .  Since a dineutron could a l s o  produce MgZ8 by the  

r eac t ion  A1 (n  ,p)Mg we can  s e t  a similar limit for  d ineu t rons ,  The 

obse rved  f requency  of a lpha  pa r t i c l e s  and t r i t ons  i n  f i s s ion  is  5 X 10 

and  2 X 10 , respec t ive ly .  I t  s e e m s  r easonab le  t o  conclude tha t  on the 

b a s i s  of our  r e s u l t s  a lone the exis tence of these  pa r t i c l e s  i s  not v e r y  l ikely.  

14 4 17 
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.b ,$. .I, -,- .L e,. 

R , C .  BLOCK, Oak Ridge National Labora tory :  About what lifetime 

would you e s t ima te  f o r  the t e t r aneu t ron?  

event  and ge t  t o  your t a r g e t ?  

Would it ge t  out  of the f i ss ion  

SCHIFFER: Well ,  the  l i fe t ime i s  tha t  of be t a  decay .  I ts  l i fe t ime 

could b e  mi l l i s econds ,  minu te s ,  o r  even h o u r s .  

c i s e  ene rgy  of the s t a t e ,  which, of c o u r s e ,  i s  not known, 

It depends upon the p r e -  

P E T E R  AXEL,  Univers i ty  of I l l inois:  Did you m a k e  a n y  e s t i m a t e  

o r  u s e  a n y  mode l  of the f i ss ion  p r o c e s s  t o  decide how m a n y  of your t e t r a -  

neut rons  should come out compared  with the a l p h a s ?  

.I, -c 

P r e s e n t e d  by J .  P. Schi f fe r .  

Now at the Univers i ty  of Washington, Sea t t l e ,  Washington. t 
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SCHIFFER: Well, we guess  that maybe something s imi l a r  to the 

number  of t r i tons  might c o m e  out. We did not do any  calculat ions.  

AXEL:  I don't know that  they can be  done, but evidently the  alpha 

p a r t i c l e  comes  out a s  favorably  a s  i t  does  because the fissioning nucleus 

will  pay  a big p r i c e  f o r  the a lpha-par t ic le  binding energy.  

wondering whether  the a lphas  in  f i ss ion  a r e  well  enough understood s o  

you c a n  make  s o m e  es t ima tes .  

I was ju s t  

SCHIFFER : Well, the binding energy  of the t r i ton  i s  l e s s  than  half 

that  of the alpha, and  the f requency  i s  down only by a f a c t o r  of 10. 

want t o  use this a s  a n  a rgument ,  one might s a y  that the te t raneut ron  has  

z e r o  binding energy  and should be down by another  f a c t o r  of 10. 

way below that .  

If you 

It i s  way, 

It i s  4 o r d e r s  of magnitude down f r o m  the t r i tons .  

PETER FONG, Cornel1 Universi ty:  In the s low-neutron f i ss ion  of 

U235 t h e r e  a r e  2.5 neutrons emi t ted  f o r  each f i s s ion  event.  

t r o n s  a r e  divided between the  two f ragments .  8 The chance fo r  one f r agmen t  

to  e m i t  fou r  neutrons i s  v e r y  sma l l .  

neutron, if  it ex i s t s ,  i s  thus  v e r y  s m a l l  in  the f i s s ion  p r o c e s s .  

The 2 -5  neu- 

The chance of e m i s s i o n  of a t e t r a -  

SCHIFFER: Yes,  but i n  the s a m e  a rgumen t s ,  t r i t ons  and alpha 

p a r t i c l e s  a r e  unlikely. 

expe r imen ta l  r e su l t s ,  and I d o  not s e e  how any a rgumen t s  of that  s o r t  would 

cu t  t e t r aneu t rons  by a s  l a r g e  a f ac to r  a s  h a s  been  obse rved ,  which i s  f i v e  

o r d e r s  of magnitude below a lpha  pa r t i c l e s .  

All  1 a m  rea l ly  competent  t o  c o m m e n t  about  a r e  

FONG: Neutrons a r e  emi t ted  a f t e r  the f r agmen t s  a r e  sepa ra t ed  but 

the alpha pa r t i c l e  i s  emi t ted  in the p r o c e s s  of f i ss ion .  

SCHIFFER : Well, t h e r e  i s  a difference,  but why wouldn't t e t r a -  

neutrons b e  emi t ted  the s a m e  a s  a lpha  pa r t i c l e s  o r  t r i tons  a r e  at any  s tage  

i n  the f i ss ion  p r o c e s s .  

FONG: Well, i n  that  c a s e  you can  expect  the e m i s s i o n  of a t e t r a -  

neutron i n  any  nuc lear  react ion.  

SCHIFFER: Cer ta in ly .  But how would any  one have obse rved  them 

in  o ther  nuc lear  react ions ? 
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FONG: So the f iss ion p r o c e s s  i s  used h e r e  because  the re  a r e  

many events s o  that we can  make a n  observation. 

SCHIFFER : That 's  right. 

FONG: Not for  the  f i ss ion  p rocess  per  s e ?  

SCHIFFER : No, s i r .  

J.  R .  HUIZENGA, Argonne National Labora tory :  I think. P r o -  

f e s s o r  Fong is  miss ing  one point. 

floating around about the kinds of neutrons emit ted i n  f iss ion.  The r e  a r e  

neutrons evaporated f r o m  the f r agmen t s ,  but I think the neutrons that D r .  

Schiffer was talking about w e r e  another kind of neutron, namely, those 

that  a r e  dropped off a t  the t ime  the two f ragments  s epa ra t e .  

t rons  a r e  analogous to other kinds of par t ic les  which a r e  emit ted in  the 

fission, namely, the alpha par t ic les  and the t r i tons .  

The re  i s  s o m e  s o r t  of weak evidence 

These  neu- 

One can te l l  whether  the neutrons a r e  evaporated f rom the 

flying f r agmen t s  o r  not by looking a t  the i r  d i rec t ion ;  and the evidence i s  

t ha t  about 9@7'0 of the neutrons in f i ss ion  a r e  evaporated f rom the flying 

f ragments .  But there  s t i l l  may be some  10% of the neutrons emit ted in  

f i ss ion  which come f rom the  v e r y  f iss ion a c t  i tself .  

I think that  this i s  where  one possibly might s e e  the t e t r a -  

neutrons emit ted 
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1-5. A C C E L E R ~ T I O N  OF FREE NEUTRONS UNDER GRAVITY” 
f--- 

__..-a”- - I 

+--+--= - ~ . _ ”  - ~ --- - 
D. Paya ,  I J. W .  T. Dabbs,  J. A. Harvey,  and H. Hors tmann  T 

Oak R idee National Labora to rv .  Oak Ridge. Tenne s s e e  

Although the  v e r y  elegant and accu ra t e  Ebtv’i,s exper iments  

have shown the equivalence of the gravi ta t ional  acce lera t ion  of neutrons 

and protons bound in  nuclei, 

with f r e e  neutrons.  The resu l t  of th i s  m e a s u r e m e n t  was given as 

g = 935 f 7 0  c m / s e c  . The p resen t  exper iment  w a s  c a r r i e d  out i n  the 

180-m evacuated flight path at the Oak Ridge R e s e a r c h  Reac tor  (ORR). 

only a s ingle  measu remen t  has  been made 
2 

2 

The t r ansmiss ion  edges a s soc ia t ed  with the (100) and (002)  

la t t ice  spacings i n  a polycrystal l ine B e  f i l t e r  may  be used to  define neutrons 

of velocit ies v .  = h/mX., where  X .  = 2d(100) o r  2d(002). 

t hev i r tues  of s impl ic i ty  and high intensity.  

ment  of the exper iment .  

This  method has  

F i g u r e  1 shows the a r r a n g e -  
1 

The collimating slits w e r e  0.008 in .  high and 

ORR 1 BORON PLASTIC ~~ ~ UPPER 

-\ --,Cd SLIT . 5.75 in 

180.576 m ~ 

NOTE: NOT TO SCALE 
‘-CHANNEL 

NO SWITCH u 
MOTOR 

Fig .  1. Exper imenta l  a r r angemen t .  

:: 

t Vis i tor  f r o m  CENS, Saclay (Seine-et-Oise) ,  F r a n c e .  

f Vis i tor  f r o m  BCMN, Eura tom,  Geel,  Belgium. 

P r e s e n t e d  by D. Paya .  

1 
R .  H. Dicke, Scientific Amer ican  - 205, No. 6, 84 (June 1961). 

A. W .  McReynolds, Phys .  Rev. - 83, 172 and 233 (1951). 
2 
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w e r e  made f r o m  two boron s t ee l  plates  about 2 .5  i n .  l o n g  i n  the b e a m  

d i r ec t ion .  

decanoic  acid (C H 0 ).  This m a t e r i a l  i s  useful f o r  suppress ing  total  

ref lect ion of neutrons a t  s m a l l  angles .  

f i l t e red  by $ i n .  o f B o r a l  plus 0.060 i n ,  of Cd into a ‘!fastft beam which 

did not fall apprec iab ly  and by a 4-in. -thick B e  block. which gave the 

t r a n s m i s s i o n  edges mentioned above, and thus defined a “slow” beam which 

had fa l len  5 - 6 in .  

counters  placed behind de tec tor  s l i t s  made a s  shown i n  F i g .  I .  

s l i t  was  0. 226 in .  high; the lower  0. 257 in .  high. The effective ve r t i ca l  

separa t ion  of the two s l i t s  was 5 .743  in.  

s l i t s ,  and Be block) was osci l la ted ve r t i ca l ly  through a t r a v e l  of 4 in.  by a 

lead  sc rew (32  th read l in . )  a t  a r a t e  of about 0.75 in . /min .  E a c h  lead-  

s c r e w  revolution i n c r e a s e d  by one the a d d r e s s  of the channel  into which 

counts w e r e  s to red  i n  two halves  of the m e m o r y  bank of a 512-channel 

ana lyze r .  Thus 128 channels  co r re spond  to  the 4 in .  t r a v e l .  The f i rs t  

two q u a r t e r s  of the m e m o r y  rece ived  lower de tec tor  counts during PYdownDg 

and l lupt t  t rave l ,  respec t ive ly ;  the second half was s i m i l a r l y  used  f o r  the 

upper  de tec tor .  

The inner  f a c e s  of the p la tes  w e r e  coated with c a s t  t e t r a -  

3 
14 28 2 

The neutrons a t  180 m w e r e  

The neutrons w e r e  de tec ted  by B F  proport ional  
_.-- 3 

The upper  

The en t i r e  a s s e m b l y  (counters ,  

Since the counting r a t e s  i n  the lower de tec tor  were  not 

l a rge  (200  c / m i n  a t  the bottom of the t r ave l j ,  c a r e  was  taken to  reduce  

the  background. The m a s s i v e  d i r ec t - l i ne  shield a t  45 m,  the B C shield 

between the upper -s l i t  j aws  and the lower  counter ,  and a Cd  wrapping 

around the lower  counter  w e r e  a l l  found necessa ry .  

grounds w e r e  taken through - i n .  of Bora1 plus 0 . 0 6 0  i n .  of C d ;  lower  

de t ec to r  backgrounds w e r e  taken  with 4 in .  of Be  plus 0.060 in .  of C d ,  

4 

Upper de t ec to r  back-  
3 
4 

F i g u r e  2 shows a typical  upper -counter  run;  the da t a  have 

b e e n  fi t ted by l eas t  s q u a r e s  to  a n  i sosce les  t r iangle  which i s  a good approx-  

imat ion to  the expected function. The da ta  r e p r e s e n t  the exper imenta l  
13 
32 resolut ion cu rve .  The width a t  half maximum was  13 channels  or ~ i n ,  

I. R .  Jones  and W. Bar to l in i ,  Rev .  Sci.  In s t r .  349 28 (1963),  
3 

I_ 
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Fig.  2. Typical upper-counter run: Run 43-48, ' ' fastt1 beam "up." 

F o r  the lower counter,  a semi theore t ica l  curve  calculated by convoluting 

the resolution t r iangle  with the  resu l t  of the application of a stepped c r o s s  

section to  an  express ion  approximating the lower-counter  intensity d i s t r i -  

bution with the B e  f i l t e r  removed was used in the  f i n a l  analysis .  F i g u r e  3 
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Fig.  3 .  Typical lower-counter  run:  grav i ty  leas t - squares  f i t ,  Run 43, 
ttdown. 
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shows a typical lower-counter  run;  llupt' corresponds to  the lower channel 

numbers ,  The t w o  t r a n s m i s s i o n  edges a r e  c l e a r l y  v is ib le .  The edge 

locations shown a r e  those  obtained f r o m  a p r e l i m i n a r y  

Those counts t o  the left  of the (002) edge w e r e  essent ia l ly  all s t r a y  back-  

ground counts and did not follow the open-beam dis t r ibut ion.  The s lope  of 

t h e  cu rve  w a s  therefore  always permi t ted  to  take any  value i n  this region. 

Table  I gives  the  calculated r e su l t s  of a number  of runs.  

4 
l e a s t - s q u a r e s  f i t .  

The values of X. w e r e  found to  be  3.5780 a and 3.9558 

(k 0. 0016 8) f r o m  a detai led x - r a y  examinat ion of the  B e  f i l t e r  block. 

ac tua l ly  used.  

1 

5 
The fall of the neutrons passing through s l i t s  a t  horizontal  

2 
locat ions 0, 1 and 1 i s  given by 

1' 

Using Eq. (1)  and a sui table  c o r r e c t i o n  f o r  the fal l  of the l l fas t r t  beam (about 

0. 005 c m ) ,  we find values  f o r  g a s  follows: 

2 

2 
g(002)  = 9 7 2 1  7 c m / s e c  , 

g ( l O 0 )  = 976 1 3 c m / s e c  

The  loca l  va lue  of g,  t o  a much higher  accu racy ,  i s  

4 
See  footnote a of Table  I. 

The  a s s i s t a n c e  of R e L. S h e r m a n  i s  gra te fu l ly  acknowledged. 
5 



TABLE I. Calculated r e su l t s .  

Run No. Durat ion C e n t e r  of (002) Step (100)  Step (002) Net d r o p  (100) Net d r o p  
( h r )  f a s t  peak location location ( c m )  ( c m )  

(Channel No. ) (Channel No. ) (Channel No. ) 

4 3  down 25 65. 34 f 0.06  42.60 f 0. 64a 77. 37 f 0. 29" 12.781 & 0.051 15.413 f 0.024 

4 3  up  25 63.75 f 0.07 40. 36 f 0, 75 75.58 f 0.46 12.731 f 0.059 15.502 f 0.037 

45 down 20 6 6 . 8 4  f 0. 10 41 .96k  0 ,53  7 8 * 9 4 &  0.39 12 .614f  0.042 15 .547% 0 . 0 3 2  

45 up 20 65. 31 f 0.08 4 0 . 4 4 &  0.63 77 ,41  5 0.40  12.614 f 0.050 15.547 f 0,032 

57 dowi1 24 65.  83  k 0 ,  07 41 .78  k 0 . 5 3  77 .92  0 .  39 12.680 t 0 . 0 4 2  15,547 & 0 , 0 3 2  

57 up 24 6 3 . 7 5  t 0 .  12 41 .68  k 1. 35 76. 78 5 0 . 6 2  12, 835 k 0 .  107 15.621 f 0 .050  

5 8  down 4 65 .96  rt 0 . 0 8  43. 16 1 . 4 3  77 .34  c 0 . 6 8  12.776 f 0.  114 15.489 & 0.056 
- 

::: 
These  values  differ  f rom those  shown i n  F i g .  3, which r ep resen t s  a p re l imina ry  ana lys i s  i n  which 

the s lopes  of the curve  between channels 52  and 66 and above channel 90 were  left  f r e e  r a t h e r  than fo rced  
to  the theore t ica l  value.  The (002)  difference is typical of this co r rec t ion ,  but the (100)  ave rage  c o r r e c -  
t ion was negligible. 

H 
I 
w 
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1-6.  MEASUREMENT O F  THE POLARIZATION OF THERMAL-NEUTRON 
v_. v--------- -- &+5< 2 -“, *e-- - - - . x ~ *L,_”I, **,* --A. -c- 

BEAMS BY MAGNETIZED MIRRORS 

i I - 
M. T .  Burgy ,  G.  R .  Ringo, S. Ketudat,  t P. Rice-Evans ,  and S o  Barkan  

Argonne National Lab0 r a to ry ,  Argonne,  I l l inois 

Po la r i zed  neutrons a r e  needed i n  s e v e r a l  expe r imen t s  i n  

nuc lear  physics .  

and h e r e ,  i s  the  measu remen t  of the co r re l a t ions  between tXe d i rec t ions  

of emis s ion  of the decay  products  of a decaying neutron and the spin of 

the neutron,  This  i s  perhaps  the b e s t  t e s t  of weak-interact ion t h e o r y  i n  

nuclear  phys ics ;  i ts  p rec i s ion  i s  l imited at p re sen t  by the a c c u r a c y  w i t h  

which we can  m e a s u r e  polar izat ion.  

w a s  approximate ly  k- 8% 

One of these,  which has been pe r fo rmed  a t  Chalk R ive r  

In our  f i r s t  exper iment  this a c c u r a c y  

The method we used to  s t a r t  with i s  sliown i n  F i g .  1, which 

shows two magnet ized m i r r o r s  (93% C o ,  7% Fe)  with the f ie ld  magnetizing 

them pa ra l l e l  to the sur face .  The ref lected polar ized  beam c o m e s  ove r  to  

the  analyzing m i r r o r ,  s e t  so that the graz ing  angle i s  the s a m e  as ,  or 

sl ight ly  s m a l l e r  than,  that  a t  the f i r s t  m i r r o r .  

into a counter  where  the intensi ty  I 
P 

Then one changes the conditions and makes  another  m e a s u r e m e n t  o n  the 

polar ized beam.  

magnet ized i n  the guide field,  depo la r i zes  the beam before  it s t r i k e s  the 

second m i r r o r .  

and the r a t io  R = 1 /I 
the  f o r m u l a  

It  re f lec ts  the beam again  

i s  m e a s u r e d  with this po lar ized  beam.  

This t ime  a t h i n  shee t  of s t ee l ,  unmagnet ized or weakly 

This  g ives  a different  in tens i ty  I coming off the  ana lyze r ;  

accord ing  to 
d 

gives one the polar izat ion product  P P P d  1 2  

I / I  = R = i + P P  
P d  1 2’ 

~~ ~ ~~ 

a. -8 .  

P r e s e n t e d  by  M. T .  Burgy .  

!Now at C hulalongkorn Universi ty ,  Bangkok, Thai land.  

fNow at  Bedford College,  Univers i ty  of London. 

lNow at  the  Univers i ty  of Is tanbul ,  
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DEPOLARIZING 
TEEL SHEET ANALYZER 

ARRANGEMENT FOR 
FIRST MEASUREMENT, Ip -- +. 

f 
INCIDENT BF3 
BEAM , COUNTER 

/ 

MIRROR F 

\ 
/ 

ARRANGEMENT FOR 
SECOND MEASUREMENT , Id 

Fig.  1. Schematic representa t ion  showing the two conditions i n  which the  
The polar iza-  neutron beam intensity i s  measured ,  giving 1 

tion product is  obtained f rom these intensity measu remen t s  by the 
fo rmula  1 f PIP, = R = I / I  
a r e  normal  t o  the  plane of the f igure .  

and Id. P 
The magnetizing fields fo r  the m i r r o r s  P d .  

Here ,  P 

and P 

have if the beam incident upon it were  unpolarized. 

i s  the polarization of the beam ref lected f rom the f i rs t  m i r r o r ,  
1 

i s  the polarization that the  beam ref lected f rom the ana lyzer  would 
2 

There  i s  a ser ious  e r r o r  in the u s e  of this  method which we 
1 

did not rea l ize  when it w a s  f i rs t  proposed. 

t u r e  of the s tee l  sheet  which depolar izes  the  beam makes the sheet  magneti-  

cal ly  inhomogeneous and produces small-angle  scat ter ing.  P a r t  of the beam 

which would hit the m i r r o r  i f  the shee t  were  not used i s  s ca t t e r ed  away f r o m  

the m i r r o r .  Thus t h e r e  i s  some loss .  Also, some neutrons s t r ike  the 

m i r r o r  a t  different angles than they would i f  the sheet  w e r e  not used, and 

some  that would have m i s s e d  the m i r r o r  get  s ca t t e r ed  so that  they do s t r ike  

i t .  

The magnetic domains t ruc -  

1 
D. J .  Hughes and M. T .  Burgy, Phys .  Rev. - 76, 1413 (1949). 
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In a lmos t  a l l  ca ses ,  t h e r e  i s  a net change despi te  the par t ia l  

compensat ion.  

instead of the single one cons idered  theoret ical ly .  

i s  a la rge-angle  scat ter ing and absorpt ion i n  the s t ee l  shee t  too,  and one 

expects  to compensate  for  these  by putting the s tee l  shee t  in the beam r e -  

f lected f rom the second m i r r o r  during the measu remen t  of I o 

f a i r l y  c lose  to the m i r r o r  so  that the neutrons sca t t e red  through l a rge  

angles  m i s s  the counter .  Thus the attenuation of the beam by capture  

and la rge-angle  sca t te r ing  in the s t ee l  shee t  i s  v e r y  c lose ly  the same  in 

Hence Eq. (1)  i s  e r roneous  because  i t  involves two effects 

I should s a y  that t he re  

It i s  placed 
P 

d '  
the  m e a s u r e m e n t  of I and I 

P 
The f i r s t  s tep  in cor rec t ing  f o r  the smal l -angle  sca t te r ing  

i s  to make  the counter  l a rge  enough s o  that the region of uniform s e n s i -  

tivity i s  sufficiently broad.  Then the neutrons sca t t e red  through smal l  

angles  w i l l  s t i l l  be counted during the measu remen t  of I ~ 

mains  the problem of co r rec t ing  f o r  the effect of smal l -angle  sca t te r ing  

i n  the m e a s u r e m e n t  of I 

T h e r e  s t i l l  r e -  
P 

2 
d '  

Severa l  y e a r s  ago, a Russ i an  group investigated th i s  sou rce  

of e r r o r  and proposed a method of co r rec t ion  i n  which one depolar izes  the 

beam that  i s  ref lected f r o m  the f i r s t  m i r r o r  and makes  the  two m e a s u r e -  

ments  I '  and I '  (corresponding to  I and I ) with this  depolar ized  beam t o  P d P d 
get  a m e a s u r e  of the contribution of the smal l -angle  sca t te r ing .  Then the  

ra t io  I / I  obtained with the polar ized beam can  be  multiplied by I '  /I' to  
P d  d P  

g e t  the p rope r  value of R .  

P P according t o  Eq .  (1). 

This c o r r e c t e d  value of R i s  then  used to  get  

1 2  
However,  the second s t e e l  shee t  a l s o  s p r e a d s  the beam and 

gives another  per turbat ion.  

minimizing the effect of the spreading of the beam f r o m  this second depolar i , -  

z e r .  

The Russ i an  group proposed one method of 

We t r i e d  another  that  we thought was a n  improvement  -and f o r  

2 
Ab ov , B e k e t o v , G ul ko ~ E r m ak o v ~ K r up c hit s k i i ~ T a r a n, a nd 

Shatlovskaya, P r i b o r y  i Teknika Ekspe r imen ta  4, 3 (July-August 1?60)= 
[English t rans la t ion :  I n s t r .  Expe r .  Tech.  4, 5 7 1  (1961) l  ; A. D ,  Gul 'ko,  
P r i b o r y  i Teknika Ekspe r imen ta  3 ,  40 (May-June 196 l ) [Engl i sh  t r a n s l a -  
tion: I n s t r .  E x p e r .  Tech, - 4, 452(1?61)] 
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f o r  some  t ime  we w e r e  happy with it. 

a s  we found d i rec t ly  by replacing our  polar izer  m i r r o r  by a beryl l ium 

m i r r o r  which c lose ly  duplicated the geometr ica l  re la t ionships ,  the energy  

spec t rum of the beam, the angular  dis t r ibut ion,  and s o  on, but gives a 

beam of z e r o  polarization. However,  our  method gave P 1 2  P z 0.03.  In 

the c a s e  of a high polarization, a s  when the polar izer  i s  a cobalt  m i r r o r ,  

t h i s  e r r o r  in P P 1 2  
be  m o r e  accura te .  

But our  method s t i l l  has  a n  e r r o r  - 

would be  approximately doubled, and we w e r e  t rying to  

ANALYZER 
ARRANGEMENT FOR MIRROR 

FIRST MEASUREMENT, Ip 

INCIDENT 
BEAM 

POLARIZER 1 

YCO M P E NSATOR 

MIRROR 

4 'DEPOLARIZER 

ARRANGEMENT FOR 
SECOND MEASUREMENT, Id 

Fig.  2. Schematic  representa t ion  showing the modification of the condi- 
H e r e  a graphi te  shee t  i s  used to  compensate  t ions shown i n  F ig .  1. 

f o r  the small-angle  sca t te r ing  i n  the s t ee l  depolar izer .  

We have developed a method (Fig.  2) which, we think, ge ts  

around this t rouble  by having the beam sp read  all of the t ime  i n  the 

measu remen t  oi both I 

pensator  which does a small-angle  spreading of the beam i n  the m e a s u r e -  

ment  of I 

and I 
P d' 

We accomplished this by putting a c o m -  

ahead of the ana lyzer .  It g ives  the s a m e  spreading effect as 
P 
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does the s tee l  sheet ,  but it does not a f fec t  the polar izat ion.  

a nonferromagnet ic  substance could be used, but we have found graphi te  

convenient.  

between the  two m i r r o r s  and the s t ee l  depolar izer  in the beam ref lected 

f rom the second m i r r o r .  In o r d e r  to m e a s u r e  I the graphi te  and s t ee l  

shee ts  a r e  interchanged,  Thus,  the difference i n  l a rge-angle  sca t te r ing  

and cap tu re  in the two shee ts  i s  compensated.  One s t i l l  r e l i e s  on a suf -  

f ic ient ly  broad  a r e a  of uniform sensi t ivi ty  of the counter t o  avoid poss ib le  

additional complications i r o m  the small . -angle  sca t te r ing .  

significant change between the c a s e  in which I 

in which I 

polar ized in  the f i r s t  c a s e  and depolar ized  in the second c a s e .  

m a y  expect to  get  the polar izat ion product  P P 
1 2  

ments  

A powder oi 

Then I i s  m e a s u r e d  with the  graphi te  shee t  in  the beam 
P 

d3 

Now the only 

is  m e a s u r e d  and the c a s e  
P 

i s  measu red  i s  that  the beam str iking the second m i r r o r  i s  
d 

Thus,  we 

f r o m  the two m e a s u r e -  

Of c o u r s e  the re  i s  the p rob lem of choosing a matching 

th ickness  oi t he  graphi te  for  the piece oi steel. used f o r  the depolarizat . ion.  

To do this  we used a beryl.lium m i r r o r  (giving a beam oi z e r o  polar izat ion)  

in place of our  cobalt  polar iz ing m i r r o r .  

ma tches  the s t ee l  depolar izer  in i t s  efiect: on the  counting r a t e  was found 

(and we a s s u m e  this  means  i t  ma tches  i t  in smaI.Langle  scat t :er ing) ,  

if, i n  p rac t i ce ,  one  wants to  make  the m a t c h  when a cobal t  m i r r o r  i s  the 

f i r s t  m i r r o r ,  a second s t ee l  depolar izer  i s  used  to  depo la r i ze  the b e a m  r e -  

f lec ted  f r o m  the f i r s t  m i r r o r ;  and the thick.ness of the graphi te  shee t  i s  

adjusted to  ma tch  the effect  of the f i r s t  depo la r i ze r  (as with the bery l l ium 

m i r r o r ) .  

m i r r o r .  W e  have found, however, that  with this  depolar ized  beam f r o m  a 

cobalt m i r r o r  we get the  s a m e  thickness  of g raphi te  a s  a ma tch  f o r  ou r  

f i r s t  s t ee l  depo la r i ze r  a s  we got with the bery l l ium m i r r o r .  

that  the match  i s  not v e r y  sens i t ive  to  the  ini t ia l  beam s p r e a d ,  

The  thickness  of graphi te  that  

NOW 

This  beam would b e  s p r e a d  m o r e  than that  f r o m  the bery l l ium 

This  indicates  

F i g u r e  3 shows s o m e  relevant  mea .surements  of EL, the ra t io  

of the counting r a t e  with the s t ee l  depo la r i ze r  removed to that with i t  in  

place (with a depolar ized beam a s  a sou rce ) .  One s e e s  that  a s t r a igh t  l ine 
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APPARENT POLARIZATION PRODUCTS F', p2 
WITH BERYLLIUM MIRROR AS POLARIZER 

GRAPHITE COMPENSATOR IN THE BEAM 

5 ELEMENTS IN MAIN DEPOLARIZER 

0.4 

-0.8 

0 0.1 0.2 0.3 0.4 0.5 
SQUARE ROOT OF THICKNESS (inches) 

Fig .  3 .  The apparent  polarization pro-  
ducts P,P, = R - 1 obtained with a 
beam of z e r o  polarization f rom a 
beryll ium m i r r o r  as the polar izer ,  
plotted a s  a function of the squa re  
root  of the thickness  of the graphi te  
compensator .  The rat io  R = Ip/Id 
is obtained f rom measurements  made 
in the manner  shown in Fig.  2. The 
s tee l  depolar izer  cons is t s  of f ive 
elements  , each 0. 0045 i n .  thick. 
The thickness  of graphi te  cor respond-  
ing to PIP2 = 0 (i. e . ,  to R = 1) matches  
the depolar izer  i n  i t s  effect on the 
measu red  intensit ies f rom sma l l -  
angle scat ter ing.  

i s  obtained when the apparent  polarization products  P P 1 2' 
measu red  ra t ios  R ( o r ,  m o r e  s t r ic t ly ,  R - 1) obtained with the beam of 

zero  polarization, a r e  plotted against  the square  root of the thickness .  

The points measu red  with the second depolar izer  used to sp read  the beam 

fe l l  on this  l ine a l so .  

that  the point fa l ls  off the curve,  indicating that a t  sma l l  thicknesses  

the re  i s  a t ransi t ion through single and p lura l  sca t te r ing  and into multiple 

sca t te r ing  a s  the thickness inc reases .  

we find that  a graphite compensator  with a thickness  of about 0 .028  i n .  

should match the s tee l  depolar izer  i n  small-angle  sca t te r ing  and give 

z e r o  for the value of P P obtained with the beryl l ium m i r r o r .  We had 

s e v e r a l  specimens made with thicknesses  near  this value, and found one 

tha t  matched the depolar izer  v e r y  closely.  

cobalt-iron alloy m i r r o r s  and got P P = 0.88. 

given by 

At ze ro  thickness of the graphi te ,  one does  s e e  

F r o m  the l ine through the points, 

1 2  

We applied this  method to the 

1 2  
The pr inciple  of compensating f o r  the small-angle  sca t t e r  - 

ing in  a s tee l  depolar izer  may be  applied to  the cor rec t ion  method sug- 

gested by  the Russian group, a lso.  Here ,  the ra t io  R would be obtained 

with a graphi te  compensator  in the beam reflected f r o m  the f i r s t  m i r r o r ;  a 
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and the  co r rec t ion  fac tor  would then be gotten with the second depolarizing 

s t ee l  she et  replacing the graphi te  c ompe nsator  . 
Figure  4 shows what we ca l l  the l ldouble-mirror  a r r angemen t ,  ' I  

which should give a higher polarization. 

par t icu lar ,  we expect to ge t  P and P with l e s s  uncertainty f rom a 

m e a s u r e d  P P product which i s  c lose r  to unity. In this setup, we have 
1 2  

a r ranged  t o  get  

s i m i l a r l y f o r  the analyzer .  

between them a r e  chosen s o  that no beam can get d i r ec t ly  through. 

one can s e e  the  a r rangement  i n  l a r g e r  sca le .  

a r e  constructed f rom a thin layer  of cobal t - i ron on a copper  backing, 

This has  var ious advantages;  i n  

1 2 

two reflections off the m i r r o r s  in the polar izer ,  and 

The offset of the m i r r o r s  and the spacing 

Below, 

One c a n  s e e  that the m i r r o r s  

MAIN 
DEPOLARIZER 
POSITION 

AUXILIARY 
DEPOLARIZER r POSITION 

I 
I 

NEUTRON BEAM L 
FROM REACTOR 

6 2  cm ~ c- /----3Ocm 

I SLIT-0.Olcm SLIT-0.02 cm 
POLARIZER 

(FOR BEAM MAPPING 
ONLY 1 

F i g .  4. P lan  view of the  a r r a n g e m e n t  with a d o u b l e - m i r r o r  p o l a r i z e r  and 
double - m i r r o r  ana lyzer .  

The advantage of this  setup can  be seen  f r o m  the following 

Suppose that the ref lect ivi t ies  fo r  neutrons i n  the two considerat ions.  

spin s ta tes  relative to the field direct ion were  i n  the ra t io  of ten to  one 

f o r  a single one of these m i r r o r s .  

fect ive r a t io  of reflectivit ies i s  100 to 1. 

81% polarization, and the two m i r r o r s  would give 98%. 

analyzer ,  one would get  0.96 fo r  the polarization product. 

Then f o r  a double reflection, the ef-  

The single m i r r o r  would give 

With a s i m i l a r  

One might ex- 

pect to get P i  and P 

such a high value were  achieved. 

separa te ly  with relat ively sma l l  uncertaint ies ,  i f  
2 
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However,  we c a r r i e d  out this  measu remen t ,  and only 

got about 0.  90 - 0. 91. 

a r r angemen t  and did m o s t  of our  work with it using the other  method 

I should s a y  that  we t r i e d  this  double m i r r o r  

of polarization measu remen t  (the one without graphi te  compensa tors )  

and  we got higher numbers  there ,  i n  the range of 95- 99% under var ious 

conditions.  But then, when we co r rec t ed  the method, this  dropped down 

t o  about 9170, s o  we took a m o r e  c r i t i ca l  look at our  a r r angemen t .  W i t h  

this  high value of 0. 88, obtained with the s i n g l e - m i r r o r  a r rangement ,  

w e  should go up to what we got with the  other  method with the double- 

m i r r o r  a r r angemen t .  

i n  the old measu remen t s  which somewhat compensated. We think now 

that t he re  a r e  some  effects of a few p e r  cent  f r o m  the t r a n s m i s s i o n  of 

We decided that t he re  mus t  have been  two e r r o r s  

the incident beam on the ana lyze r  through the fo rward  edge of the second 

m i r r o r .  

avoid depolar iz ing the p a r t  of the beam that i s  t ransmi t ted ,  and this  would 

be  a defect  of this  a r r angemen t .  

m i r r o r s  a r e  too c lose  together  and affect  each o ther ' s  magnetic flux, 

leading perhaps  to horizontal  (hence depolar iz ing)  flux components.  

Our improvement  of the polar izat ion measu remen t  has  been  a r a the r  

recent  development s o  that our  d i scovery  of the defects in o u r  double- 

m i r r o r  a r r angemen t  is v e r y  recent .  

which w i l l  control  the beam s o  that the beam w i l l  u s e  only the cen t r a l  

p a r t  of each m i r r o r  i n  these p a i r s  so that  there  w i l l  be no t rouble  f rom 

the  edges.  

The cobal t - i ron alloy may  not be nea r  enough to  sa tura t ion  t o  

Moreover ,  we now believe the two 

We a r e  undertaking modifications,  

I am s o r r y  I d o  not have data  on that si tuation to  give you though. 

N. J.  PATTENDEN, A. E. R .  E . ,  Harwel l :  I did a n  exper iment  

s i m i l a r  to this i n  Brookhaven a few y e a r s  back, but instead of using the 

m i r r o r  technique I used cobal t - i ron c r y s t a l  monochromators  to  produce 

the polar ized beam.  I a l s o  noticed this effect of small-angle  scat ter ing 

in the nonmagnetized shee t  of i ron.  

pointed out again.  

I w a s  in te res ted  to s e e  the thing 



1-6 

M. HAMERMESH, Argonne National Labora to ry :  What i s  the b e s t  

polar izat ion one can ge t  n o w ?  

BURGY: Values  of about 98% a r e  c la imed fo r  the i ron-cobal t  

43 

c r y s t a l  o r  magnetite c r y s t a l s .  

HAMERMESH: 

BURGY: Yes,  by Bragg  rei lect ion.  

V .  E. KROHN, Argonne National Labora to ry :  I wonder if  you 

You mean  using Bragg  re f lec t ion?  

adequately emphas ized  the point oi  using the double m i r r o r ,  which would 

be that  with double ref lect ion on both po la r i ze r  and ana lyzer  you ge t  

(hopefully) a r e su l t  c l o s e  to 10W0 polar izat ion.  

m u s t  have i f  you a r e  to  de t e rmine  the polar iza t ion  of e i the r  one sepa ra t e ly .  

So (hopefully) you want t o  es tab l i sh  that a double ref lect ion i n  a n  ana lyze r  

means  a n  ana lyze r  with 1 0 0 ~ 0  polar iza t ion ;  then fu r the r  m e a s u r e m e n t s  using 

this  ana lyze r  w i l l  be  m e a s u r e m e n t s  of the polar iza t ion  achieved by the 

polar izer ,  which m a y  be a single m i r r o r .  

This  is the r e su l t  you 

L. PASSEL, Brookhaven National Labora to ry :  In pr inc ip le  you 

c a n  u s e  t h r e e  s e t s  oi  po la r i ze r - ana lyze r  s y s t e m s ,  and p e r m u t e  them,  and 

g e t  the  polar izat ion of any one i n  that  way. This  i s  often done with the i ron -  

cobal t  c r y s t a l s .  Is this  reasonable  i n  your  c a s e  a s  wel l?  

BURGY:. Yes,  i t  i s ,  but this i s  something we have not c a r r i e d  out 

yet because  th i s  method of m e a s u r e m e n t ,  i n  which w e  have confidence,  is 

a r a t h e r  recent  development .  

wi th  m i r r o r s  that you do not have with the c r y s t a l s ,  namely,  that  we have 

a spec t rum of wavelengths,  and the m e a s u r e d  r e s u l t  i s  ac tua l ly  a n  ave rage  

of the  product  of P and P a s  a function of the wavelength over  the  s p e c -  1 2 
t r u m .  If t h e r e  i s  much var ia t ion  i n  that  product ,  the ave rage  of the p r o -  

duc t  would not f ac to r  into the product  of the two s imple  ave rages  of P 

Pz. 
double m i r r o r s  f o r  both p o l a r i z e r  and ana lyze r ,  the d i f fe rence  should give 

W e  have a n  e x t r a  complicat ion i n  dealing 

and 
1 

If you work with the  high-polar izat ion c a s e  that you might  ge t  with 

a s m a l l  e r r o r  contribution, I think. 
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HAMERMESH: Does th i s  mean that  you pe r fo rm the ave rage  over  

t h e  spec t rum of a product  of two o r  a product  of t h ree ,  and  they a r e  not 

s imply  r e l a t ed?  

BURGY: No, it is s imply  th i s .  You de te rmine  P P - ca l l  that  C .  1 2’ 
Now, m i r r o r  No. 2 and m i r r o r  No. 3 a r e  used and you ge t  P P = A. And 

2 3  
s i m i l a r l y  P P = B. Thus ,  formal ly ,  Pi== 

3 1  
HAMERMESH: I think you a r e  saying what I w a s  t ry ing  to  s a y -  

that  these  a r e  r ea l ly  in tegra ls  o v e r  a spec t rum s o  tha t  th i s  division i s  

not  c o r r e c t .  

BURGY: You a s s u m e  that the ave rage  of the product  equals the 

product  of the ave rages .  This  w i l l  be  be t t e r ,  I think, the c l o s e r  the p r o -  

duct is to  unity throughout the range  of the s p e c t r u m .  
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1-7 THE MAGNE TIC -MIR R.OR NE_U_TR ON POLARIZER ---- 
--*=ilir - *l *,*- - ~ -  

AT THE REACTOR "ISPRA I r r  ''* 

M. F o r t e  

EURATOM C.C .R .  I s m a .  Italv 

I nt r od uc t io n 

An appa ra tus  producing a beam of polar ized neutrons has  

been  instal led a t  the r e a c t o r  I s p r a  1. The polar izat ion i s  obtained by the 

method of ref lect ing a slow-neutron beam on a magnetized Go-Fe  m i r r o r .  

The beam is  t o  be used,  mainly,  f o r  cap ture  g a m m a - r a y  

The chosen method of polar izat ion p e r m i t s  one to  combine expe r imen t s .  

a high neutron intensi ty  with a v e r y  s m a l l  beam width, s o  that  nar row 

t a r g e t s  can be conveniently used.  This  is  espec ia l ly  impor tan t  i n  some  

exper iments  with polar ized  neutrons i n  o r d e r  to  avoid t a rge t  sca t te r ing  

effects  which would resu l t  i n  depolar izat ion.  

To  fac i l i t a te  the invest igat ion of nuclei  with l o w  capture  

c r o s s  sect ion,  c a r e  has  been  taken to obtain good beam pur i ty  and low 

background. 

M i r r o r  M a t e r i a l  and Fabr i ca t ion  Method 

At the su r face  of the magnet ized m i r r o r  the r e f r ac t ion  index 

m u s t  be  l a r g e r  o r  s m a l l e r  than unity, accord ing  to the neutron spin s ta te ,  

so  that  total  ref lect ion of neutrons of one spin s t a t e  can  never  take  place.  

This  condition is expres sed ,  i n  t e r m s  of the ave rage  magnet ic  and nuclear  

cohe ren t - sca t t e r ing  ampl i tudes ,  by lanl < a m ,  where  a w i l l  be p r o p o r -  
m 

t ional  t o  the  effective magnet ic  induction, taking into account that  only a 

f r ac t ion  of the a t o m s  a r e  or ien ted  along the f ie ld .  

Essent ia l ly ,  the only su i tab le  magnet ic  m a t e r i a l s  a r e  pu re  
- 1 2  - 17 

C o  (a = 0 - 2 8  X 10 c m ,  a z 2 .5  X 10 B c m ,  B i n  gauss )  and C o  

a l loys  with some pe rcen t  of F e .  Using p u r e  C o  involves some  p r a c t i c a l  
n m 

c) 
n 

.L -6- 

Read by t i t le  only.  



46 1-7 

I 

difficult ies.  Indeed, to have sa t i s fac tory  magnetic p rope r t i e s  (not ava i l -  

ab le  with the normal  hexagonal s t ruc tu re  of Co)  i t  i s  n e c e s s a r y  to use 

cubic-s t ruc ture  Co, which can b e  fo rmed  by electroplat ing a thin l aye r  

on a copper  backing. 

s t ra ight forward  and the l a y e r  m a y  be eas i ly  damaged by the polishing. 

Therefore ,  we p r e f e r r e d  t o  use ,  a s  a s ta r t ing  ma te r i a l ,  a C o - F e  ( F e  670) 
alloy, a s  i t  was successful ly  employed a t  Argonne. 

= 0 . 3 2 X  10 c m ,  a zz 2.5 X 10 B c m ) ,  a magnetization 
(an m 
(B - H) 2 13 000 gauss  w i l l  fulfill the condition s ta ted above. 

1 
The fabricat ion p rocedure ,  however,  i s  not quite 

2 
With this  ma te r i a l  

- 1 2  -17  

We had avai lable  a hot-rol led shee t  0 . 6  m m  thick and 11 

I 

cm high. In p re l imina ry  magnetic measu remen t s ,  we found (B - H) z 15 700 - 
17 000  gauss  a t  H = 100 - 350 gauss ,  in good ag reemen t  with the l i t e r a tu re .  

The polarizing m i r r o r ,  110 c m  long and 11 c m  high, has  b e e n  a s sembled  by 

aligning ten s q u a r e  m i r r o r s .  Each  piece was made of an  11 X 11-cm 

s q u a r e  of C o - F e  sheet  glued to  a 2.5-cm-thick copper backing by  means  

of type I "Araldite." 

sand blasting. C a r e  was taken  to obtain, as much as  possible ,  a f la t  s u r -  

f a c e ,  so  that a f t e r  working the su r face  t o  a n  optical  plane the sheet  thick- 

nes s  remained  sufficiently uniform to p e r m i t  a uniform magnetization. 

3 

The sheet  su r f ace  to be glued was f i r s t  p repa red  by 

The optical  work  was  pe r fo rmed  by  conventional techniques 

(grinding with ab ras ives  and polishing with oxides,  by  means  of a pitch 

lap).  

not always sa t i s fac tory ;  indeed i n  a lmos t  all s amples  v e r y  fine s c r a t c h e s  

were  vis ible  under  intense i l lumination, and somet imes  slightly oxidized 

Each m i r r o r  was made  flat within a few f r inges .  The polishing was 

o r  opaque regions appeared .  

The ten m i r r o r  segments  a r e  mounted on a single aluminum 

b a r ,  a s  shown i n  F igs .  1- 3 ,  s o  that  a n  8-cm-wide band of t he  m i r r o r  i s  
~~ ~ ~ 

1 

2 
D. J. Hughes and M. T .  Burgy,  Phys .  Rev. - 81, 498 (1951). 

M. T.  Burgy,  R .  J. E. Eps te in ,  V. E. Krohn, T. B. Novey, S .  
Raboy, G. R .  Ringo, and V. L. Telegdi,  Phys .  Rev. - 107, 1731  (1957). 

3 
R .  Bozorth,  F e r r o m a g n e t i s m  (D. Van Nostrand Co.,  Inc., Pr ince ton ,  

N. J. ,  1959). 
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8 I M i r r o r  M o u n l f n g  bar 
v 

Fig .  1. C r o s s  sect ion of the mir ror -mount ing  sys tem and of the e l ec t ro -  
magnet.  

F ig .  2. Photograph of the m i r r o r  with co l l imators .  

F ig .  3 .  Same  a s  Fig.  3 except that  the f ront  coll imating plates  have been  
r e  moved. 
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exposed to  neutrons.  

v e r y  high and uniform (as previously m e a s u r e d  with the s e p a r a t e  C o - F e  

shee t s ) .  

The magnet izat ion on this  band is expected to  be 

The p r e c i s e  a l ignment  of the t e n  segments  was obtained 

with r e fe rence  to  th ree  thin (50 mic ron  d i a m e t e r )  w i r e s  s t r e t ched  along 

the  m i r r o r  v e r y  c lose  to  i t s  sur face .  

each  wi re  and i t s  image,  with the  help of a n  opt ical  m i c r o m e t e r ,  the 

posi t ion of each  segment  could be se t  with a n  a c c u r a c y  probably be t t e r  

than 5 - 10 mic rons .  

By  observing the d is tance  between 

Descr ip t ion  of the Apparatus  

The g e n e r a l  layout i s  shown i n  F ig .  4, A narrow t h e r m a l -  

neutron beam i s  obtained through a f i r s t  s ta in less  s t ee l  co l l imator  plugged 

into the beam hole. The col l imat ing s l i t  has  the following d imens ions :  

length 150 cm,  height 10 c m ,  input width 0. 9 c m ,  output width 0.5 c m .  

The s l i t ,  which i s  c losed  a t  both ends by a 0. 25 m m  s t a in l e s s  s t e e l  window 

c a n  be  f i l led with wa te r  t o  shut off the beam.  Af te r  pass ing  through the 8-  

cm-high s l i t  of the mechanica l  shu t t e r ,  the beam i s  f u r t h e r  

by a lead-bronze plate  facing the f i r s t  half of the m i r r o r  length. 

l a t t e r  col l imat ion p e r m i t s  a minimum beam width, near  the m i r r o r  cen te r ,  

of about about 1.5 m m .  The separa t ion  between p r i m a r y  and re f lec ted  

beam i s  f inal ly  accompl ished  by the output co l l imator  made  of a p a i r  of 

lead-bronze  plates  fixed a t  the m i r r o r  end. 

col l imated 

This  

The m i r r o r  mounting b a r ,  t o  which the col l imat ing plates  

a r e  fixed, i s  posit ioned i n  t he  gap  of the e lec t romagnet  by means  of m i c r o -  

m e t r i c  s c r e w s .  At the nominal 0 inclination, the m i r r o r  i s  aligned with 

one s ide of t he  col l imat ing s l i t .  

0 

The e lec t romagnet  i s  made  of two pa ra l l e l  A r m c o  i r o n  

p la tes  (poles )  s epa ra t ed  by s ix  i r o n  columns on which a r e  wound co i l s .  

At the maximum supply power of 300 W ,  the m i r r o r  i s  in  a magnetizing 

f ie ld  of about 350 gauss .  
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The appara tus  is  mounted on a heavy conc re t e  base  and 

protected by a shielding tunnel consis t ing of a 10 c m  inner  lead  w a l l  and 

a 20 c m  boron-paraff in  (207’0 boron oxide) wa l l .  

tunnel  i s  lined with 0 . 5  c m  boron-plast ic  sheet .  

s igned i n  o r d e r  t o  provide a sufficient attenuation of both g a m m a s  and 

f a s t  neutrons,  with a l eas t  encumbrance .  The ou te r  dose leve ls ,  a t  5 

MW r e a c t o r  power,  a r e  wel l  below the M P L f s  adopted at I sp ra ,  of 2.5 

m r e m  / h r .  

The inner  su r face  of the  

This  shielding w a s  d e -  

Some c a r e  was  taken  t o  reduce the s t r a y  radiat ions in the 

d i rec t ion  of the outgoing polar ized  neutron beam.  

the s l i t  of the mechanical  shut ter  and the o ther  col l imat ing plates  a r e  

made  of a m a t e r i a l  (707’0 C u  and 30% P b )  having v e r y  high c r o s s  sect ion 

both f o r  f a s t  neut rons  and f o r  gamma r a y s .  

f a c e s ,  thin coatings of boron and l i thium compounds were  sui tably e m -  

ployed to  min imize  the production of high-energy capture  g a m m a  r a y s .  

Mainly, the wal l s  of 

M o r e o v e r ,  on t h e i r  s u r -  

Beam Measuremen t s  

The following c h a r a c t e r i s t i c s  of the  outgoing beam have 

been exper imenta l ly  s tudied:  (a)  intensity,  (b) polar izat ion,  ( c )  co l l ima-  

tion and flux dis t r ibut ion,  (d) ra t io  of f a s t  t o  slow neutrons,  and ( e )  gamma 

background. The measur ing  methods will  f i r s t  b e  desc r ibed .  

A detect ion efficiency of slow neutrons independent of the 

neut ron  spec t rum (which var ied  with the  m i r r o r  inclination, e tc . )  was 

needed. 

ing the 0.48-MeV g a m m a  r a y s  f r o m  a thick B ta rge t  exposed to  the beam.  

In connection with the polar izat ion m e a s u r e m e n t s ,  we have mainly used 

a B F  counter  p laced  in  a 20-cm-diameter  paraff in  cylinder enclosed in 
3 

a Cd sheet .  

height.  

The absolute  s low-neutron intensi ty  was de te rmined  by  de tec t -  

The de tec to r  was placed with i t s  ax is  pa ra l l e l  to  the beam 

The whole beam was admit ted through a window i n  the Cd sheet.  
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The beam polar izat ion w a s  measu red  by means  of a double- 

ref lect ion experiment ,  using the so-called “sh im method. t ’  The polar ized  

beam ref lected f rom the  f i r s t  m i r r o r  was made  t o  re f lec t  on a second m i r -  

r o r  of the s a m e  kind and magnetized i n  a field of the s a m e  intensi ty  and 

or ientat ion (but, for  p rac t i ca l  r easons ,  the analyzing m i r r o r  was only 55 

c m  long). 

beam impinging on the second m i r r o r  was then depolar ized  completely by 

inser t ing  a 0. 25-mm-thick F e  sh im.  The intensi ty  r a t io  R with and with- 

out the shim i s  re la ted to the in t r in s i c  polar izat ion of the  two m i r r o r s  by 

R = P i *  Pz t 1. 

The intensi ty  a f t e r  the second ref lect ion was measu red .  The 

An a c c u r a t e  de te rmina t ion  of the sh im ra t io  was obtained 

a f t e r  co r rec t ing  for t he  secondary  effects of the sh im,  such a s  absorpt ion 

and smal l -angle  sca t te r ing .  The co r rec t ion ,  d i r ec t ly  m e a s u r e d  by i n s e r t -  

ing a second identical  shim a c r o s s  the beam a l r eady  depolar ized by the 

f i r s t  sh im,  was of the o r d e r  of 3-470. 

M e a s u r e m e n t ,  Resul t s  

The polar izat ion w a s  measu red  at the s a m e  t i m e  a s  the total  

intensi ty  and the  f a s t  neutrons and gamma background, while the beam 

collimation and the m i r r o r  inclination w e r e  var ious ly  adjusted.  The 

bes t  compromise  between neutron intensity and polar izat ion,  f rom a 

pure ly  s ta t i s t ica l  point of view, co r re sponds  t o  a maximum product  P fi 
which means  a minimum measur ing  t ime  (of the polarization-dependent 

effect)  for  a given s ta t i s t ica l  accuracy .  

however, the most  s t r ingent  r equ i r emen t  i s  often t o  keep  the background 

of fast  neutrons and g a m m a  r a y s  a t  a reasonably low level .  

F r o m  a prac t ica l  point of view, 

W e  observed  f i r s t  that ,  while t h e  inclination of the po la r i z -  

ing m i r r o r  va r i ed  between 8’  and 13‘  the intensi ty  changed by a f a c t o r  of 

t h e  o r d e r  of 2, but the polar izat ion was not significantly affected.  The 

c o r r e c t e d  shim ra t io  ranged between about 1.55 and 1.65, indicating a 
h 

QP t lprobablet t  polarization, given as  ‘dPIPz f r o m  about 75 to  800/00. At the 
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Q inclination of 7 ' ,  below which the background was catastrophical ly  in- 

c r e a s e d  due to d i r e c t  t r ansmiss ion ,  the intensity w a s  l a r g e r  than 

5 X 10 neut rons /sec .  \ 

7 

For the  next exper iments  on capture  g a m m a  rays ,  the 

m i r r o r  inclination w a s  fixed at 12' the polar izat ion a t  800/, the intensity 

a t  about 3 X 10 neut rons /sec ,  and the r a t io  of f a s t  to s l o w  neutrons a t  

about 10 . As previously observed,  the polar izat ion i s  not uniquely de -  

t e rmined  by the sh im ratio.  

pe rmi t s  the ex t reme l imi t s  6570 and lOO7ofor the polar izat ion that each  of 

7 

- 2  

In ou r  c a s e ,  the value found fo r  the l a t t e r  

the two m i r r o r s  m a y  b e  ab le  to  produce. 

imperfect ions t o  which the l ack  of complete  polar izat ion is due a r e  r a t h e r  

equally sha red  by  the two m i r r o r s .  

ing and analyzing m i r r o r s  w e r e  var ious ly  interchanged, with no prac t ica l  

effects.  

beam sect ions,  and i ts  inclination w a s  sl ightly va r i ed ;  no  change of the 

s h i m  ra t io  l a r g e r  than 5 - 6 7 0  was observed.  

Actually we p resume  that  the 

TO prove this ,  segments  of po lar iz -  

Also  the analyzing m i r r o r  w a s  shifted to  explore  different  

T o  s e a r c h  f o r  a poss ib le  unequal magnet izat ion of the 

m i r r o r s ,  the magnetic fields on the polar iz ing and the analyzing m i r r o r s  

w e r e  independently var ied.  For instance,  increas ing  the f ie ld  f r o m  230 

t o  350 gauss  had only the e f fec t  of raising the ref lected intensi ty  by s e v e r a l  

percent .  

sume a polar izat ion of 8070 with a n  uncertainty of rt i w ~ .  

According t o  these  r e su l t s ,  we bel ieve it i s  r a the r  sa fe  t o  a s -  

The ra t io  of fast to  slow neutrons repor ted  above is the Cd 

ra t io  m e a s u r e d  when using the  B F  

When measu red  with a b a r e  B F  

t o  the rma l  neutrons,  the Cd r a t i o  w a s  about 10 ~ 

counter  with a paraff in  modera tor .  3 
counter ,  having about a 1070 efficiency 3 

-4 

Measuremen t s  of the gamma intensity,  made  while the slow 

neutrons were  stopped by a Cd sh im,  indicated a level of the o r d e r  of 5 0  

m R / h r  in  the beam path. 

A qualitative picture  of the  neutron f l u x  dis t r ibut ion over  

the beam c r o s s  section w a s  obtained by  exposing a normal  photographic 

plate coated with a LiF l aye r  (Fig.. 5 ) .  As expected, the neutron f lux  i s  

highly concentrated at s m a l l  reflecting angles.  
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In some  exper iments  it is  v e r y  im- 

portant  t o  have a v e r y  na r row t a r g e t  from which neu-  

t r o n s  m a y  eas i ly  escape  a f te r  a f irst  s ca t t e r ing  

event that m a y  cause depolar izat ion.  T h e r e f o r e  it 

w a s  in te res t ing  to  have a m e a s u r e m e n t  of the to ta l  

neutron intensi ty  s t i l l  avai lable  with a reduced width 

of t h e  output col l imator  slit, including only the 

s m a l l e r  ref lect ion angles .  The  r e s u l t s  ( F i g .  6 )  

indicate that  a beam of 1.5-2 mm width m a y  be 

conveniently used  without s e r ious  loss  of intensi ty .  

F i g .  5 .  A " rad io-  
graph" of the 
beam c r o s s  
sect ion.  

5 3  

F i g .  6.  B e a m  intensi ty  
v s  coll imation width. 

0 I 2 3 4 5 m m  

E l l P C l i v e  S i l t  W i d l h  

Methods of Revers ing  the Spin Orientat ion 

In o r d e r  t o  m e a s u r e  polarization-dependent e f fec ts ,  a s  we 

plan t o  do w i t h  capture  gamma r a y s ,  the  m o s t  convenient method is to  r e -  

v e r s e  the spin or ientat ion while the detect ion sys t em is lef t  unchanged. 

Among possible  methods  of changing the spin or ien ta t ion ,  

the one of gradual ly  turning a magnet ic  guide field along the b e a m ,  as  

shown i n  F ig .  7 .  

4 
we have chosen 

4 
K .  A b r a h a m s ,  0. Steinvoll ,  P. T .  M. Bongaar t s ,  and P. W .  DeLange,  

Rev.  Sc i .  I n s t r .  - 3 3 ,  5 ,  524 (1962) .  
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Fig .  7. Scheme of the device f o r  neutron spin r e v e r s a l .  

A neutron t ravel ing through such  a i ie ld  w i l l  s e e ,  i n  i t s  

own cen te r -o f -mass  sys t em,  a rotating magnetic field. Provided  that  

the field rotates  slowly compared  with the  frequency of the L a r m o r  p r e -  

cess ion ,  the spin w i l l  maintain the s a m e  or ientat ion with r e spec t  to the 

turning field.  More  prec ise ly ,  the neutron polar izat ion w i l l  per iodical ly  

v a r y  l ike 1 - f (w / [ ( w  /4) t 1 )  s in  [(a /4) t n ] t ,  where  w is 

the  f ie ld  f requency and n the L a r m o r  frequency.  

f ie lds  of the  o r d e r  of a few gauss  a r e  turned ove r  i n  a d is tance  of a few 

t ens  of cen t ime te r s .  

neutron velocit ies of, say,  3000 m / s e c  o r  lower .  In the exper imenta l  

device,  schemat ica l ly  i l lus t ra ted  i n  F ig .  7, the f ie ld  along the beam path 

i s  the resu l tan t  of the s t r a y  ve r t i ca l  f ie ld  of the e lec t romagnet  of the 

polar izer  and the horizontal  f ield genera ted  by a c u r r e n t  i n  the magnetic 

box. 

undergo a gradual  90 f ie ld  turning.  Revers ing  the magnetizing c u r r e n t  

of the box w i l l  effect a 180 

2 2 2 2 2  2 1 / 2  

In our c a s e ,  guide 

Negligible depolar izat ion ( < 1%) i s  expected a t  

Neutrons t ravel ing to  the cen te r  of the box ( t a rge t  posit ion) w i l l  
0 

0 
r e v e r s a l  of the spin a t  the t a rge t  position. 

The proposed method has  the following main  advantages.  

The c u r r e n t  t o  maintain the f ie ld  i n  the magnetic box, which in  our  c a s e  

is 5 - 10 gauss ,  can b e  conveniently low to be  handled without 
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diff icul t ies  by a n  e lectronic  programing device.  

the possibi l i ty  that revers ing  the box field m a y  influence the de t ec to r s .  

Indeed, when the box  was magnetically shielded by  two layers  of 0. 35-mm 

Mumeta l  shee t ,  the outs ide f ie ld  var ia t ion  was only a few hundredths of a 

gauss .  It was ver i f ied that  such  a var ia t ion  had v e r y  l i t t le  influence on  a 

s t anda rd  scint i l la t ion counter ,  a 3 X 3-in. NaI(T1) c r y s t a l  d i r ec t ly  coupled 

to a 3-in. Dumont 6363 photomult ipl ier ,  provided with modera t e  magnet ic  

shielding. 

It i s  e a s y  to  prevent  

The c r y s t a l  window was  v e r y  c lose  to  the s ide  wall of the 

box. C o  g a m m a  rays  w e r e  de tec ted  with the d i s c r i m i n a t o r  b ias  s e t  at 

the c e n t e r  of the 1.33-MeV line,  s o  that the counting r a t e  was e x t r e m e l y  

sens i t i ve  to  changes of the photomultiplier gain. However ,  the r e l a t ive -  

count ing-rate  var ia t ions  cor responding  to per iodic  field r e v e r s a l s  w e r e  

within the s ta t i s t ica l  counting e r r o r  off 2 X 10 . This co r re sponded  to  

a gain s tab i l i ty  of be t t e r  than 10 . 

6 0  

-4  

-5 
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11- 1. APPLICATIONS OF NUC_$zb-R-,MODELS . ..-.c . . TO LOW -LYING 
.I- 

-_ 
STATES -SUMMARIES AND DEVELOPMENTS"' 

-"e-- 

Steven Moszkowski 

Universi tv  of Cal i forn ia ,  Los Angeles 

In the  last few y e a r s  quite a bi t  of p r o g r e s s  has  

been m a d e  in  nuc lear  s t r u c t u r e  both theo re t i ca l  and exper imenta l .  

In m y  ta lk today, I would l ike to  d i s c u s s  t h r e e  se lec ted  topics  in 

which advances  have been and a r e  being made .  These  topics  a r e  

(1) the  effect  of pair ing on e lec t romagnet ic  t r ans i t i ons ,  ( 2 )  s o m e  

a s p e c t s  of nuc lear  v ibra t iona l  states, including the coupling of 

an  odd particle to  a vibrat ing c o r e ,  and ( 3 )  the l imitat ions of the 

she l l  model  and the p re sence  of unexpectedly s t rong collective 

motion in s o m e  light nuclei .  

At this point I should r e m a r k  that I w i l l  not r e s t r i c  

myse l f  t o  those  nuclei  which can be reached  by neutron cap tu re .  

The  ta lk  wil l  be a bi t  m o r e  g e n e r a l  than that .  

t o  apologize tha t  m y  ta lk  wil l  not dea l  with a c c u r a t e  ene rgy  ca lcu-  

la t ions.  

rotat ion-vibrat ion in te rac t ion  in deformed nucle i ,  but t h i s  w i l l  be 

d i scussed  e l sewhere  in th i s  conference .  

I guess  I a l s o  have 

Such things would come i n ,  for  i n s t ance ,  in  studying 

Now le t  m e  review the  effect  of pairing on e l e c t r o -  

magnet ic  t r ans i t i on  r a t e s .  

known a l r e a d y  in 1950 that  you have magnet ic  2 -pole t r ans i t i ons  

(M4) in which you have a change of 4 in ' the  nuclea-r spin and a change 

in  the pa r i ty .  

It is  r e a l l y  a n  old p rob lem.  It was  
4 

A number  of t hese  t r ans i t i ons  occur  for  odd-A nuclei  

0. -6- 

Invited pape r .  
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Q with odd N or Z between 39 and 49,  and a l s o  fo r  odd N between 65 and 

81. 

respec t ive ly .  T h e  p resence  of these  
pi /2-g9/2 
' ' i s lands  of i s o m e r i s m "  proved v e r y  impor tan t  for  the development of 

the nuc lear  she l l  model .  

t i m e s  a r e  expected to go like E 
this was  sat isf ied to  a good approximation.  

range  all of the way f r o m  the o r d e r  of a second to  a y e a r .  F u r t h e r m o r e ,  

the l i fe t imes  turned  out to  be not too far f r o m  those expected on the b a s i s  

of a single nucleon making the t rans i t ion .  

According to  an  ex t r eme  s ingle-par t ic le  model ,  the  t rans i t ions  a r e  

1112 -d3/2 '  
and h 

One a spec t  of the t rans i t ions  is  that the l i fe-  
- 9  , and experimental ly  it was found that  

The  gamma-decay  lifetimes 

F igure  1 will  i l l u s t r a t e  this  point. Th i s  f igure shows the 

F i g .  1 . Comparat ive l i fe t imes 
for  M4 t rans i t ions .  F r o m  
D. A lburge r ,  Handbuch d e r  

1957),  Vol. 42 ,  p. 93. 
PhYSik (Spr inger  Ver lag ,  Be r l in ,  

3~ ra w 30 YD I EO 70 m1 sv 7 a ~  no 72O,730 wo 
so 82 72s 
Nevtrn numda- N - 

compara t ive  l i fe t imes  of the energy  leve ls  of these  nuclei  compared  t o  

the  s ing le-par t ic le  va lues ,  and you s e e  they fluctuate only by f ac to r s  of 

two or so.  

I t  w a s  r emarkab le  that  the s ing le-par t ic le  model  worked 

so we l l ,  and indeed rather puzzling because w e  know tha t  th i s  model  is 

not expected to  be  so accu ra t e .  

model ,  we wil l  s ay  that  a nucleus like th i s  can be desc r ibed  as follows: 

the nuc lear  spin is jus t  the j of the last odd pa r t i c l e ,  and we could wr i te  

the wavefunction as \k= ( j ~ ' ) o ( j ~ 2 ) o  j odd.' 

all of the s t a t e s  up t o  s o m e  energy  a r e  occupied, while all the states above 

it are  empty.  

the  last few y e a r s  the so-ca l led  "quas i -par t ic le"  o r  "super-f luid"  model  

of the nucleus has  been developed i n  which we genera l ize  the s ing le-par t ic le  

model  t o  allow pairing co r re l a t ions  

Now, according to  the s ing le-par t ic le  

This  model  impl ies  tha t  

We know now, of cour se ,  that th i s  is  not quite r ight .  In 

( co r re l a t ion  
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between p a i r s  of par t ic les  coupling to  J = 0).  

wave function of a n  odd-A nucleus i f  one includes the pairing cor re la t ion .  

The wave function is wri t ten =77W. t v . j  .j . j odd’ where j .  i s  

the s ta te  conjugate to  j . 
ampli tude V. of being occupied and U. of being empty. 

su r f ace  is  now diffuse as indicated i n  Fig.  2. Here  P. = V denotes 

Let  m e  wr i t e  down the 

4. ::: -8- 

1 1 1 J, 1 

h a s  a probabili ty 
.a- 

1 1  

The pa i r  of s t a t e s  j . ,  ji 
i 1 

The  F e r m i  
2 1 1 

1 i 

E- E- exhibiting the diffuseness  of 
the F e r m i  sur face .  

E -  E -  

the ave rage  probabili ty of occupation. The diffuseness  m e a s u r e s  the 

energy  gap, which is  closely re la ted  to the pairing energy ,  i. e . ,  the 

even-odd mass differences.  

I would like to  make one r e m a r k  he re .  With a wave 

function l ike th i s ,  the number of pa r t i c l e s  is not uniquely specified 

because (except  fo r  the odd pa r t i c l e )  we have i n  each  pa i r  of s t a t e s  

(j i ,  j iT) e i ther  two nucleons o r  none. However,  while t h e r e  is  some  

uncertainty in  the  number of pa r t i c l e s ,  calculations have shown that the 

fluctuations i n  the number of pa r t i c l e s  a r e  quite unimportant for  getting 

ove r -a l l  fea tures .  

.I, 

Let  m e  b r i e f ly  d iscuss  the effect of pair ing on e l ec t ro -  

magnet ic  t rans i t ion  r a t e s .  

br ief  review. 

This  is  r ea l ly  not new, but a v e r y  

If we have a t rans i t ion  of a single par t ic le ,  j: -j,  (or 
L L. - 1  . - 1  ), we have B = B , i . e . ,  the  s ing le-par t ic le  value.  

SP - J 2  hole,  j ,  

Now suppose,  however,  that we a l r eady  have some 
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n2 3- 1 L 
2' 2 10 4 2  j2  

n2 
par t i c l e s  i n  the  s t a t e  j * then the t rans i t ion  would be j ( j  

In t h i s  c a s e  B m u s t  be s m a l l e r  than the s ing le-par t ic le  va lue ,  because  some  

of the s t a t e s  into which th i s  p a r t i c l e  could go i n  j 

F o r  this  c a s e  it i s  reasonable  that R = B/B 

she l l  j 

go beyond th is .  Suppose a small f rac t ion  of both she l l s  j and j i s  

a r e  a l r e a d y  occupied. 
2 2 

= 1 - P 2 = U 2 '  In fac t ,  i f  
SP 

i s  full,  P2 = 1 and th i s  t rans i t ion  cannot occur  at all. We can 
2 

f 2 
occupied. In th i s  c a s e  it i s  logical  tha t  R = (I - Pi )  (1  - P2) 0 

However ,  this  cannot be completely r igh t .  Suppose tha t  

both she l l s  j ,  and j were  a l m o s t  f i l led,  i. e . ,  suppose that 
2 

In th i s  c a s e  it i s  well  known tha t  you w i l l  get  exactly the - 1  - 1  
j i  - j 2 -  
s a m e  r e s u l t  a s  if holes  a r e  rep laced 'by  pa r t i c l e s ,  and  so  i n  th i s  c a s e  

2 2  
R = P P = V V In the quasi-particle it t u r n s  out that the t r ans i t i on  1 2  i 24 
ampli tude R i s  the s u m  o r  difference of the ampl i tudes  d i scussed  above,  

i . e . ,  

What I have t r i e d  to  do i s  to give a plausibil i ty a rgumen t  for  th i s  r e s u l t .  

The plus s ign appl ies  for  magnet ic  t r ans i t i cns ,  the 

e l e c t r i c  t r ans i t i ons .  

of t i m e - r e v e r s a l  invar iance .  

minus  s ign f o r  

This  follows f r o m  r a t h e r  s imple  cons idera t ions  

Now suppose tha t  the two states w e r e  v e r y  close together  
2 2 

i n  ene rgy ,  i . e . ,  V = V and U = U2. Then R = U k V For  

magnet ic  t r ans i t i on ,  we find R = 1; the t r ans i t i on  r a t e  does not depend 

upon the number  of pa r t i c l e s  i n  the she l l .  

tha t  magnet ic  dipole moment s  have the single -pa r t i c l e  Schmidt va lues  

a s  we f i l l  up a s h e l l . )  However ,  for a n  e l e c t r i c  t r ans i t i on  R = (1  - 2 P i )  a 

The  ampli tude goes f r o m  1 at the beginning of a she l l  to  -1 at the end. 

Again,  e l e c t r i c  quadrupole moment s  have the s a m e  behavior  -according 

to  a jj-coupling model .  

1 2 1 i I' 

(Th i s  i s  for  the s a m e  r e a s o n  

2 
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Now, the conclusion f r o m  this  is that  you would expect 

magnet ic  t rans i t ion  r a t e s  to  deviate l i t t le f r o m  the predict ions of the 

single -par t ic le  model ,  but e l e c t r i c  t rans i t ion  r a t e s  t o  deviate quite 

s t rongly.  

f o r  M4 t rans i t ions  one doesn’t  find much fluctuation in  the reduced t r a n s i -  

This  i s  i n  fact  found and is  r e a l l y  bas ica l ly  the r eason  why 

t ion r a t e s .  

F igu re  3 shows th is  point i n  sl ightly m o r e  detail .  This  is 

I I7 119 121 123 125 127 129 131 133 I35 I37 
A 

Fig .  3. Reduction f a c t o r s  for M4 hll12+ d neutron t rans i t ions  
( f r o m  Ref. I). 
while the exper imenta l  r a t io  of the t rans i t ion  probabili ty to  the 
s ingle-par t ic le  value is given as  t r iangles  o r  c i r c l e s  connected by 
dashed l ines  with the assumpt ion  of the rad ius  p a r a m e t e r  of 1.0 
and 1.1 
numbers .  

312  
The theore t ica l  r e s u l t s  a r e  given by the solid l ines  

f e r m i ,  respect ively.  The sequences a r e  labeled by proton 

1 
t aken  f r o m  a recent  p rep r in t  by Kiss l inger  and Sorenson.  W h a t  they 

have plotted h e r e  a r e  these  f ac to r s ,  except that  t he i r  D is normalized 

slightly differently than m y  R;  so D can be l a r g e r  than unity. (By the 

1 
L. Kiss l inger  and R.  Sorenson,  Office of Naval R e s e a r c h  Techni- 

ca l  Report  1 I, Department  of Phys ic s ,  Carnegie  Insti tute of Technology, 
P i t t sburgh ,  Pennsylvania.  
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n 

6 3  

way, the two dotted cu rves  r e p r e s e n t  two different a s s u m e d  nuclear  

r ad i i ,  1 . 0  A1'3 and 1. 1 A1'3J respec t ive ly . )  F i r s t  of all, you s e e  that  

the dotted l ines  and the solid l ines  follow each  other  f a i r ly  nicely.  The 

second thing you s e e  h e r e  i s  that  the values  of D a r e  somewhat l a r g e r  

f o r  50 protons and d e c r e a s e  for  52, 54, and  56. However;they tend to 

i n c r e a s e  with neutron number a s  N approaches  the mag ic  number  82. 

Some of the t r e n d s  can be at t r ibuted to the inequality of V 

Ki s s l inge r  and Sorenson  a l s o  consider  the effect  of quadrupole exc i ta -  

t ions i n  the wave function. 

considered above. ) These improve  the ag reemen t  with exper iment .  

and  V2.  1 

(Th i s  i s ,  of c o u r s e ,  outside the  model  

Let me jus t  say a word about some  other  mul t ipo lar i t ies .  

We have,  f o r  example ,  magnetic-dipole t rans i t ions  and the s a m e  thing 

would apply the re .  

t ions a r e  followed by a - 
2 

pa r t i c l e  model ,  they would be of the f o r m  d 

occur  in  the s imples t  model  because  the magnet ic  pole can only fl ip the 

sp ins  but not change the orb i ta l  motion. 

"1 -forbidden" t rans i t ions ;  i n  fac t  i t  i s  known that  such  t rans i t ions  a r e  

r e t a r d e d  re la t ive  to  s ing le-par t ic le  values  , espec ia l ly  n e a r  c losed she l l s  , 
and r e a c h  a maximum rate in  between. Th i s  is  because  deviations f r o m  

At l ea s t  in  these  N = 65-81 nuclei ,  some  M4 t r a n s i -  

According t o  a s ingle-  M I  t rans i t ion .  
3+ l+ 
- L  

Now , t h i s  cannot 
3 / 2  -cs1 /2 '  

These  a r e  known a s  so-ca l led  

th i s  s ing le-par t ic le  p ic ture  can take  place e a s i e s t  i n  the middle  of a she l l  

because  pa r t i c l e  effects  and configuration mixing a r e  s t ronges t  h e r e .  

Now, I should jus t  ment ion something which w i l l  be d i s -  
2 

cussed  in  much m o r e  de ta i l  during th i s  conference by Bergqvis t  

Harvey ,  

and 

namely  tha t  some  magnet ic-dipole  rad ia t ion  can  be ac tua l ly  
3 

4 

2 
I. Be rgqv i s t ,  B .  Lundberg,  and  N. S ta r fe l t ,  paper  111-3 presented  

at th i s  conference.  
3 
J.  A. Harvey,  G .  G.  Slaughter ,  J.  R .  B i r d ,  a n d G .  T o  Chapman,  

pape r  111-4 presented  at th i s  conference.  
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enhanced re la t ive  to  the predict ions of the single -pa r t i c l e  model .  

a r e  dealing h e r e  with t r ans i t i ons  between m e m b e r s  of a sp in-orb i t  

doublet, i. e . ,  g 7 / 2  +g9,,2. These  t rans i t ions  have energ ies  of s e v e r a l  

We 

MeV, but occur  s t rongly in  some nuclei  following neutron cap tu re .  

is an exciting development .  

Th i s  

Now, le t  m e  jus t  s ay  a couple of words  about e l e c t r i c  

t r ans i t i ons .  

a r e  s t rongly  enhanced re la t ive  to  the  predict ion of the s ing le-par t ic le  

model  because  of the ex is tence  of col lect ive motion,  e . g . ,  collective 

quadrupole exci ta t ion,  e t c .  

Of c o u r s e ,  you all know that  many e l e c t r i c  t r ans i t i ons  

I wil l  s ay  something about t hese  l a t e r .  

According t o  the she l l  model  t h e r e  a re ,  however ,  other  

kinds of e l e c t r i c  t r ans i t i ons  in  which r e a l l y  a s ingle  par t ic le  changes 

t h e r e  i s  i t s  s t a t e .  Fo r  example ,  let us  take a n  example .  In 

a t rans i t ion  of th i s  type which can be identified with a s ingle  neutron 

o rb i t .  Such t r ans i t i ons  have a l s o  t o  a d jumping f r o m  an  h 

been  invest igated theore t ica l ly  recent ly  by Ki s s l inge r  and Sorenson  

and by Ikegami  and Udagawa. They have found that  the t r ans i t i on  

r a t e  is  definitely reduced  below the va lues  expected fo r  a single pa r t i c l e .  

Now, of c o u r s e ,  an odd neuAron act ing by i t se l f  will  not give off e l e c t r i c  

rad ia t ion .  However you wil l  ge t  a polar izat ion of the c o r e  t o  some  

extent;  so the neut ron  should have an  effect ive cha rge  and you introduce 

an  effective cha rge  of t he  neutron e 
e ff  

r a t e s  exper imenta l ly  found a r e  much s m a l l e r  than those  pred ic ted  b y  the 

sing l e  -pa r t i c l e  mode  1 

1 1 1  
48Cd63 

5 i 2  1 i i /  2 

4 

0.5-1.  S t i l l ,  the  t r ans i t i on  

Recent ly ,  it was shown, espec ia l ly  by Ikegami and 
4 

Udagawa, 

be  nicely accounted for  by the quas i -pa r t i c l e  p ic ture  (with inclusion 

of col lect ive exc i ta t ions) .  

tha t  the e m p i r i c a l  raFes for t r ans i t i ons  of th i s  type can 

With the minus  s ign in  Eq. ( i ) ,  under  

4 
H. Ikegami and T .  Udagawa ( p r e p r i n t ) .  
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ce r t a in  c i r  cum stance s 

e m p i r i c a l  U ' s  and V ' s  

65 

R w i l l  vanish.  When one puts in  the  numbers ,  

deduced f r o m  empi r i ca l  positions of levels  and 

pairing ene rg ie s ,  one obtains reduct ions of 2 and even 3 o r d e r s  of 

magnitude in  the t rans i t ion  r a t e s ,  in  ag reemen t  with empi r i ca l  t r ends .  

In s u m m a r y  for this  pa r t  of the ta lk ,  it s e e m s  that  inclu- 

sion of the pa i r  cor re la t ions  in  the nuclear  wave functions of the nxcleus,  

even in  its f irst  approximation,  gives  you a modification of the s ingle-  

par t ic le  t rans i t ion  r a t e s ,  which i s  at l ea s t  in  qualitative ag reemen t  with 

exper imenta l  t r ends .  

The next pa r t  of m y  talk deals  with vibrat ional  s t a t e s  i n  

spher ica l  nuclei .  

For even-even nuclei ,  the well-known quadrupole phonon 

model  gives the states indicated i n  F ig .  4; the levels a r e  equally spaced.  

2hw Of+, 2't, 4'+ 
Fig .  4. Energy  levels  of spher ica l  even-even 

nuclei  according to the quadrupole phonon 
model .  A w  2+  

0 O+ 
t t 

s ta te ,  to the 0 Also,  no E2 t rans i t ion  f r o m  the 2 '  

predicted,  and it is  an  old s to ry ,  of course  that a 2 '  s ta te  like th i s  is  

found in  many  nuclei and you get a v e r y  weak c r o s s - o v e r .  

ground s ta te  a r e  

Another r e m a r k  that  follows immediately f r o m  the model  

is that  the values  of B(E2)  f rom any of these two-phonon s t a t e s  to  t h e  

2 t s t a t e  a r e  expected to be the s a m e .  We have B(E2 ,  I '  - 2 )  = 2 B(E2,  

2 - 0 ) .  

I would like to d i scuss  now some aspec t s  of this  model .  

F igu re  5 shows the low-lying levels  in  three  par t icu lar  even-even nuclei 
62 5 

of i n t e re s t .  In Ni , Sen Gupta and Van P a t t e r  have found at l ea s t  

5 
A .  K .  Sen Gupta and D.  M .  Van P a t t e r ,  Phys .  Rev. - 131, 318 (1963).  
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t 

t 
2 -  2.88 

2.62 4 -  

2.28 2.304 - 
i 2.34 + *+ = 
0+- 2.047 

t 
2 -  I ,34 + 

2 -  I .  172 

Fig .  5. Low-lying energy  levels  
of Ni62  (Ref. 5),  Ni64 (Ref. 8), 
and Se76 (Ref.  9). 

4+ I .335 

O+ - 1.10 
1.21 +- 2- 

t 
2- 0.56 I 

t t 
0- 0 0- 0 0- 0 
t 

62 64 76 
N i  Ni Se 

t h r e e  s t a t e s  that  have the right spin to  be members of the t r i p l e t ,  and 

these  s t a t e s  have in fact  been analyzed. 

a theore t ica l  ana lys i s  for the spli t t ing of the 2-phonon s t a t e s ,  but this  

6 
Kerman  and Shakin have given 

7 64 
question i s  still open. In Ni , s t a t e s  have recent ly  been found by in-  

8 76 
Then the re  i s  Se e l a s t i c  proton sca t te r ing  at Oak Ridge. 

think i s  a n  interest ing c a s e ,  found by Douglas - -  e t  a l .  

H e r e ,  we a l s o  know something about the electr ic-quadrupole  t rans i t ion  

r a t e s .  It i s  found experimental ly  that  B(4  -. 2 )  z 2 B(2 - 0 )  a s  

, which I 
9 

at Aldermas ton .  

I 

6 
A. K. K e r m a n a n d  C.  M. Shakin,  Phys .  Le t t e r s  - 1, 151 (1962). 

In a l a t e r  ta lk  a t  this  conference,  Br ink  (paper  111-1 of th i s  confer-  
ence)  will  point out that  the mechanism invoked by Kerman  and Shakin 
( t e r m s  which depend on the 3rd and 4th power of the deformation)  gives 
poor fits to  the ene rg ie s  of the 3-phonon s t a t e s  in nuclei  such as Smi50.  

7 

8 
J. K.  Dickens,  F. G. P e r c y ,  R .  J. Silva, and  T.  Tamura ,  Phys.  

L e t t e r s  - 6, 53  (1963). 

9 
Douglas e t  al. ,  paper presented  at the 1963 Asi lomar  Conference - -  

on Heavy Ions.  
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expected; but for  t he  0 '  and 2 '  s t a t e s ,  the r a t io  i s  only about I. 

has not been explained yet.  

t rans i t ion  r a t e  going up, not down, because the s t a t e s  a r e  excited by 

heavy-ion Coulomb excitation. 

t rans i t ions  a r e  re la ted  by e l emen ta ry  s ta t i s t ica l  f ac to r s .  ) 

This  

(In this  nucleus one has to  m e a s u r e  the 

The r a t e s  for  the upward and downward 

Well, I show this  plot to  s t imulate  your fu r the r  thoughts 

about r ea l ly  t rying to pin down s t a t e s  belong to  the t r i p l e t .  

cou r se ,  t h e r e  i s  another  well-known case  which i s  a r a t h e r  old s to ry .  

In Cd 

couple of o ther  s t a t e s  c lose by which mus t  be other  kinds of excitations.  

Of 

114 
not only w e r e  all th ree  m e m b e r s  of the t r i p l e t  found but a 

Figure  6 shows another  a spec t  of this  which I think 

d e s e r v e s  some attention. Here  a r e  the mos t  r ecen t  r e s u l t s  for  the 

4+ I .42 
2+- 1.41 2+ - 1.358 

0- + I. I4 4' 1.106 

2+ - I .I03 

Fig .  6. Low-lying energy  levels  
of Ruse ,  R u l o o ,  and Ru102 
( f rom Nuclear  Data  Tables  + 
and Born  e t  a l . ,  Phys ica  2 9 ,  
537, 1963. 

- 0.654 -- - 

t 
0- 0 

R u  
98 

+ 
2- 0.535 

t 
0- 0 

Ruio0 

+ 
2- 0.474 

0 
102 

O+ 
R u  
98 

isotopes of ruthenium. 

and Ru one finds the 2 '  and 4 '  s t a t e s ;  and for  Ru , one finds the 

0 '  and 2 '  s t a t e s .  I would like to  s t imula te  fur ther  thought on the 

possibi l i ty  of 0 s t a t e s  in Ru and Ru as well  a s  in other  even-even 

nuclei  in  this  region. 

The point I would like to  make is that for  Ru 
102 t t 100 

t t 

t 98 102 

Here  i s  another  thing on which I am sticking m y  neck 
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out, 

energet ical ly  a s  0 ,  2 ,  4. 

l i t t le biased on all c a s e s  except one in N i  

other  c a s e s  bes ides  Ni  

eve r  it would be nice to  get  fur ther  information on th i s .  ) I might say  

that  a v e r y  naive theore t ica l  model  taking the quadrupole fo rces  into 

account would not give you this  o r d e r ,  but r a t h e r  0 ,  4, 2. 

it is difficult to get  them o rde red  a s  0 ,  2 ,  4. 

problem. 

T h e r e  s e e m s  to  be a tendency for  the s t a t e s  t o  be o rde red  

( L e t  me however confess tha t  I have been a 
64 . In fac t ,  t h e r e  a r e  a l s o  

64 
in  which they a r e  not o rde red  that way. How- 

Theore t ica l ly ,  

This  i s  s t i l l  an  open 

Now, I would like to  say  something about odd-A nuclei  in 

th i s  region. 

and Ure tsky  

even-N nucleus you might r e g a r d  it as a proton plus an even-even core .  

This  is an  idea which was a l r e a d y  introduced by Lawson 

s e v e r a l  y e a r s  back,  namely that i f  you have an  odd-Z 
10 

11 
Figure  7 shows the r e s u l t s  of Verv ier  on the isotopes 

1.81 
1.062 

0 ¶6 
0 8 1  

. 9 2 -  1 .114  
(/?I?-) l . ? ? 7  

, I  

5/2-  0 9 6 1  -- 
I l l -  C . 7 7 0  

112-  0 . 6 6 5  

1111') 0 . 4 9 2  0 4 I  

H 

a$" 30 

61 

2BcuJ1 

65 

2 9cu I' 

F i g .  7. Energy  levels of odd-mass  isotopes of Cu, Z = 29 ( f rom Ref.  11). 

1 0  
R .  D .  Lawson and J .  L. Uretsky,  Phys .  Rev. 106, 1369 (1957) ;  

ibid. 108, 1300 (1957).  - 
11 

J .  Verv ie r ,  Nuovo Cimento 28, 1412 (1963) .  - 
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3- 
The ground s ta te  i s  - which can be identified with the odd 

2 
of copper .  

proton in  a p 

ground s t a t e ,  but it can have a 2 You will  then expect to 

get  s t a t e s  in which you have not the single par t ic le  but the co re  excited; 

the angular  momentum can couple to - - - , and -. Indeed, a s  

can be seen ,  we have a l l  four such s ta tes  in Cu 

one point that  has  a l r eady  been made  by Lawson and Ure tsky  

y e a r s  ago.  

t s ta te .  The  remaining even-even co re  has  0 in its 
t 312 

excited s ta te .  

- 
1 -  3- 5- 7 

65 
2 ’ 2 ’ 2 6 3  

and  Cu . T h e r e  is 
10 

seve ra l  
65 

The center  of gravi ty  of the four  s t a t e s  in Cu is  near ly  
t 64 

the s a m e  a s  the energy of the 2 s ta te  of  the “co re”  nucleus N i  . It is  

not c l ea r  however whether this  i s  r ea l ly  as significant as  was once 

thought. 

More  significant i s  this  following fact .  If one ge ts  a n  E2 

t rans i t ion  f r o m  one of the four s ta tes  to  the ground s ta te ,  what happens 

is  jus t  that  the co re  changes f r o m  2 
t t 

and 0 . Thus ,  a l l  of the B(E2, 
I 

should be the s a m e  for  the four cases .  I 4- )  

2 
Empir ica l ly ,  the B(E2)  for these  a r e  near ly  the s a m e  
3 -  

except for  the - excited s ta te .  
2 

to  the  s imple  model ,  this  i s  not a sufficiently complete and accu ra t e  

descr ipt ion of this  nucleus.  However,  to make a long s to ry  sho r t  as  
11 3 

Vervier  points out, both of the - s ta tes  have to be regarded  a s  z 
mixtures between 0-phonon and 1-phonon states (at least) .  

- 
Here  the B(E2)  i s  s m a l l e r .  According 

- 

But for  the 
1 5 7  
2 2 ’ 2  

other  states -, - - this  m a y  be a fair descr ipt ion.  

All  th i s  m a y  a l s o  hold for  odd-neutron nuclei .  F igu re  8 

Here  the spins  of these  shows the level s chemes  of nuclei  with N = 2 9 .  

levels  have not been pinned down sufficiently well  to  s ay  anything for 

s u r e ,  but it would be nice to  know to  what extent the odd-part ic le-plus-  

c o r e  model  has  application in this  region. (See the parenthet ic  r e m a r k  

in  the  comment  by Schiffer in the discussion on this  talk.  ) 

Incidentally, t he re  w a s  one other  point. F igu re  7 showed 
3 
2 

Except for  the - I 5 7 3  
2 ”  2 ’  2 ’ 2 .  that  the o r d e r  of excited levels  w a s  - - - - 

6 9  
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F i g .  8.  Ene rgy  levels  of odd-mass  isotopes with N = 29 ( f rom Ref .  11). 

level ,  the  leve ls  occur  in o r d e r  of increas ing  J .  

you that  i f  one a s s u m e s  a s imple  quadrupole interact ion between the core  

I should point out to 

1 ' 7  3 5 
2 2 ' 2 ' 2  

and the par t ic le ,  I believe one would get something like -, - - -. 
The observed o r d e r  suggests  the exis tence of some  fo rm of dipole- 

dipole interact ion.  

quite a m y s t e r y ,  and I think it is a fa i r ly  - exciting problem to c l e a r  up. 

Of cour se  the coupling between the - levels  pushes them a p a r t  so  that 

the upper - l eve l  moves  upward (and above the - and - levels) .  

What i s  this  dipole-dipole interact ion ? It  is s t i l l  

3 
2 5 7 

2 
3 

2 2197 I2 
Another c a s e  is the odd nucleus Au where d e  Shalit  

has made  a s imi l a r  ana lys i s .  Here  the excited levels  a r e  in the o r d e r  of 
1 3 5 7  
2 ' 2 ' 2 ' 2  increas ing  J :  - - - -. 
Another example of th i s ,  I believe,  is shown in  Fig.  9. 

In the nucleus T1 ) a pure 

quadrupole interact ion between the co re  and the par t ic le  wouldn't give 

any splitting at all between these  levels  s ince the par t ic le  in the s 

ground s ta te  has  no quadrupole moment .  

involved, and again s e e m s  to  suggest  a dipole interact ion.  

2 0 3  205 
(as well  a s  the neighboring nucleus T1 

1 / 2  
The situation mus t  be m o r e  

I might  s ay  

I 2  
A. d e  Shal i t ,  Phys .  Rev. - 122, 1530 (1961). 
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Fig. 9.  Energy  levels of Hg202 
a n d  TlZO3 ( f r o m  Ref. 12).  The 
broken  l ine shows the position 
of cen te r  of grav i ty  of the 
and - l eve ls .  

5+ 

3t 
2 

205 
that T1 

m a g i c  nucleus 

of a pa r t i c l e -co re  model  and a l s o  a conventional she l l  mode l  by S i lve r -  

b e r g .  

(which has  a proton and two neutrons m i s s i n g  f r o m  the doubly 

PbZo8 ) has  been f a i r ly  wel l  explained both on the b a s i s  
8 2  126 

13 

Figure  10 shows that  th i s  si tuation might  a l s o  a r i s e  in  

Again,  I think, it would be  nice to  look and s e e  i f  t h e r e  odd-N nuclei .  

18% 02% 
F i g .  10. E n e r g y  leve ls  of Hg199 8 L I 

( f r o m  R e f .  12). The  b ranch-  
ing r a t i o s  r e f e r  t o  to ta l  
t r ans i t i ons .  (The  18% and 
82% should be  interchanged.) E2/#, * 

HCJW 

cannot be m o r e  odd-N nuclei  for which th i s  p ic ture  of odd neut rons  

coupled with a c o r e  might  have re levance .  

mi s ing  p ic ture ,  though, of c o u r s e ,  quite approximate .  

some  m o r e  insight into nuc lear  s t r u c t u r e .  

I think th i s  m a y  be  a p ro -  

I t  m a y  give us  

The  last p a r t  of m y  talk will  be on a topic  tha t  m a y  b e -  

I t  dea ls  with the  possible  come something excit ing in the n e a r  fu ture .  

predominance of collective effects  even in  reg ions  of nuclei  where  they 

w e r e  not thought t o  be s o  impor tan t .  Le t  m e  e l a b o r a t e  a l i t t le  bi t .  

13 
L. S i lve rbe rg ,  Arkiv Fysik - 20, 355 (1961) .  
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Fig.  11. Exper imenta l  energy  
levels  of 017, o l e ,  019,  and 
0 2 0  ( f rom Ref. 14). 

0'' 0" O'O 

Figure  11 shows the exper imenta l  l eve ls  for  the oxygen 
14 

i so topes ,  taken f r o m  a recen t  paper by D r .  Pandya. 

these  levels  can be quite nicely explained by conventional she l l -model -  

type calculations in  which one cons iders  the neutrons outside of the 

c losed-she l l  0 

The posit ions of 

16 

14 15 
Now it was shown by Pandya, and a l s o  by Inoue and Ar ima  

c o r e  with reasonable  internucleon fo rces .  

20 
who made calculations on these  isotopes (and a l s o  on Ne 

quite possible in  this  nucleus to f i t  the posit ions of m o s t  levels  with 

reasonable  in te rac t ions .  

the excited 0 s ta te .  

model  calculations too, e .  g .  , in C 

), tha t  it i s  

However,  it i s  difficult t o  f i t  the posit ions of 
t 

This  s e e m s  to be found in a number of other  she l l -  
12 . 

14 
S. P. Pandya,  Nucl. Phys .  43, 636 (1963).  

Inoue e t  al. (prepr in t ) .  

- 
E 

- -  
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16 
Also ,  F lowers  has difficulty in  fitting the  position of 

7 3  

t 18 t 
the  first excited 1 s ta te  in  F (Here  the ground s t a t e  is  1 . )  P e r h a p s  

the conventional shel l  model  works well  only fo r  the lowest s t a t e s  of 

given spin and par i ty .  

W e  know that  when you get  up to 10 MeV the shel l  

model  b r e a k s  down, i. e . ,  excitations of c losed shells become  i m p o r -  

tant .  

be s o m e  t rouble .  

unication by Bohr and Mottelson 

f r o m ,  say ,  this  0 s t a t e  t o  the lowest 2 s t a t e .  

But now, apparent ly ,  even at lower energ ies  t h e r e  s e e m s  E O  

Th i s  i s  v e r y  s t rongly supported by a recent  c o m m -  

who have looked a t  t t e  B(E2)  going 
17 

't t 

Now, B(E2) ' s ,  of c o u r s e ,  s t rongly reflect  collective 
f t  

quadrupole excitations Consider  for  example the  2 -. 0 t rans i t ion  

in  0 I t  would not occur  at all if we accepted the  she l l  models  

blindly because  we have only two neutrons outside closed she l l s .  As  

I have sa id  before ,  however ,  we all know that  you have to have some  

effective charge  for  the neutrons because  of polar izat ion of the  cope. 

If we take  a n  effective charge  of, s ay ,  0 . 5 ,  (a  reasonable  value En 

th i s  region and a l s o  wel l  understood theore t ica l ly) ,  it can give a 

reasonable  f i t  to this  t rans i t ion  r a t e .  

1 8  

It 3. 
However,  when it comes  to  the 0 - 2  t rans i t ion ,  

one needs a t remendous  ef fec t ive  charge (about 5 e )  to  account  for  

the  observed  rate.  

of magnitude l a r g e r  than would be expected on che bas i s  uf a conven- 

t ional  she l l  model ;  apparent ly ,  when we ge t  up to  th i s  0 ' s t a t e ,  the 

17 
In o ther  words ,  th i s  decay i s  a l m o s t  two o r d e r s  

I J- 

16 
B o  H. F l o w e r s  and D .  Wi lmore  (p rep r in t ) .  

A.  Bohr  and B .  R. Mottelson (privaxe communicat ion:  Nuclear  
17 

News,  A p r i l  1963) .  



16 
0 

s e e m s  to  occur  a l s o  for  the 0 

c o r e  rea l ly  s t a r t s  t o  play a decis ive ro l e .  A s imi l a r  enhancement 

+ 2 t rans i t ion  in other  nuclei  such a s  
't t 

4 2  70 7 2  16 
Ca , Ge , and Ge (cf .  Ref.  17).  A l s o i n  0 , a s imi l a r  si tuation 

't t 
occur s .  Here  the 0 s ta te  i s  below the 2 s ta te  and t h e r e  is a la rge  

B(E2)  between them.  T h e r e  i s  a l s o  a 4 s ta te  higher up. The exci ta-  

t ion ene rg ie s  a r e  6 . 1  , 6 . 9  , and 10 .4  MeV, suggestive of a rotat ional  

band. Th i s  i s  supported by the observed r a t io s  of E 2  t rans i t ion  p ro -  

babili t ie s. 

t 

What I would like to  do he re  i s  to  suggest  two  things.  

F igu re  12 shows the sys t ema t i c s  of nuclei  taken f rom a recent  a r t i c l e  

9 

8 

7 

6 

5 

4 

3 

2 

I 

x= I 
even -even nuclei 

. 
0" Ne22 Mg26 SiM SS 

3- 

E4 

F i g .  12. Energy  levels  of even-even nuclei of the ( s , d )  she l l ,  c l a s s i -  
f ied according to T z ,  the z component of isotopic spin ( f rom Ref .  18).  
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18 t 
by Broude  and Gove. I would like to  mention that  you have excited 0 

states h e r e .  I t  would be v e r y  nice to find out how l a rge  the B(E2) a r e  

for  the 0 - 2 transit ions-how they v a r y  a s  you go through a shel l .  

P e r h a p s  they a r e  quite l a r g e .  

't t 

W e l l ,  to  f inish,  let  m e  s a y  that this  is  r ea l ly  not too 

Appa- su rp r i s ing  in a way. 

ren t ly  a "spher ica l"  nucleus such as  0 

The  co re  s imply cannot be neglected.  
16 18 

or 0 i s  r ea l ly  spher ica l  

only for the lowest s t a t e s ,  which you have seen  f r o m  the  s u c c e s s  of 

the single -par t ic le  model .  But perhaps  at compara t ive ly  low exci t -  

a t ion ene rg ie s  the c o r e  can get  broken up and give t remendous  

collective effects .  For example ,  the 0 s t a t e  in  0 m u s t  contain 

a l a rge  mix tu re  of such configurations a s  p ( sd )  . If one looks at 

the Nilsson mode l  and allows for the breakup of the c o r e ,  then th i s  

actual ly  does not s e e m  S O  unreasonable  for the lowest s t a t e s .  You 

tend to  get one kind of shape for  the ground s t a t e ,  but you do not have 

to  ge t  high in  energy  before  this  shape i s  no longer s tab le ;  or you get 

a different shape ,  or a l te rna t ive ly  you can get  v e r y  l i t t le s tabi l i ty  of 

sphe r i ca l  shape .  So from the theore t ica l  point of v i ew,  all this does 

not s e e m  too su rp r i s ing .  

't 18 17 

- 2  4 

I would like t o  c lose th i s  talk on one amusing  note. In 
19 

1956 when Morinaga published a paper  

he pointed out that  in some  light nuclei  you apparent ly  do have something 

that looks like rotat ional  bands.  

r a t e s  w e r e  not known. 

dealing with a related problem,  

At  that t i m e ,  of colJrse,  t rans i t ion  

But  he looked at the r a t io s  of energy  spacings 

and identified ce r t a in  groups  of excited s t a t e s  as  rotat ional  bands .  He 

18 
C.  Broude  and H.  E .  Gove, Ann Phys .  (New York)  2 3 ,  71  (1963) .  

H. Mor inaga ,  P h y s .  Rev.  101 ,  254 (1956).  

- 
19 

- 

75 



7 6  11- 1 

a s s u m e d  an  a -pa r t i c l e  mode l ,  and identified var ious  bands with d i f fe r -  

ent  configurations of a p a r t i c l e s .  

f igurat ion i s  s y m m e t r i c  (i.  e .  , the a pa r t i c l e s  a r e  a r r a n g e d  i n  a 

t e t r ahedron)  but in  a n  exci ted s t a t e  they tend m o r e  t o  be lined up. 

In a highly exci ted s t a t e  they could even be lined up in a s ingle  row! 

T h i s  model  was  not taken v e r y  se r ious ly  a t  the t i m e .  

16 
Then in 0 the ground-s ta te  con- 

However,  perhaps  with the d i scove ry  of these  l a rge  

values  of B(E2)  t h e r e  i s  at l e a s t  something in Mor inaga ' s  picture  we 

ought to  cons ide r ,  espec ia l ly  by those who do she l l -model  calculat ions.  

Apparent ly  the idea of having those  sphe r i ca l  shapes  is  fine i n  low states 

but the col lect ive e f fec ts  can become v e r y  impor tan t  at a l r e a d y  f a i r ly  low 

ene rg ie s .  T h e r e  is  quite a bi t  t o  be learned  h e r e .  

Al toge ther ,  I have t r i e d  to  outline a few spec ia l  topics  on 

nuc lear  m o d e l s ,  which I think a re  excit ing and suscept ible  to  m o r e  

exper imenta l  work.  Thank you. 

P. MOLDAUER, Argonne National Labora to ry :  I know 

how quite wel l  es tab l i shed  spin exper iments  have been made  which give 

t rouble  with the quadrupole in te rac t ion .  

e r ing  expe r imen t s  at Argonne by  Smi th  a r e  quite difficult to unders tand  

in  t e r m s  of tha t  spin a s s ignmen t .  

m o r e  like - -. 

But s o m e  r e c e n t  neu t ron - sca t t -  

The  level  o r d e r  i s  perhaps  something 
7 1  
2 ' 2  

MOSZKOWSKI: Well ,  tha t ,  of c o u r s e  would change m y  

r e m a r k s .  I took V e r v i e r ' s  spin a s s ignmen t s .  

J .  P. SCHIFFER,  Argonne National Labora to ry :  Along the 

s a m e  line of spin a s s ignmen t s ,  I might  ment ion tha t  you showed t h r e e  odd 
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nuclei ,  but with tentative sp ins .  

be t t e r  known. Bartholomew has  m e a s u r e d  C r  by g a m m a - g a m m a  

co r re l a t ions  following neutron capture ,  and a lot of the spin a s s i g n -  

m e n t s  in  F e  

Now two of those nuclei  a r e  much  
2 0  53 

21 55 
a r e  now known definitely f r o m  (d ,py )  co r re l a t ions .  

MOSZKOWSKI: How do they go?  

SCHIFFER: F ive  o r  six spin a r e  known, ( T h e s e  r e s u l t s  

, the  s a m e  as for  
3 1 5  - -  suggest  that  the lowest t h r e e  s ta tes  a r e  - 

the Cu i so topes .  ) 
2 ' 2 '  2 

MOSZKOWSKI: Th i s  i s  ve ry  nice.  I would like t o  m a k e  

another  r e m a r k  about t h i s  "odd proton o r  odd neutron plus co re"  model .  

I think at bes t  it can only be semiquant i ta t ive,  by the v e r y  na ture  of it. 

The  energy  r equ i r ed  for the odd pa r t i c l e s  t o  go f r o m  one o rb i t  to  another  

i s  r a r e l y  v e r y  l a rge  compared  with the ene rgy  r equ i r ed  to  exci te  the c o r e .  

But  I think it can at leas t  be that much  in many  c a s e s ;  and i f  we unde r -  

stand the l imitat ions of this  model  it might  wel l  s t imula te  fur ther  expe r i -  

m e n t a l  work ( i .  e .  , for  determining the spins  and t rans i t ion  r a t e s ) .  

K .  K .  SETH, Nor thwes tern  Universi ty:  I would like to  

make  a r e m a r k  about evidence for  the deformations in light nuclei  

a round 70 o r  s o .  

the  effects of deformation show up. 

and Boll inger  found that s i m i l a r  splitting of the s - w a v e  s t rength  m i g h t  

b e  taking place.  At that  time we offered this  addition, that  it could be 

due to  deformat ions .  

to  bel ieve that  r e a s o n  for deformation m a y  ex is t .  

W e  know that in neutron sca t te r ing ,  espec ia l ly  in  s waves,  

Back in  1956 and 1957, both ou r se lves  

It i s  encourgaging to  note that  now t h e r e  i s  r eason  

20 
G .  A .  Bartholomew and M. R .  Gunye,  Bul l .  A m .  Phys .  SOC. - 8 ,  

367 (1963).  

21 
D .  S.  G e m m e l l ,  L. L. L e e ,  Jr., A .  Marinov,  and J .  P. Schiffer ,  

Bull .  A m .  Phys .  SOC. 8 ,  523 (1963).  - 
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MOSZKOWSKI: E i the r  a deformat ion  or a sudden d e c r e a s e  

in the s tabi l i ty  of the  sphe r i ca l  shape as  you go into exci ted s t a t e s .  

SETH: As  long as  the pa r t i c l e  s e e s  such instabi l i ty .  

MOSZKOWSKI: I t  m a y  be not a pe rmanen t  deformat ion ,  
2 

but a vibrat ion.  I t  would be with a l a rge  zero-poin t  motion ( (3 >, 
A VOICE: Chase actual ly  did s o m e  computations with 

s o m e  guessed  va lues  of f3 . The spreading  of the peak is the p a r t  of 

the experiment  that he observed. 

2 

MOSZKOWSKI: Tha t  is  v e r y  good. 

R .  LEMMER, Massachuse t t s  Inst i tute  of Technology: 

Th i s  is  a comment  in  connection with the "odd pa r t i c l e  plus core" .  

t r i e d  anothe r calculation on Cu , namely  taking t h r e e  quas i -pa r t i c l e s  

and coupling them together  by long-range in te rac t ions .  If you do t h i s ,  

you ge t  15 s t a t e s  in the s a m e  energy  range  that  you get  4. 

when you ana lyze  th i s  and work out the B(E2)  va lues ,  you find that even 

though you have t e n  ene rgy  l eve l s ,  only four of t hem have s t rong  B(E2) 

va lues .  

magnet ica l ly .  

We 
6 3  

Now, 

In that s e n s e ,  you would still s e e  4 s t rong  s t a t e s  e l e c t r o -  

MOSZKOWSKI: Tha t  is  ex t r eme ly  fascinat ing.  I t  b e a r s  

on the point that I mentioned.  

p lus -co re  is  only a v e r y  rough model .  

m a k e s  any  s e n s e ,  it m u s t  r e a l l y  be ( in  a s e n s e )  der ivable  f r o m  a s o m e -  

what  be t te r  descr ip t ion .  

t hese  s t a t e s ,  but you also ge t  o ther  s t a t e s .  

Maybe a mode l  such  as the  odd-par t ic le -  

We know its l imitat ions.  If i t  

What you a r e  saying is  tha t  you ac tua l ly  ge t  

LEMMER: That  i s  r igh t .  These  four  s t a t e s  that  a re  not 

r e a l l y  connected as a qua r t e t ,  being coupled to  a c o r e ,  happen to  have a 

s t rong  B(E2) .  

coherent  effects  come in. 

Why it ge t s  s t rong ,  of c o u r s e ,  is  because  s o m e  s o r t  of 

It is  h a r d  t o  explain where  they come f r o m .  
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D. H. White, W .  John, a n d B .  G .  Saunders  

Lawrence Radiation Labora tory  , Live rmore ,  California 

Vanadium-52 i s  an  old fr iend around Lawrence Radiation 

Labora tory .  

Schwager who investigated some of the in te rmedia te  energy  levels  as  well  

as  the low-lying levels .  

about its spin s t ruc tu re  , we made  some angular  -cor re la t ion  m e a s u r e -  

ments .  

fully with the scinti l lat ion spec t romete r ,  and found the re  seemed to  be 

m o r e  s t ruc tu re  than had previously been supposed. 

It was f i r s t  studied about t h ree  y e a r s  ago by Commander  

More recent ly ,  in  a n  a t tempt  to l e a r n  m o r e  

In the p rocess  , we measured  some of the ene rg ie s  m o r e  c a r e -  

At that point, we decided to  a t tack  the problem by use  of 

the ben t - c rys t a l  spec t romete r  which wi l l  be described in paper  11-8 of 

t h i s  conference,  as  well  a s  with a coincidence spec t romete r .  

F igure  1 i s  a schemat ic  d iagram of the thermal -neut ron  

col l imator  and f i l t e r  used for the scinti l lat ion spec t romete r .  

left is  the L ive rmore  2-MW tank-type r e a c t o r ,  

ted.  We have 3 in .  of lead at the front  end of the beam tube. The  f i l t e r  

cons is t s  of a s e r i e s  of c o r e s  taken f rom quar tz  c r y s t a l s .  We have f r o m  

t h r e e  to  five of them placed in the beam, depending upon how much back-  

ground f r o m  r e a c t o r  gammas we a r e  willing to to le ra te .  We cer ta in ly  

a r e  willing to  to l e ra t e  m o r e  gamma background i f  we a r e  doing coinci-  

dence work than i f  we a r e  doing s ingles  w r k .  

On the 

It is l ight-water modera -  

4. *r 

Q 
Presen ted  by D. H. White. 

79 
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Fig .  1. Schematic  d i ag ram of the thermal -neut ron  col l imator  and f i l t e r  
used for  the scint i l la t ion spec t romete r .  

I w i l l  comment  on the way th i s  filter ope ra t e s .  The 

theo ry  i s  tha t  a qua r t z  c r y s t a l  will  s ca t t e r  coherent ly  those neutrons 

whose wavelengths a r e  i n  the region of the c r y s t a l  spacing, which would 

be around t h e r m a l  energ ies .  The point then is  that i f  the neutron wave- 

length does not sa t i s fy  B r a g g ' s  law within the mos iac  sp read  of the c rys t a l ,  

it w i l l  be  t r ansmi t t ed  i n  spi te  of a possibly high f r ee -a tom c r o s s  section. 

Using approximately 2 f t .  of c rys ta l l ine  qua r t z ,  we a r e  

ab le  to  ge t  cadmium ra t io s  of the o r d e r  of 1000 to 10000,  depending on 

what one means  by a cadmium ra t io .  That  is, we find that  the r a t io  i s  

v e r y  sensi t ive to  the amount of cadmium placed i n  the beam,  which shows 

that the neutron impur i ty  is most ly  in  the neighborhood of e lec t ron  volts.  

We fee l  that the v e r y  fast neutrons a r e  f o r  all p rac t i ca l  purposes  com- 

pletely removed f r o m  the beam. However, the gamma intensi ty  is s t i l l  
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something tha t  has  to  be reckoned with. 

You can gain a n  o r d e r  of magnitude by l iquid-nitrogen 

cooling, and i n  many c a s e s  it would be  useful to do t h i s ,  

people that  u se  a quar tz  f i l t e r  cool it. 

s ince we have sufficiently intense flux for  our  work so far. 

In fact ,  m o s t  

We have not found th is  n e c e s s a r y  

The counters  a r e  shielded by a l a rge  lead a s sembly .  We 
6 

a r e  using Li  to keep the rma l  neutrons out of the NaI c r y s t a l s .  

F igure  2 is a schematic  d i ag ram of the shielded appa ra tus  

F i g .  2.  Schematic  d i ag ram of the 
shielded appara tus  for  the c o r r -  
elation and coincidence m e a s u r e  - 
m e n t s .  

for  the cor re la t ion  and coincidence measu remen t s .  The movable a rm 

can be ro ta ted  f rom 90° to  180°. 

1800 f o r  our  angular -cor re la t ion  m e a s u r e m e n t s ,  We use  2 X 2-in. 

c r y s t a l s  with the f ront  face approximately 5 cm f r o m  the beam ax i s .  

We usually only u s e  90°, 135O, and 

5 2  
Figure  3 shows the low-energy V spec t rum.  The 1.43- 

r e p r e s e n t s  1 0 0 ~ 0  of the neu- 
52 

MeV gamma following the beta decay of V 

t rons  captured.  

These  peaks a r e  at approximately 820, 640, 510, 425, 295, and 125 keV. 

We find that m o s t  of these  a r e  mult iplets .  A couple of them a r e  f a i r ly  

c lose mult iplets .  

We use  it to ca l ibra te  the intensi ty  of the other  peaks.  

In o r d e r  to  do coincidence work,  we have used what I ca l l  

W e  set  a the "double-window coincidence technique" depicted i n  F ig .  4. 

wide window about the 125-keV peak to  gate  a multichannel pulse-height 

ana lyzer .  We have a cen t r a l  window whose response  i s  shown by the 
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Fig .  3 .  Low-energy 
v52 spec t rum.  

I I I I I I' I I I I I I I 
PULSE HEIGHT 

5 2  
F i g .  4. The low-energy spec t rum of V , presented a s  a n  i l lustrat ion - 

of the "double -window coincidence technique ' I .  

cen t r a l  peak. 

subsection of the ana lyzer .  

dow, the pulse goes into the remaining subsection. 

region is effectively twice the cent ra l  region,  the spec t rum coincident 

That  gate routes  the pulse f rom the other  c rys t a l  into one 

If the count does not fall in  the cen t r a l  win- 

Now i f  the outer  
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with only the outer  windown r e p r e s e n t s  the coincidence background. 

difference between the two spec t r a  r e p r e s e n t s  the des i r ed  coincidence 

The 

spec t rum.  

The r e s u l t s  of the coincidence measu remen t  a r e  shown i n  

Fig.  5. The  upper curve  shows the central-window coincidence spec t rum.  

F i g .  5. The coincidence 
s p e c t r u m  of V52. 

100' v= 

22,000 is1 COINCIDENT WITH I25 Kr (REGION Cl  

(bl * . . - (REGION 81 

1.1 DIFFERENCE e4 SPECTRUM 151 LL 0 1  
20.000 

16.000 

The lower curve  shows the outer-window-only coincidence spec t rum.  The 

difference is the spec t rum that  we d e s i r e .  You wi l l  notice that the res idue  

of the 125-keV peak h a s  now dropped out in the subtracted spec t rum.  This  

is  a n  exper imenta l  way of showing that we se t  the window widths co r rec t ly .  

This  is  a p a r t  of an  angular -cor re la t ion  measu remen t ,  but it a l s o  shows 

f a i r l y  c l ea r ly  that  only the 295-keV peak and the 650-keV peak a r e  in  

coincidence with the 125 peak. 

125 and 124 keV. 

The 125 peak we now know is a doublet, 

The capture  g a m m a s  observed below 1 MeV a r e  tabulated 

in  Table  I. 

spec t romete r .  

and e r r o r s  a s soc ia t ed  with the m e a s u r e m e n t  a s y m m e t r i e s .  

s i t i e s  in  the cen t r a l  column h e r e  a r e  in tens i t ies  that have been de termined  

The i r  ene rg ie s  have been de termined  f rom the bent -c rys ta l  

The e r r o r s  given a r e  a combination of s t a t i s t i ca l  e r r o r s  

The inten- 

f r o m  the scinti l lat ion spec t romete r .  

dual  l ines  a r e  based  on re la t ive  in tens i t ies  f r o m  the bent -c rys ta l  m e a s -  

Final ly  the separa t ions  into indivi- 

u remen t s .  You wi l l  notice that the 125-keV doublet is quite c lose ,  

0 

8 3  
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TABLE I. Vanadium-52 capture  g a m m a s  (E < 1 MeV). 

b 
Intensi t ies  

( p e r  100 neut rons  captured)  

1 
1 

124.467 2 0.028 

125.004 4 0 .028 

147.871 4 0 .040 

295.00 -f 0 .06  

419.50 f 0 . 3 1  

436 .56  f 0 .26 

645.70 f 0 .09  

793 .3  k 1 . 2  

824.0 k 1 . 8  

848 .4  k 1 . 1  i 

2 . 4  2 0 . 3  

1 7 . 0  rtr 1 . 4  
1 9 . 4 t  1 . 2  

4 . 2  f 0 . 3  

2 . 5  rtr 0 . 3  

5 . 0  k 2 .0  

8 . 6  f 2 . 0  

4 . 0  k 2 . 0  

14 .0  rtr 1 . 0  6 . 0 k  2 .0  

1 3 . 6  t 1 . 0  

14 .7  f 1 . 0  

( 4 . 0 f  2 . 0  

a 

b 

B e n t - c r y s t a l  s p e c t r o m e t e r .  

NaI scint i l la t ion s p e c t r o m e t e r .  

and  imposs ib le  t o  s e p a r a t e  with a scint i l la t ion spec t romete r  T h e r e  a r e  

a l s o  possibi l i t ies  of a few v e r y  weak l ines  that  we a r e  now in  the p r o c e s s  

of investigating . 
T h e  leve l  s c h e m e  we propose  is  shown in  F i g .  6 .  Th i s  

s c h e m e  is consis tent  with all of the gammas that  we s e e  and with the 

coincidence work .  

than we ant ic ipated be fo re ,  eight leve ls  being found below 1 MeV. 

We find the s t r u c t u r e  to  be much  m o r e  complicated 

After  de te rmining  th i s  s c h e m e ,  we looked for  a 17-keV 

g a m m a  and for  a 22-keV g a m m a ,  using a thin cleaved NaI 

a bery l l ium window. 

c r y s t a l  with 

We found a 16.7-keV g a m m a  and m e a s u r e d  its 
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F i g .  6. P roposed  level  s cheme  
for  V 5  2. 

2+. 3 '- 
i w  V A N A D I U M  - 5 2  k w. 

energy  quite c losely.  

t h e r e  is  a t rans i t ion  f rom the 22-keV level  to  the 17-keV level .  Unfor- 

tunately the 6-keV gamma would be bur ied  among the vanadium x r a y s .  

We did not find a 22-keV gamma. We bel ieve 

The ene rg ie s  of the levels  a r e  given in the f i r s t  column 

of Table  11. 

Data Sheets  based  on the work of Buechner and o the r s  who did the ( d , p )  

work.  

the appa ren t  prec is ion .  

own ana lys is  of one of the i r  g raphs  which I took f rom a p r o g r e s s  r e p o r t .  

I came  

be t t e r  a t  analyzing the i r  data  than they a r e .  

quite s t r iking.  

The  numbers  in the next column a r e  taken f rom Nuclear  

We could not fit our  r e s u l t s  t o  the lower leve ls  they find within 

SO I amused  myself  one morning by making m y  

up with the numbers  in the next column. I do not pretend to  be 

Never the l e s s ,  t he  f i t  is  

F ina l ly ,  I w i l l  ment ion the numbers  in the l a s t  column,  

in fe r r ed  from Kinsey-and-Bartholomew's m e a s u r e m e n t s  of g a m m a s  f rom 

the capture  s t a t e  to  the lower lying leve ls .  T h e s e  values  a r e  consis tent  n 
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52  
TABLE 11. Low-lying V leve ls .  
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Buechner  e t  al.  Au thor ' s  ana lys i s  Kinsey  and - -  P r e s e n t  
study (d ,  P) of (d ,P )  Bartholomew 
( n , v )  r e s u l t  s ( n , y )  capture-  
(keV) s t a t e  decay 

0 . 0  

16 .9  

22.9 

141.5  

147.9  

436.5  

793.3  

8 4 8 . 4  

0 

2 1  

136 

4 3 1  

787 

8 4 1  

0.0 

21 .0  

147.5 

435.2  

793.2 

847 .9  

0 

151  

437 

797 

(847)  

with the levels  that  we propose ,  and we feel  fa i r ly  confident tha t  that  

l eve l  scheme i s  c o r r e c t ,  although we have not finished the work yet.  

F i g u r e  7 r e p r e s e n t s  some theore t ica l  work done by 

D r .  Schwarcz of our  l abora to rx  based  on the she l l  model.  Vanadium- 

312 
52  has  t h r e e  protons in  the f she l l  and one neutron in the 2p 

712 
she l l ,  giving 24  she l l -model  s t a t e s .  

a potential of 30 MeV fo r  the two-par t ic le  in te rac t ion ,  which s e e m s  to  

be consis tent  with other  nuclei  in  the neighborhood, t he re  a r e  seven 

s t a t e s  below 1 MeV. We find eight.  The question is s t i l l  open. This  

has  none of the sophis t icat ions mentioned by D r .  Moszkowski concern-  

ing co re  exci ta t ions;  but we s t i l l  a r e  concerned with the  question of where 

the other  leve l  comes  f r o m .  

As  you wi l l  not ice ,  i f  we take 
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F i g .  7 
v5 
by  

. Theore t i ca l  ene rgy  
2, f r o m  a shel l -mode 
E. H. Schwarcz.  

t 

scheme  for 
1 calculation 

::: .!I ‘I- ::: 

MOSZKOWSKI, Universi ty  of Cal i fornia ,  Los Angeles:  

On your l a s t  r e m a r k ,  apparent ly  the co re  excitation w i l l  come in  when 

you go  up to  3 MeV. When you have levels  below 1 MeV, I do not think 

this wi l l  m a t t e r  v e r y  much.  

spin.  

t ion can give pre t ty  good fits h e r e .  

Bes ides ,  a l l  t hese  levels a r e  of different  

One would expect that  a conventional shel l -model- type calcula  - 

T h e r e  is one thing that I am wor r i ed  about ,  but it is a 

different  point. 

evidence that  t o  get  detailed fits of the posit ions of the lower s t a t e s ,  the 

t e n s o r  fo rce  m a y  play a not insignificant ro l e .  

I think Schwarcz m a y  have to  w o r r y  about.  

In the she l l -model  calculat ions,  t h e r e  s e e m s  to  be s o m e  

That  i s  something tha t  

WHITE: He t r i e d  s e v e r a l  mix tu res  of the var ious  ex-  

change f o r c e s ,  and found that  it was not sensi t ive to  m o s t  of t hem.  
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G .  BEN-DAVID, I s r a e l  AEC, Soreq R e s e a r c h  Es tab l i sh -  

men t ,  Rehovoth: Could you s t a t e  what the neutron flux i s  at the target  

posit ion ’? 
7 2 

WHITE: It  was  approximate ly  3 X 10 n e u t r o n s / c m  

p e r  second.  

H. J .  LIPKIN, Argonne National Labora to ry :  I have 

h e a r d  indications f rom some exper imenta l  work  h e r e  at Argonne 

that  d 

f -  , -  she l l s  where  these  m e a s u r e m e n t s  have been taken.  

hole s t a t e s  might  be fl i t t ing around in the reg ion ,  in  the 
3 1 2  

[ I L  
WHITE: Well ,  you a r e  talking 

she l l .  I suspec t  tha t  
3 1 2  

nucleons out of the d 

too high to  account for  any low-lying s t a t e s .  

about r a i s ing  one of the 

the excitation ene rgy  is  

D.  KURATH, Argonne National Labora to ry :  I had 

nothing to  do with the expe r imen t ;  but I d o  not s e e  any  of the spec ia -  

l i s t s  a round h e r e .  I have hea rd  some  of the r e s u l t s .  The ones about 
43 

which I know a r e  i n  the reg ion  o f ,  say/ the  scandium i so topes ,  Sc 

and Sc and ,  fu r the r  still,,Sc -maybe in  some  t i tanium i so topes ,  

In th i s  reg ion ,  they have found t h e  d 

45 48 

comes  c lose  t o  190 keV. 
312  
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R a K .  Smi ther  

Areonne National Labora to rv ,  Argonne , Il l inois 

I. Introduction 

Original ly  I had planned to  t a lk  about the appl icat ion 

of the col lect ive model  t o  some r e c e n t  expe r imen ta l  work  pe r fo rmed  

h e r e  a t  Argonne.  

conference I find that  the appl icat ion of t he  col lect ive model  t o  the 

leve l  s c h e m e s  of specif ic  nuclei  w i l l  be  presented  in many  of the 

for thcoming t a lks  and thus the group w i l l  be adequately exposed to  

the r i g o r s  of applying theory  to expe r imen t  for specif ic  c a s e s .  

t h e r e f o r e  t r y  t o  m a k e  m y  talk somewhat  m o r e  g e n e r a l  and d i s c u s s  

s o m e  a s p e c t s  of the observed  capture  g a m m a - r a y  s p e c t r a  which appea r  

t o  be  common to  many nuclei .  

a t t r ibu ted  to  the col lect ive p rope r t i e s  of the nuclei  while o t h e r s  appear  

to be of s t a t i s t i ca l  o r i g i n .  

However ,  upon reviewing the  p r o g r a m  fo r  th i s  

I wil l  

Some of t hese  g e n e r a l  f e a t u r e s  can be  

11. G e n e r a l  Survey 

I sha l l  b a s e  m y  r e m a r k s  and conclusion on a s e t  of 

A s u m m a r y  of t hese  nuclei  Argonne expe r imen t s  on eight nuclei .  

a p p e a s i n  Table  I .  Star t ing from the lef t ,  the  columns give the  r eac t ion  
178 

( t h e r m a l  neut ron  cap tu re  in  then the exci ted nucleus (Hf ), 

its b a s i c  type o r  c lass i f ica t ion  ( even-Z  even-N) ,  the c h a r a c t e r  of its 

ground s t a t e  (de fo rmed) ,  and finally the g e n e r a l  p r o p e r t i e s  of its 



1 
I 

I 
TABLE I. Salient f ea tu re s  of the nuclei  and a s soc ia t ed  level  s c h e m e  recent ly  investigated with 

I t he  Argonne bent-crystal  s p e c t r o m e t e r .  

I I 

Excited G round 
Level  scheme React ion nucleus Type s t a t e  1 

I 
I 

I 

I 

Even-Z,  even-N 178 
78Hf100 

Hf 8o Even-Z ,  even-N 
78 102 

153 

152 
6ZSm9 1 

6ZSm9O 

151 

150 
6ZSm89 

62Sm88 

124 
5ZTe72 

Cd1I4 
48 66 

Deformed Rotational bands,  ground s t a t e  
and excited s t a t e s  above 1 
MeV 

Deformed Rotational bands,  ground s t a t e  
and exci ted states above 1 
MeV 

Even-Z,  odd-N Deformed 

Even-Z ,  evenrN Deformed 

Even-Z,  odd-N Deformed 

E v e n - 2 ,  even-N Spher i ca l  

Even-Z,  even-N Spher ica l  

Even-Z,  even-N Spher ica l  

Low-lying rotat ional  bands over  - 
lapping the ground-state  band 

Rotat ional  bands,  ground s t a t e  
and excited s t a t e s  above 0.6 
MeV 

Low-lying ro ta t iona l  bands over  - 
lapping the ground-state  band 

Mixed possible  one -phonon and two - 
phonon vibrat ional  s t a t e s .  Many 
unassigned leve ls  above 1 MeV 

Poss ib l e  one-phonon and two -phonon 
s t a t e s .  Un ass igned  s t a t e s  
above 1 . 2  MeV 

Poss ib l e  one-phonon and two-phonon 
s t a t e s ,  with e x t r a  s t a t e s  at the 
two-phonon level  and unassigned 
s t a t e s  above 1 .5  MeV 

9 
0 

H 
H 
I 
w 
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l eve l  scheme.  The level  s t r u c t u r e s  i n  the t h r e e  even-Z even-N nuclei  

180 152 , and Sm Hf ) a r e  quite s i m i l a r ,  consisting of a wel l -  
f 

developed ground-s ta te  rotat ional  band up to  8 

and up to  6 i n  the Sm . All these  leve l  s chemes  exhibit a n  energy  

gap of about 1 MeV (s l ight ly  lower in  S m ,  0 . 6  MeV) above which t h e r e  

appea r  to  be additional rotat ional  bands based  on excited s t a t e s .  This  

i n  the hafnium iso topes  
4- 152 

i s  the typ ica l  level  scheme observed  for deformed even-Z even-N . -  
153 151 

nuclei .  The two even-Z odd-N deformed nuclei  (Sm and S m  ) 

have leve l  s chemes  c h a r a c t e r i s t i c  of the i r  type.  

contain many low-lying s t a t e s  of both posit ive and negative pa r i t i e s .  

T h e s e  s t a t e s  can be in t e rp re t ed  a s  a number  of overlapping ro ta t iona l  

bands based  on excited s t a t e s  with energ ies  v e r y  c lose  to that  of the 

ground s t a t e .  The l a s t  two nuclei  ( T e  and Cd ) exhibit level  

s chemes  c h a r a c t e r i s t i c  of even-Z even-N, with sphe r i ca l  ground-  

s t a t e  configurations.  

at 50 protons but quite far away f r o m  the closed neut ron  she l l s  at 

50 and 82. 

and two-phonon exci ta t ions,  but at the three-phonon leve l  the  p ic ture  

becomes  clouded by many s t a t e s  with s i m i l a r  spins  and p a r i t i e s .  
150 ground s t a t e  of the nucleus Sm 

between deformed and sphe r i ca l ,  with the balance tipped to  spheyical .  

The f i r s t  few s t a t e s  appea r  to  fi t  the  v ibra t iona l  p ic ture  b u t a g a i n  the 

p ic ture  becomes  confused at the excitation ene rgy  of the three-phonon 

leve ls .  

The i r  level  s chemes  

124 114 

These  a r e  both c lose  to  the fi l led proton she l l  

Both level  s chemes  exhibit good candidates  for  one-phonon 

The 

a p p e a r s  t o  be right on the bo rde r  

111. Example of Deformed Even-Z Even-N Nuclei 

As  a n  example of a n  even-Z even-N deformed nucleus,  

I w i l l  u s e  the  first nucleus on the l i s t .  F i g u r e  1 i s  the leve l  s cheme  

91 
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178 
of Hf which I have proposed on the b a s i s  of the p rec i s ion  g a m m a -  

r a y  m e a s u r e m e n t s  obtained with the  Argonne ben t - c rys t a l  spec t ro -  

m e t e r .  In constructing a complicated level  scheme of th i s  type,  one 

m a k e s  u s e  of any additional information tha t  can be  obtained. 

addi t ional  information m a y  come f r o m  y -y coincidence and y -y angular- 

co r re l a t ion  s tudies ,  P-decay and convers ion-e iec t ron  expe r imen t s9  

Coulomb excitation, charged-par t ic le  r eac t ions ,  e tc .  

information i s  not only helpful but esse l l t i a l  i f  one i s  t o  make  any 

sense  out of t hese  complicated g a m m a - r a y  spec t r a .  

This  

Th i s  additional 

The level  scheme we see  h e r e  i s  typical  of a n  even-Z 

even-N deformed nucleus with i t s  K=O ground-  s ta te  ro ta t iona l  band 
f t t f t  

with s t a t e s  0 , 2 , 4 , 6 , 8 , e t c . ,  the  energy  gap of approximate ly  

1 MeV, then additional ro ta t iona l  bands.  

MeV i s  somewhat higher  than has  been found in  s i m i l a r  nuclei  and w i l l  

be  re f lec ted  i n  the i n c r e a s e d  complexity of the Y- ray  s p e c t r a ,  as we shall 

s e e .  Another c h a r a c t e r i s t i c  of a n  even-Z even-N deformed nucleus i s  

the group of s t rong  1-MeV t r ans i t i ons  which decay f r o m  the exci ted-  

s t a t e  ro ta t iona l  bands to the ground- s ta te  ro ta t iona l  band. Although 

they a r e  s t rongly r e t a r d e d  i n  re la t ion  to  the low-energy t r ans i t i ons  

within the exci ted-  state ro ta t iona l  band, they a re  still the s t ronges t  

gamma r a y s  i n  the  spec t rum.  

f r o m  the uppermost  leve ls  shown h e r e .  

a r e  not p r e s e n t ,  but r a t h e r  that the s p e c t r o m e t e r  w a s  not sens i t ive  

enough to  de tec t  them.  They a r e ,  however ,  a t  l e a s t  a fac tor  of t en  

l e s s  in tense  than the  ones shown h e r e .  The l e v e l  s cheme  shown in  

F i g .  1 does not suggest  the complexity of the observed  y - r a y  s p e c t r a  

v e r y  wel l  because  the many c lose ly  spaced ieve ls  above 1 . 6  MeV 

a r e  not shown. 

The l eve l  dens i ty  above 1 

No g a m m a  r a y s  a r e  shown decaying 

This does not rnealz tha t  they 

. . 
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Fig .  2 .  Line graph of the Hf (n,  y)Hf 1 7 *  gamma- ray  spec t rum below 
400 keV, observed  with the Argonne 7 . 7 - m  ben t - c rys t a l  spec t romete r .  
The intensi t ies  of the gamma rays  a r e  given in  photons pe r  100 neutron 
cap tu res  in  Hf 1 7 7  . 

Figure  2 i s  a l ine graph of the gamma- ray  spec t rum 

below 400 keV a s  seen  with the Argonne bent -c rys ta l  spec t romete r .  

intensi ty  of the gamma r a y  is plotted ver t ical ly .  

p e r  100 neutron captures .  

horizontally,  in  keV. Both sca l e s  a r e  l i nea r .  The measu red  spec t rum 

continues up t o  2 MeV with ve ry  l i t t le reduction in  complexity.  

The 

The sca le  is  i n  photons 

The energy of the gamma- ray  i s  plotted 

I would like to  d iscuss  the dis t r ibut ion of the observed  

gamma r a y s  as a function of the i r  energy and intensity.  

with a graph of this  type because the detai ls  assoc ia ted  with the weak 

This  is difficult  
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G A M M A  R A Y  E N E R G Y  ( M e V )  

Fig .  3 .  A plot of log Iv v s  log E 
Hf177(n,y)Hf178 as  observed wth the Argonne 7 . 7 - m  ben t - c rys t a l  
spec t romete r  (fi l led c i r c l e s ) .  
c i r c l e s )  is  a combination of the Compton-spectrometer  work of 
Groshev  and the p a i r - s p e c t r o m e t e r  work of Campion and Bartholomew. 
The v e r t i c a l  s ca l e  is  the logari thm of the intensi ty  of the g a m m a  r a y  
i n  photons per  100 neutron captures .  
logari thm of the g a m m a - r a y  energy  in  keV. 
been co r rec t ed  for  conversion coefficients.  The dashed curve  indi-  
ca t e s  the minimum sensi t ivi ty  of the bent -c rys ta l  spec t romete r  for  
t h i s  experiment .  

for  the g a m m a - r a y  spec t rum f r o m  

The spec t rum above 4 MeV (open 

Y 

The horizontal  s ca l e  is the 
The intensi ty  has not 

log-log plot. 

the log of the energy  of the gamma r a y  is  plotted horizontal ly .  

The log of the intensi ty  of the gamma is plotted ver t ica l ly ;  

The top  
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of the figwe co r re sponds  to  a n  intensi ty  of 10 photons p e r  100 neutron 

cap tu res  (a 10% l ine)  and the bottom of the scale cor re sponds  to  a 

v e r y  weak line with a n  intensi ty  of 5 X 

cap tu res  (one gamma p e r  2 X 10 

curve  co r re sponds  to  the min imum sensi t ivi ty  of the spec t romete r  

during th i s  exper iment .  

t o  the 2 - 0  t r ans i t i on  i n  the ground-state  rotat ional  band. The 
t t  

s t rong  t r ans i t i on  at 213 keV co r re sponds  to  the 4 - 2  t r ans i t i on  in  

the ground-s ta te  rotat ional  band. In this  f igure  we s e e  the  group of 

s t rong  l ines  between 1.1 and 1 .3  MeV tha t  w e r e  identified i n  the 

leve l  s cheme  as t rans i t ions  f r o m  the leve ls  of the exci ted-s ta te  

ro ta t iona l  bands to  the ground-s ta te  rotat ional  band. 

much s t r o n g e r  than anything e l s e  i n  the spec t rum,  except  the t r a n s i -  

t ions in  the ground-s ta te  rotat ional  band. 

does not indicate  that t hese  gamma t r ans i t i ons  a r e  i n  any  way enhanced 

but rathzr that the leve ls  on which they or iginate  a r e  fed s t rongly  f r o m  

leve ls  of higher  excitation energy .  

low-lying exci ted-  s t a t e  ro ta t iona l  bands is  not v e r y  wel l  understood.  

It m a y  be a s soc ia t ed  with K-forbiddenness  in  the  g a m m a  t r ans i t i ons .  

Another explanation m a y  come f r o m  the  mixing of the exc i ted-s ta te  

ro ta t iona l  bands.  

s ta te  bands could enhance the g a m m a  t r ans i t i ons  between the exci ted-  

s ta te  bands in  p re fe rence  to  t rans i t ions  to  the ground-s ta te  ro ta t iona l  

band. 

-4 

neutron cap tu res ) .  

10 photons p e r  100 neutron 
5 

The dashed 

The s t rong t rans i t ion  at 93 keV co r re sponds  
t t  

They a r e  v e r y  

Th i s  observed  s t rength  

This  p re fe ren t i a l  population of 

Apprec iab le  amounts  of mixing between the exci ted-  

The dis t r ibut ion of g a m m a - r a y  t r ans i t i ons  on the log I 
Y 

- log E plot (F ig .  3) is quite uniform and the l a r g e  number  of r e l a -  

t ively s t rong low-energy g a m m a  t r ans i t i ons  is  somewhat  surpr is ing.  

A s h a r p  b r e a k  i n  the intensi ty  dis t r ibut ion o c c u r s  jus t  below the energy  

Y 
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of the first excited s ta te  ( 9 3  keV). 

i s  p re sen t  i n  all of the s p e c t r a  of even-Z even-N nuclei  I have examined 

to  da te .  

in  the leve l  scheme (F ig .  1) a s  t rans i t ions  between the leve ls  of exci ted-  

s t a t e  ro ta t iona l  bands.  

a r e  s i m i l a r  t o  and l e s s  than the deformation a s soc ia t ed  with the ground- 

s ta te  ro ta t iona l  band. Rotational bands with s i m i l a r  o r  s m a l l e r  defor -  

mat ions  than the ground-s ta te  band w i l l  give r i s e  to  g a m m a - r a y  t r a n s i -  

t ions with ene rg ie s  similar to o r  l a r g e r  than those a s soc ia t ed  with the  

ground-s ta te  band. If this  pa t te rn  i s  continued in  the leve ls  above 1 .6  

MeV, one would expect to  find the observed  b reak  in  the g a m m a  d i s t r i -  

This  s h a r p  b reak  in  the dis t r ibut ion 

Many of these  re la t ive ly  s t rong ,  low-energy g a m m a s  appea r  

The deformations a s soc ia t ed  with these  bands 

- I - +  
bution at the ene rgy  of the lowest energy  t r ans i t i on  ( 2  - 0  ) i n  the  

ground-  s t a t e  rotat ional  band. 

many of these  re la t ive ly  intense low-energy t rans i t ions  a r e  M i  and 

E2 t r ans i t i ons .  

compete  in  m o s t  c a s e s  with the much m o r e  ene rge t i c  ( f ac to r  of 10)  

M l  and E2 t rans i t ions  to  the leve ls  in the  ground-s ta te  ro ta t iona l  band. 

If these  assumpt ions  a r e  t r u e ,  then 

They must be s t rongly  enhanced a s  well ,  s ince  they 

IV. Example of SDherica1 Even-Z Even-N Nuclei 

The dis t r ibut ion of neut ron-  capture  g a m m a  r a y s  

a s soc ia t ed  with the leve l  s cheme  of a n  even-Z even-N deformed nucleus 

(F ig .  3)  is quite different  f r o m  the s p e c t r u m  observed  for  even-Z 

even-N sphe r i ca l  nuclei .  Th i s  is  evident f r o m  Fig .  4, which is a 

similar log I _ .  v s  log E- ,  plot of the observed  g a m m a - r a y  s p e c t r u m  for  
113 '1 14 Y 

Cd (n ,y)Cd . T h e  absence  of re la t ive ly  s t rong  low-energy t r a n s i -  

t ions is  quite evident i n  th i s  f igure .  

t o  t he  sensi t ivi ty  of the s p e c t r o m e t e r  dur.ing th i s  exper iment .  

The long-dashed curve  co r re sponds  

The lower ,  
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Fig .  4. A plot of log IY v s  log E 
for the g a m m a - r a y  spec t rum Y 
of Cd113(n,y)Cd114. The filled 
c i r c l e s  a r e  the Argonne bent-  
c r y s t a l  work;  the open c i r c l e s  
a r e  the Compton-spectrometer  
work of Groshev .  The gamma-  
r a y  intensi ty  is  not co r rec t ed  
for  the  conver s ion-e lec t ron  
p rocess  . 
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GAMMA RAY ENERGY (MeV) 

Id ' ' I I I 

shor t -dashed  curve  cor responds  to  the p re sen t  sensi t ivi ty  of the spec-  

t r o m e t e r .  were  placed o n t h e  s l ide to  emphas ize  the 

importance of the high sensi t ivi ty  of the ins t rument  for  the investigation 

of sphe r i ca l  even-Z even-N nuclei .  

These  two l ines  

Again, one obse rves  a s h a r p  b reak  in  the dis t r ibut ion of 
t t  

intensi t ies  jus t  below the energy of the first excited s ta te  ( 2  - 0  ) at 

557 keV. 

t rans i t ions)  appea r  to  be evenly dis t r ibuted in  th i s  plot. 

d is t r ibut ion wi l l  be observed in  all the nuclei that  I w i l l  d i scuss .  

a lmos t  all of the s t rong t rans i t ions  in  the spec t rum a r e  believed to  be 

E2 a n d / o r  M i  t rans i t ions .  

Within the l imitat ions of the dis t r ibut ion,  the points (gamma 

This  even 

Again, 

One v e r y  s t rong (1.270) low-energy gamma w a s  observed 

at 95 keV. This  s t rong low-energy gamma is believed to  be a n  E2 
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t r ans i t i on  

keV gam= L i s  1 . 9 .  

-t convers ion-e lec t ron  intensi ty)  i s  t he re fo re  2 .  3%- 

th i s  t rans i t ion  i s  2-3 o r d e r s  of magnitude s t r o n g e r  than any other  

t r ans i t i on  of s i m i l a r  energy  and i s  comparable  in intensi ty  to  a l l  but 

the five s t ronges t  l ines  in the s p e c t r u m .  

ene rgy  was observed  in the g a m m a  spec t rum of the o ther  sphe r i ca l  

even-Z even-N nucleus ( T e  The  energy  of this  gamma 

r a y  (95 keV) i s  v e r y  c lose  to  the spacing between two leve ls  whose 

ene rg ie s  a r e  c lose  to  tha t  p red ic ted  for  the 2-phonon v ibra t iona l  

t r i p l e t .  

planation m a y  be  possible  in the other  two c a s e s .  Why a low-energy 

t r ans i t i on  between two two-phonon s t a t e s  should be enhanced r e l a t ive  

to  the allowed t rans i t ion  to  the 2' one-phonon s t a t e  i s  not unders tood .  

The theore t ica l  conversion coefficient (K t L) for a 93-  

The to ta l  intensi ty  of this  t rans i t ion  (u intensi ty  

The s t r eng th  of 

A st rong l ine of s i m i l a r  

124 
) a s  wel l .  

If th i s  suggestion proves  to  be c o r r e c t ,  then a s i m i l a r  ex-  

114 
The  leve l  s cheme  of Cd i s  shown i n  F i g .  5, T h e  
t t 

ground s t a t e  i s  0 . The f i r s t  excited s t a t e  i s  2 , which i s  cons is ten t  

with the one-phonon s t a t e  of the vibrat ional  model .  The  groups  of 

s t a t e s  occur  a t  2 . 2  t i m e s  the energy  of the f i r s t  excited s t a t e  and have 
t t  t 

spins  of 0 , 2 , and 4 . Any one of these  s t a t e s  would be a good 

candidate fo r  a m e m b e r  of the two-phonon v ibra t iona l  t r i p l e t .  

p re sence  of five candidates  f o r  the vibrat ional  t r i p l e t  i s  disconcert ing 

The 

and sugges ts  that  something m o r e  complicated than the s imple  v i b r a -  

t iona l  model  w i l l  be needed to  explain the leve l  s c h e m e .  It i s  not 

s u r p r i s i n g ,  t h e r e f o r e ,  t o  find v e r y  l i t t le evidence for  a three-phonon 

vibrat ional  quintet in  the level  s cheme .  

The  a v e r a g e  level  spacing between 1 and 2 MeV i s  100 

leve l  s cheme  and i s  not 
178  

keV.  Th i s  i s  half tha t  observed  in  the Hf 

sufficient t o  explain the d i f fe rence  in the two g a m m a - r a y  s p e c t r a .  

99 
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I14 F i g .  5. Ene rgy  levels  i n  Cd as de termined  f r o m  the prec is ion  energy  
113 

m e a s u r e m e n t s  of capture  g a m m a  r a y s  f r o m  Cd 
coincidence m e a s u r e m e n t s  of assoc ia ted  g a m m a  r a y s .  
of the l ine cor responds  to the intensi ty  of the g a m m a - r a y  t.ransition. 

( n , y ) C d l 1  and 
The width 

F igu re  6 is a log I vs log E 
Y Y 

plot of the spec t rum f rom 

123 
T e  ( n , y ) T e l Z 4 .  The sensi t ivi ty  of the ins t rument  (dashed curve)  

s eve re ly  l imited the observed  spec t rum,  but the sa l ien t  f ea tu re s  a r e  

s t i l l  observable :  (I) the  b r e a k  in  the intensi ty  distribution ju s t  below 
+ +  

the energy  of the f i r s t  excited s ta te  ( 2  - 0  ), ( 2 )  the absence  of re la t ive ly  

s t rong low-energy gamma r a y s ,  and ( 3 )  the anomalously s t rong low- 

energy  gamma at 100 keV. 
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1 
i 

F i g .  6. A plot of log I Y v s  log E Y 
for  the g a m m a - r a y  spec t rum 
Te123(n,y)Te124 a s  observed  
with the Argonne bent -c rys ta l  
spec t romete r .  The g a m m a - r a y  
intensi ty  i s  not co r rec t ed  for the 
conversion coefficient. 
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V .  Trans i t ion  Region 

We have jus t  seen the s t r iking difference between the 

g a m m a - r a y  spec t r a  assoc ia ted  with deformed even-Z even-N nuclei  and 

those assoc ia ted  with sphe r i ca l  

t o  d i scuss  the g a m m a - r a y  spec t r a  assoc ia ted  with nuclei  which fall in  

the t rans i t ion  region between the sphe r i ca l  and deformed nuclei .  

even-Z even-N nuclei .  I would now like 

As an  example of th i s  t rans i t ion  region,  I w i l l  use  the Sm 
152 151 , Sm isotopes:  Sm 

Sm 

rotat ional  band, an  energy gap of 680 keV, and exc i ted-s ta te  rotat ional  

, and Smi5'  (Table  I). The level  scheme of 
152 

i s  rotat ional  in  cha rac t e r .  I t  contains a wel l  defined ground-state  
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bands above this  energy similar to  those found in  Hf 178 (F ig .  1) .  

F igu re  7 is a log I v s  log E 
Y Y 

plot of the observed g a m m a - r a y  spec t rum 

for  the g a m m a - r a y  Y spec t rum Y 
of S m l 5 l ( n Y y ) S m l 5 2  as observed 
with the  Argonne ben t - c rys t a l  
spec t romete r .  The  g a m m a -  
r a y  intensi ty  is  not co r rec t ed  
for  the conversion coefficient. 
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0.1 I 10 

GAMMA RAY ENERGY (MEV) 

151 152 
f r o m  Sm (n ,y)Sm . As in Hf, we observe  many re la t ive ly  s t rong 

low-energy t rans i t ions .  

energy  of the first excited s ta te  (122 keV). 

r a y s  can be assoc ia ted  with the lowest level  spacing of exc i ted-s ta te  

rotat ional  bands,  as they appear  to  be,  then the deformations assoc ia ted  

with these  bands a r e  v e r y  similar to  the deformation of the ground-state  

Note the group of low-energy l ines  at the 

If these  low-energy gamma 

band. 
F igu re  8 is  the level  scheme of Sm 151 a s  generated f r o m  

the gamma spec t rum [ S m  150 (n ,y)Sm 151 ] observed  with the bent -c rys ta l  

spec t romete r .  The  level  scheme can be in te rpre ted  a s  a s e t  of o v e r -  

lapping rotat ional  bands whose lowest energy  s t a t e s  a r e  v e r y  c lose  to  
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151 
Fig .  8. The  leve l  scheme of S m  a s  defined by the Argonne bent- 

c r y s t a l  work.  The  energy  of the leve l  is  given in  keV. 

the ground s t a t e .  

o t h e r s  a r e  believed to  be M i  and E2. 

s t ruc tu re  on the  observed  g a m m a - r a y  spec t rum i s  seen  in  F ig .  9,which 

shows the observed  g a m m a  spec t rum for Sm 

v s  log E 

About two-thirds  of these  relat ively s t rong g a m m a s  a r e  believed to  be  

M i  o r  E 2  t rans i t ions  i n  low-lying rotat ional  bands.  

enhancement  of the M i  and E2 t rans i t ions  re la t ive  to  the competing E l  

t rans i t ions  suggests  the collective cha rac t e r  of this  nucleus.  Note the 

absence  of a group of s t rong  l ines  at 21 MeV. 

t r u m  i s  mis s ing  because  the  level  scheme of S m  

nucleus)  does  not have a n  energy  gap  as  observed  i n  even-Z even-N 

deformed nuclei .  No b reak  or s t r u c t u r e  o c c u r s  in the dis t r ibut ion of 

g a m m a  r a y s  (F ig .  9)  because  the deformations a s soc ia t ed  with the 

rotat ional  bands (and thus the ene rg ie s  of the cascade  g a m m a s )  v a r y  

widely from band to  band. 

Some of the s t rong  l ines  a r e  believed to be  E l  while 

The effect  of this  type of level  

150 151 
(n ,y)Sm on a log I 

Y 
plot. Note the l a rge  number of low-energy l ines  above 0.  1%. 

Y 

The  v e r y  s t rong  

This  fea ture  of the spec -  
151 

( a n  even-Z odd-N 

151 150 
t o  S m  A s  we move f r o m  Sm , the configuration of the 
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Fig.  9. A plot of log I v s  log E 
Y Y for  the g a m m a - r a y  spec t rum 

of SmEo(n ,y )Sm 1.51 as observed 
with the  Argonne bent -c rys ta l  
spec t romete r .  No  cor rec t ion  is  
made  for  the conversion coeff- 
i c ien ts .  
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ground state changes f rom deformed to sphe r i ca l  in  c h a r a c t e r .  This  

t rans i t ion  i s  id entified by the abrupt  change in the energy of the first 
152 

excited s t a t e  ( r e l a t ive  to  S m  ) and the suggestion of a two-phonon 

vibrat ional  t r i p l e t  s t r u c t u r e  at twice this  energy.  

level  scheme of Sm 

This  is a good example of what can be learned  about a level  scheme f rom 

neutron-capture  g a m m a - r a y  exper iments .  

of the gamma r a y s  a r e  obtained with the bent -c rys ta l  spec t romete r .  

posit ions of the s t rong gamma r a y s  in the level  scheme a r e  based on 

gamma-gamma coincidence exper iments  (fi l led c i r c l e s  and s q u a r e s ) .  

The mul t ipo lar i t ies  and mult ipolar i ty  admix tu res ,  sp ins ,  and pa r i t i e s  

a r e  obtained f r o m  y -y angular  -cor re la t ion  measu remen t s  (fi l led c i r c l e s )  

and K-conversion coeff ic ients .  

gamma-gamma-coincidence m e a s u r e m e n t s ,  and angular  -cor re la t ion  

F igu re  10 i s  the 
150 

as suggested by the cap tu re -gamma- ray  work. 

The ene rg ie s  and intensi t ies  

The 

The prec is ion  g a m m a - r a y  m e a s u r e m e n t s ,  
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E O  
F i g .  10.  Level  scheme of S m  as  defined by the ben t - c rys t a l  m e a s u r e -  

m e n t s ,  y -y coincidence m e a s u r e m e n t s ,  and y -y angular -cor re la t ion  
m e a s u r e m e n t s  per formed at Argonne and used in  conjunction with the 
convers ion-e lec t ron  m e a s u r e m e n t s  of Bieber  in  Munich and Groshev  
in Moscow. 

m e a s u r e m e n t s  were  per formed h e r e  at  Argonne. 

coefficients w e r e  obtained by combining the ben t - c rys t a l  gamma- in tens i ty  

m e a s u r e m e n t s  with the conversion-electron-intensi ty  m e a s u r e m e n t s  of 

the Munich group and Russ ian  group.  

t ion of the spin and  par i ty  of the level  r e su l t s  f r o m  this ana lys i s .  

p rec is ion  of the energy  m e a s u r e m e n t  allows one to  place many  of the 

weaker  g a m m a  r a y s  in the leve l  scheme.  The  number  of levels  that  can 

be  added to  a level  scheme of this  type is  l imited by the prec is ion  of the 

g a m m a - r a y  ene rgy  m e a s u r e m e n t s .  

of gamma r a y s  that m a y  be  used to  suggest  new levels  i n c r e a s e s  with the  

squa re  of the number  of levels  p re sen t .  

The  K-conversion 

In m o s t  c a s e s ,  a unique de te rmina -  

The  

The number  of possible  combinations 

The chance of making a n  e r r o r  
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i s  t h e r e f o r e  proport ional  t o  the squa re  of the number of leve ls  p re sen t .  

The probabili ty of obtaining an  acc ident ia l  energy  m a t c h  i s  a l s o  p ropor -  

t ional t o  the r ec ip roca l  squa re  of the prec is ion  of the energy  m e a s u r e -  

men t .  Thus  the number of leve ls  that  can be genera ted  f r o m  the capture- 

g a m m a - r a y  work i s  roughly proport ional  to  the prec is ion  of the m e a s u r e -  

men t .  

of these  m e a s u r e m e n t s .  

u remen t s  i n  F ig .  10 i s  one part in 7000. 

in the in s t rumen t  it now a p p e a r s  possible  to  obtain ave rage  prec is ion  of 

one p a r t  in  15 000 in  s i m i l a r  exper iments .  
150 

This  i s  the main  r e a s o n  for  the continued s t r e s s  on the prec is ion  

The  ave rage  prec is ion  of the g a m m a - r a y  m e a s -  

With the  p re sen t  improvements  

The level  scheme of Sm , a s  shown in F i g .  10,  is 

mixed in  c h a r a c t e r .  

p ic ture  with a 0 ground s ta te  , 2 f i r s t  excited s t a t e ,  and a doublet o r  

t r i p l e t  at twice th i s  ene rgy  with sp ins  of 0 , 2 , and 4 . Above 1 MeV 

the level  scheme becomes  much m o r e  complicated,  with many  s t a t e s  

of s i m i l a r  sp ins  and pa r i t i e s .  The complexity of th i s  leve l  s cheme  

prec ludes  any s imple  appl icat ion of v ibra t iona l  t heo ry  in  the  region 

above 1 MeV. 

o ther  s t a t e s  of s i m i l a r  spin and pa r i ty  and lo se  some  ( i f  not all) of 

t he i r  v ibra t iona l  c h a r a c t e r .  Neve r the l e s s ,  a 3 s t a t e  at 1279 keV 

and a 4 s t a t e  at 1449 keV exhibit some of the expected c h a r a c t e r -  

i s t i c s  of t h r e e  -phonon vibrat ional  leve ls .  T h e i r  gamma t r ans i t i ons  

to  the two-phonon leve ls  a r e  predominant ly  E 2  t r ans i t i ons  and the i r  

c r o s s o v e r  t r ans i t i ons  to  the one-phonon first excited s t a t e  a r e  s t rongly 

inhibited in re la t ion  to  the cascade  t r ans i t i ons .  The excitation 

The low-lying excited s t a t e s  f i t  the vibrat ional  
t t 

t t  t 

The three-phonon s t a t e s ,  i f  p r e sen t ,  w i l l  mix with 

t 

t 

ene rg ie s  of the two-phonon and three-phonon s t a t e s  a r e  not s imple  

mul t ip les  of the f i r s t  excited s t a t e s ,  but they i n c r e a s e  uniformly. 

Th i s  m a y  be re la ted  to the previously mentioned mixing with o ther  
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s t a t e s  having s imi l a r  spins  and par i t ies .  

vibrat ional  level  i s  a 3 -  s t a t e .  

level  scheme ( F i g .  9)  at 1071 and 1357 keV. 

ground s ta te  would be enhanced in the vibrat ional  model  and  would 

consti tute the bes t  evidence avai lable  in  the cap tu re -gamma work for  

a n  octopole level .  

observable  ground-state  t rans i t ion  so'it i s  diff icul t , to  d raw any 

conclusions.  

The  lowest ene rgy  octopole 

T h e r e  a r e  two 3- s t a t e s  shown in the 

The E3 t rans i t ion  to  the  

Nei ther  of the above mentioned 3 -  s t a t e s  h a s  a n  

Next I would like to  ca l l  your attention to  the two 

leve ls  a t  1165 and 1193 keV.  

s ta te  t r ans i t i on  and the t rans i t ion  to  the f i r s t  excited s ta te  is  

different  f r o m  those of the other  low-lying levels  in  that  the intensi ty .  

of the ground-s ta te  t rans i t ion  is  comparable  to that of the t ransi t ion 

to  the f i r s t  excited s ta te .  These  two levels  would f i t  m o r e  readi ly  

into a rotat ional  leve l  scheme than into a vibrat ional  level  s cheme .  

The mixed na tu re  of the level  scheme i s  re f lec ted  in  the gamma- 

r a y  spec t rum observed  for  the Sm 

The branching r a t io  between the ground- 

quite 

reac t ion .  
149 150 

(n ,y )Sm 

Y 
F igu re  11 i s  a log IY vs  log E plot of the gamma- 

149 150 
r a y  spec t rum f r o m  S m  (n ,y )Sm a s  m e a s u r e d  with the  bent -c rys-a1  

s p e c t r o m e t e r .  The  fi l led c i r c l e s  a r e  the Argonne data;  the open c i r c l e s  

a r e  the Compton-spec t rometer  work  of Groshev  -- e t  al. 

of g a m m a - r a y s  i s  s i m i l a r ,  both in  densi ty  and in  s t r u c t u r e y  t o  tha t  

observed  for Cd (n ,y )Cd  . The sensi t ivi ty  of the in s t rumen t  was  

g r e a t e r  in  the Sm work than in  the Cd work and thus many  m o r e  of the 

weak gamma r a y s  w e r e  observed .  

dis t r ibut ion i s  observed  jus t  below the ene rgy  of the f i r s t  excited s t a t e ,  

as  was the c a s e  in  all the other  even-Z even-N nuclei .  

low-energy line a t  100 keV i s  p r e s e n t ,  but: not as obvious a s  it was in 

Cd and Te.  

The dis t r ibut ion 

113 114 

Again,  a b r e a k  in  the intensi ty  

T h e  stpong 

A 

107 
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Fig .  11. A plot of log I v s  log E 
for  the g a m m a - r a y  spec t rum 
f r o m  Sm%*9(nyy)Sm150.  The 

'f i l led c i r c l e s  a r e  the Argonne 
bent -c rys ta l  work. The  open 
c i r c l e s  a r e  the Russ ian  Compton- 
spec t romete r  work. 

Y Y 

In s u m m a r y ,  neutron-capture  g a m m a - r a y  s p e c t r a  can be 

Spec t ra  assoc ia ted  with deformed even-Z c lass i f ied  by the final nuclei .  

even-N nuclei  a r e  r i ch  in re la t ively strong low-energy l ines .  

t he re fo re  obtain considerable  information with an  ins t rument  of l imited 

sensit ivity.  The resolut ion of the ins t rument  i s  at a p remium,  however,  

s ince one m u s t  reso lve  many gamma r a y s  o r  groups of gamma r a y s  with 

quite similar energ ies  ( e .g .  

model  h a s  been quite success fu l  in predicting the observed r e su l t s  in 

these  even-Z even-N deformed nuclei .  

experimental  and theore t ica l  work in  the f ie ld  so  that many new and 

One can 

the 1-MeV group in Hf). The collective 

This  has  st imulated considerable  
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excit ing r e s u l t s  a r e  expected.  

The  vibrat ional  mode l  has  not been so success fu l  in 

the  even-Z  even-N sphe r i ca l  nuclei .  

s t a t e s  ( 0  ) and the f i r s t  exci ted s t a t e s  ( 2  ) invest igated have been 

cons is ten t  with theory .  

of the f i r s t  exci ted s t a t e  is  suggested by one or two s t a t e s  in  m o s t  

of the  c a s e s  invest igated.  The th i rd  s t a t e  i s  often m i s s i n g ,  and it 

i s  h e r e  that  one expects  the neut ron-capture  g a m m a - r a y  approach  

t o  b e  m o r e  success fu l .  The  select ion r u l e s  for  the population of a 

l eve l  following t h r e e  or four cascade  g a m m a - r a y s  a r e  m u c h  l e s s  

r e s t r i c t i v e  than those  found in  P-decay s tudies  o r  cha rged-pa r t i c l e  

r eac t ions .  

confused ( s e e  Smi5 '  and Cd 

To  d a t e ,  all of the ground 
t f .  

T h e  two-phonon t r ip l e t  a t  twice the  ene rgy  

The  s i tuat ion at the three-phonon leve l  is  s t i l l  v e r y  
114 

) .  

T h e  expe r imen ta l  p roblem in even-Z even-N s p h e r i c a l  

nuclei  is  much  h a r d e r  than what i s  faced in deformed nucle i .  

only is  high reso lu t ion  n e c e s s a r y  to  r e so lve  the  complicated g a m m a  

s p e c t r u m  but high sens i t iv i ty  i s  n e c e s s a r y  a s  wel l  i f  v e r y  m u c h  of 

the low-energy  s p e c t r u m  i s  to  be observed  a t  a l l  ( c o m p a r e  T e  with 

Hf).  

Not 

The situation i n  the even-Z odd-N nuclei  m a y  prove 

to  be  the e a s i e s t  to inves t iga te  with neut ron-capture  gamma r a y s  

because  of the l a r g e  number  of s t rong ,  low-energy  l ines  ( F i g .  9 )  

but cons iderable  a u x i l i a r y  informat ion  wil l  be  needed t o  i n t e r p r e t  

the complicated leve l  s c h e m e s  such  as  that  in F ig .  8. 



1 i o  11- 3 

PETER AXEL, Universi ty  of I l l inois ,  Urbana,  I l l inois:  

I wonder i f  you could comment  br ie f ly  on the extent to which your 

s t rong low-energy t rans i t ions  a r e  locatable at low-lying s t a t e s ,  and 

whether you have any s o r t  of order -of -magni tude  f igure for  how much 

of the spec t rum that  people usual ly  s e e  i s  assoc ia ted  with low-lying 

s t a t e s  where  presumably  s t a t i s t i ca l  calculations wi l l  work. 

shown 
150 

SMITHER: Yes.  The level  scheme of Sm 

in F ig .  10 contains about 50 g a m m a  r a y s .  

g a m m a - r a y  spec t rum below 2 MeV. It includes,  however,  8070 of 

the g a m m a  r a y s  with in tens i t ies  g r e a t e r  than 0 .  1%. 

unassigned t rans i t ions  a r e  weak low -energy  t rans i t ions .  

s cheme  of Hf 

Th i s  i s  2570 of the observed  

Most  of the 

In the level  
178 

( F i g .  I ) ,  t h e r e  a r e  54 ass igned  g a m m a - r a y  t r a n s i -  

t i ons ,  which i s  a l s o  about 25% of the observed s p e c t r a l  l ines wi th  

ene rg ie s  below 2 MeV. 

spec t rum with ene rg ie s  below 300 keV,  

have in tens i t ies  above 0.1%; 60% of them ( intensi ty  2 0 .  1%) a r e  in  

the Hf level  s cheme  (F ig .  1 )  below 1 . 6  MeV. 

t ively s t rong  l ines  in  the level  scheme of S m  

0 .5  MeV. 

then,  about 80-9070 of the re la t ive ly  s t rong  low-energy l ines  

a r e  locatable  in  the leve l  s c h e m e s  below 2 MeV. 

leve ls  in  the leve l  s cheme  (and thus the number  of g a m m a  r a y s  that  

can be assoc ia ted  with it) wi l l  depend on the a c c u r a c y  of the expe r i -  

men t  and the amount  of additional in format ion  avai lable .  The l?vel  

s chemes  mentioned above contain between 15 and  20 levels  with 50 

%o 60 a s soc ia t ed  gamma r a y s  ass igned  to the s c h e m e s .  

T h e r e  a r e  81 g a m m a  r a y s  in  the observed  

Twenty-eight of t hese  g a m m a s  

About 90% of the  r e l a -  

a r e  located below 
151 

S imi l a r  r e s u l t s  a r e  found in  other  nuclei .  In s u m m a r y ,  

The number  of 
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0.  W .  B .  Schult ,  B .  P.  M a i e r ,  U .  G r u b e r ,  and R .  Koch 

J 
Labora tor ium f L r  Technische Phys ik  d e r  Technischen Hochschule MGnchen, 

Re s e a r c h  Es tab l i shment  R i s  d.,~ 
\ 

Towards  the fall of 1960, one of the 7- in .  -d iameter  

tangent ia l  channels a t  the D R - 3  r eac to r  at R i s d  was  offered t o  us  by 

the  Danish Atomic Ene rgy  Commiss ion ,  espec ia l ly  by  P r o f e s s o r  
1 3  2 

Kofoe.3.-Hansen. The  high flux ( 6  X 10 n e u t r o n s / c m  pe r  s e c )  i n  

the center  of the  beam hole caused u s  to u s e  th i s  facil i ty fo r  the  

m e a s u r e m e n t  of neut ron-capture  gamma rays-an exper iment  which 

we had a l r e a d y  done be fo re ,  using a v e r y  s m a l l  cu rved-c rys t a l  

spec t romete r  at the FRM r e a c t o r  at Garching n e a r  Munich. 

The  exper ience  we gained f r o m  the  Garching  i n s t r u -  

men t  proved to  be v e r y  useful  for the des ign  of t he  new R i s d  

m e t e r .  

spec t ro -  
152 

The  t remendous  number  of l ines  which we obse rved  f r o m  E u  

at Garching was  the r eason  for  high resolut ion to be  the f irst  r e q u i r e -  

men t .  The  applicabili ty of the -Ritz  combination pr inciple  demands 

that  the  relative ene rzv  de termina t ion  of the  detected l ines  should be 

a s  a c c u r a t e  a s  poss ib le .  Reasonable  prec is ion  should be  obtained 

during the  au tomat ic  scanning o f ' t he  s p e c t r u m .  

- s i ty  was  borne  in  o r d e r  to  make  the whole appa ra tus  as inexpensive and 

A s m a l l  loss  in  lumino- 

s imple  as  poss ib le .  

JI 1- 

P r e s e n t e d  by 0. W .  B. Schult. In the  p r o g r a m  of the conference ,  
the  subject  of this  paper  was  l i s ted  as  t h r e e  a b s t r a c t s :  
Curved-Crys t a l  Spec t romete r ;  11-5 Levels  in  Dy Populated a f t e r  
Neutron Capture ;  and 11-6. Levels  in Lu Populated after Neutron 
Capture .  

11-4. R i s d  
Is4 

17 7 
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High resolut ion was obtained by diffracting the gamma 

radiat ion f r o m  the I10  planes of a 4-mm-th ick  quar tz  lamina ,  which 

was bent between two s t ee l  blocks,  the cyl indrical  su r f aces  of which 

w e r e  lapped by hand. 

be 7 . 2 " ,  corresponding to  a resolut ion of 0.1470 for  the f i r s t - o r d e r  

r e f l ex  of 100 keV radiat ion.  Actually only v e r y  few ref lexes  below 

100 keV a r e  m e a s u r e d  in  first o r d e r .  F o r  these  re f lexes  the 

resolut ion i s  high enough to  s e p a r a t e  the single gamma l ines .  

ma in  pa r t  of the spec t rum i s  m e a s u r e d  in  second o r d e r .  Strong 

re f lexes  can eas i ly  be m e a s u r e d  in  th i rd  o r d e r ;  and v e r y  intense 

l ines  a r e  de te rmined  f r o m  the f i f th-order  r e f l exes ,  where  the 

resolut ion for  100 keV radiat ion can be  a s  high as 3 X 

The minimum ref lex  width was m e a s u r e d  to  

The 

- 4  
10 . 

The s o u r c e s  normal ly  contain only 50 m g  of substance 

and have r a t h e r  s m a l l  dimensions (25  mm high, l e s s  than 0 . 2  mm 

wide,  and 2-10 rnm deep) .  Thus  the ave rage  l ine width is  8-9". 

The  p r e c i s e  angular  posit ion of a re f lex  can be 

m e a s u r e d  e i ther  absolutely o r  r e l a t ive  to  a so-ca l led  r e fe rence  l ine.  

T h e  f i r s t  technique i s  used  for  the de te rmina t ion  of the ene rg ie s  of 

intense re f lexes  while the second method i s  applied t o  calculate  the 

ene rg ie s  of weak re f lexes  using the r e c o r d e r  shee t  and  the p rec i se ly  

m e a s u r e d  in tense  l ines  a s  r e f e r e n c e  l ines .  

When the s p e c t r o m e t e r  i s  operating with line s o u r c e s ,  

the angular  or ientat ion between the sou rce  and the spec t romete r  c r y s t a l  

m u s t  be  suff ic ient ly  good. Th i s  means  that  the deviation of the sou rce  

f r o m  i t s  exact  l a t e r a l  posit ion m u s t  be l e s s  than 3p when the r ad ius  of 

curva ture  is of the o r d e r  of 6 m.  The s o u r c e  which i s  used for the  

m e a s u r e m e n t  of neut ron-capture  g a m m a  r a y s  i s  usual ly  located in  the 

center  of a long l i ne r .  Often it is suspended f r o m  a v e r y  light f r a m e .  
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T h e r e f o r e  one cannot expect that  the movement  of the sou rce  is  negl i -  

gibly s m a l l .  

espec ia l ly  l a r g e  ( s e v e r a l  seconds of a r c )  when the r e a c t o r  i s  s t a r t ed  

o r  shut  down. During operat ion at constant power ,  s e v e r a l  hours  

a f t e r  the  r e a c t o r  w a s  s t a r t ed ,  the movement  

and i r r e g u l a r  and of the o r d e r  of a few tenths of a second of a r c .  

Th i s  observat ion i s  in  accordance  with t h e r m a l  effects giving r i s e  

to  the movement ,  These  dislocations can b e  el iminated to  sufficient 

a c c u r a c y  when the re f lexes  a r e  m e a s u r e d  point by point s e v e r a l  t i m e s  

success ive ly  at both s ides  of the z e r o  angular  position. 

cedure  i s  followed for all strong re f lexes  observed  at the  Risd  spec -  

t r o m e t e r  and yields  diffraction angles  which a r e  completely independerL 

of the shape of the  re f lexes .  

with sca l e  i r r e g u l a r i t i e s  l e s s  than 0 ,  l " ,  which is  suspended below t h e  

c r y s t a l  and r igidly connected with the c r y s t a l  t ab le ,  Th i s  geomet ry  is  

f r e e  of f o r c e s  and a l lows ,  t he re fo re ,  fo r  the  max imum prec i s ion ,  

All  possible  e r r o r s  can be  divided into two groups :  

We have observed this  movement  at  Garching .  I t  i s  

w a s  found to  be slow 

Th i s  p r o -  

The angle-measur ing  device i s  a theodolite 

acc identa l  and sys t ema t i c ,  

va lues  for  the re f lexes  found during the success ive  m e a s u r e m e n t  of a 

s ingle  g a m m a  line at both s ides  of the  angular  z e r o  point. 

e r r o r s  can be  avoided by a l inear i ty  t e s t .  

measu r ing  v e r y  intense x - r a y  and gamma l ines  in  s e v e r a l  o r d e r s  (up  

t o  the  n in th-order  re f lex) .  

of a t r ans i t i on  must. be calculated f r o m  t h e  m e a s u r e d  value E 

u s e  of the re la t ion  

Accidental  e r r o r s  appea r  i n  the  angular  

Sys temat ic  

This  test was  pe r fo rmed  by 

The  t e s t  showed that the t r u e  ene rgy  E 
Y 

by m 

E = ( I  - a +)E , 
Y m 

-5 
w h e r e  a =: 3 X 10 /deg  i s  independent of the energy .  
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The prec is ion  in the energy  determinat ion of the weak 

re f lexes ,  which a r e  calculated f rom the  r e c o r d e r  shee t ,  i s  in  principle 

l imited by the source  fluctuations.  An angular  accu racy  of l" ,  being 

of the o r d e r  of the angular  fluctuations of the sou rce ,  was considered 

to  be a reasonable  prec is ion ,  allowing for  a v e r y  s imple mechanical  

solution of the automatic  d r ive .  

The spec t romete r  c rys t a l  and the theodolite ro ta te  in a 

v e r y  p rec i se  wire-ba l l -bear ing ,  which demands a v e r y  small momentum 

for  i t s  rotation. The detector  and the whole shield a r e  floating on an  a i r  

bear ing.  A s  shown in  F ig .  1,  two s ta in less  s t e e l  bands connect a coll i-  

Ithnetke " - Lorhrrheibe 

Fig .  1. Drive mechanism fo r  R i sb  cu rved-c rys t a l  spec t romete r .  

m a t o r  arm and the c r y s t a l  a r m  with two s t ee l  desks  having the proper  

rad i i  to  keep  the detector  within k 8 "  in the direct ion of the ref lected 

beam (+ 14" would have been sufficient because  of the t rapezoida l  shape 

of the col l imator .  The s t ee l  d i sks  a r e  dr iven by a th i rd  band providing 

a 1:6 t r ansmiss ion  between the d isks  and a w o r m  wheel, which is  ro t a -  

ted by a worm in connection with a spec ia l  g e a r  box. Lamps ,  photo- 
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r e s i s t o r s ,  and two d isks  with holes (mounted on the driving sys t em of the 

s p e c t r o m e t e r )  produce s ignals  eve ry  l o ” ,  l ’ ,  l o ’ ,  and 1 . The l inear i ty  

of th i s  s ca l e  i s  be t te r  than l”, a s  could be tested wi th  the theodolite.  

0 

Tk signals  of the angular  s ca l e  a r e  r eco rded  together  with 

the photopeak counting r a t e s  of the f i r s t - ,  second- ,  and th i rd -o rde r  r e -  

f lexes ,  the to t a l  counting r a t e  of the de tec tor ,  and the monitor  counting 

r a t e .  

pulses  in the r a t io s  1: 

ana lyze r s  , which a r e  operated in para l le l .  

E a 1 /+  i s  obtained f rom a v e r y  s imple automatic  mechanism.  

c r imina to r s  t r a n s m i t  only pulses  corresponding to  the p rope r  o r d e r  of 

ref lect ion.  

feeds one channel of the r e c o r d e r  , a 6-color  point p r in t e r .  

The  different  o r d e r s  a r e  separa ted  by subdividing the detector  

2 :  3 and feeding these  s ignals  to  t h r e e  one-channel 

The c o r r e c t  channel height 

The d i s -  

They a r e  connected with counting-rate m e t e r s  , each  of which 

The source  is suspended f rom a t i tanium tube ( F i g .  2 ) ,  

F ig .  2. Curved-c rys t a l  spec t romete r  a t  the DR-3 r e a c t o r  a t  R i s d ,  
Denmark.  

which i s  a t tached to  the source-holder  plug. 

around i t s  ax is  and moved pa ra l l e l  to  it in  o rde r  to allow for  the n e c e s s a r y  

alignment of the sou rce .  

a s  a shield during the source-change procedure .  

This  plug can be rotated 

The lead coffin outside the r e a c t o r  face s e r v e s  

The  v e r y  intense gamma 
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radiat ion originating f r o m  the sou rce  pas ses  through a col l imator  which 

defines the beam falling on the c r y s t a l  and a c t s  as a shield against  

radiat ion coming f rom the r eac to r  c o r e ,  the aluminum l i n e r ,  and the  

t i tanium tube. Only a Li  CO laye r  can be seen  behind the source .  The 

low background ( a t  the end of the co l l imator ,  the y background i s  2 m R /  

h r  and t h e  fas t -neut ron  background is 0.  3 m R / h r )  i s  essent ia l lydue to 

2 3  

the s h a r p  coll imation, which w a s  possible because  of the choice of a 

s m a l l  c r y s t a l  window (15 cm ). The re f lec ted  radiat ion p a s s e s  through 

a tapered  s l i t  col l imator  which i s  45 cm long, consisting of lead shee ts  

1 m m  thick and 1 mm distant  at the entrance.  

2 

The  detector  (F ig .  3) i s  a 

F ig .  3. Close-up view of cu rved-c rys t a l  spec t romete r .  The r eac to r  is 
to the r ight .  

Z-in. -d iameter  scinti l lat ion counter with a thickness  of 3 i n . ,  4 in. , or 
4 mm. It is  shielded by a 12-cm layer  of lead plus 5 c m  paraffin and 
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bor i c  acid with a total  weight of 0 . 4  tons.  

the intended purpose.  

r eac to r  ha l l ,  a s  shown in F i g .  4.) 

This  shield is sufficient for  

( F o r  4 >6O,  the only background i s  tha t  f rom the 

F ig .  4. A logari thmic plot of the background measu red  at the bent-  
c r y s t a l  g a m m a - r a y  spec t romete r  at Risd.  

The source  is located 1 cm c lose r  to  the c r y s t a l  than i s  

idea l  for  v e r y  s m a l l  diffraction angles .  The re fo re  (and main ly  because  
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of the s m a l l  a p e r t u r e  of the c rys t a l )  the change in line width i s  negligible 

between 4 = 0 

the width i s  only 14”.  

fo rmed  a t  s t i l l  l a r g e r  ang le s ,  the sou rce  i s  not moved during the m e a s u -  

r e m e n t ,  although the construct ion of the source-holder  plug allows one 

to  make this adjustment  i f  desired.  

0 0 
and 4 = 5 , where high resolut ion i s  n e c e s s a r y .  At 8 O  

Since only a few m e a s u r e m e n t s  need to be p e r -  

Relat ive in tens i t ies  can be de te rmined  to  an  accu racy  of 

3-4% for  a well-defined source  geometry .  

often 5-10 mm, la rge  absorpt ion co r rec t ions  have to  be made ,  implying 

a to ta l  e r r o r  of 10-1570 a p a r t  f r o m  s t a t i s t i c s .  

absolute  in tens i t ies  of the s t ronges t  t rans i t ions  as they can be obtained 

at the FRM,  toge ther  with the numbers f rom the R i s d  spec t romete r  

should allow for 5-8% data  as long as the s t a t i s t i ca l  e r ro r  is  small 

enough. 

Because  the sou rce  depth i s  

P r e c i s e  values  of the 

- 8  
The  o v e r - a l l  efficiency of the spec t romete r  i s  3 .5  X 10 

for  41 1 -keV radiat ion and a s m a l l  sou rce  ( F i g .  5 ) .  

m e a s u r e d  with half of the max imum c r y s t a l  window. 

s t a l  ( s ince  it has  undergone twinning) allows only for  the lower p a r t  

to be used.  

Th i s  number was 

The  p resen t  c r y -  

T h e  min imum pa r t i a l  c r o s s  sect ion i s  cu r ren t ly  of the 

o r d e r  of 10 m b  a t  100 keV. The energy  accu racy  i s  proport ional  t o  
-1 -5 E . During s tandard  m e a s u r e m e n t s ,  a prec is ion  of 2-3 X 10 i s  
Y 

obtained for 100-keV l ines ,  

dec reased  by a f ac to r  of 4 ,  t o  yield 5 X 10 

mination a t  100 keV. 

In ex t r eme  c a s e s ,  this  number could be 
- 6  

in re la t ive  energy  d e t e r -  

164 
DY 

F o r  the determinat ion of the neut ron-capture  g a m m a -  



Fig .  5. Comparison of the f i r s t -  second- ,  t h i rd -  fourth-  and fifth- 
198 

o r d e r  ref lect ions of the 411-keV gamma r a y  in Au 
s t rength  is 40 m C .  

. The source  

164 
r a y  spec t rum of Dy a source  of 43 mg Dy 2 3  0 was i r r ad ia t ed  in  a 

thermal -neut ron  flux of 6 X 10 
f r o m  th i s  sample  (enriched 7370 Dy i o % D y  , 150JDy , 20JDy ) 

was measu red  with the ben t - c rys t a l  spec t romete r  at the DR-3 at Risd .  

Because  of the v e r y  high c r o s s  sect ion of D ~ ' ~ ~ ( 2 8 0 0  b) compared to  that 

of  Dy163(120 b),  m o s t  of the  observed  l ines  belong to  

number (about 220) of t rans i t ions  found in  th i s  isotope Dy 

the s e a r c h  for t rans i t ions  occurr ing  in Dy 

13 2 
/ c m  per  s e c .  The  spec t rum emit ted 

163  164 162 161 

The l a rge  

complicated 
165 

164 . Only 49 gamma l ines  

between 40 and 970 keV could be at t r ibuted to  th i s  nucleus,  
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F r o m  the m o s t  intense- low-energy l ines  corresponding to  
t t  t t  

the 4 - 2  and 2 - 0  t rans i t ions  in the ground-state  rotat ional  band ( g s r b ) ,  

the p a r a m e t e r s  A and B in the Bohr-Mottelson energy  formula 

2 2 
E = AI(1 t 1)  - BI (I t 1) 

w e r e  calculated as A = 12.2836(8) keV and B = 8.61(4) eV. 

numbers  the energy  of the 6 

which is 0.59 keV smaller than the exper imenta l  value [ 501. 3 2 ( 2 )  keV] . 
This  value w a s  found f r o m  the 259.09-keV l ine,  which is considered as  

F r o m  these  
t 

s t a t e  was  calculated to  be 500.73(4) keV, 

t t  the  6 -4 t rans i t ion  because  i t s  energy  f i ts  the calculated value as wel l  

a s  can be expected f r o m  a compar ison  with the neighboring even nucleus 

Dy 

3(  - )  compound state. 

162  and because i t s  intensi ty  d e c r e a s e s  as  i s  expected f r o m  a Z ( - )  o r  

The ene rgy  difference of two v e r y  in tense  l ines  at 761 and 

688 keV is equal t o  the ene rgy  of the ground-s ta te  t rans i t ion ;  th i s  leads 

one to  a s s u m e  a level  at 761 keV. 

f i t ted between th is  leve l  and the 4 

the  761-keV level  to be 2.  

ene rg ie s  of 761, 688, and 519 keV was m e a s u r e d  as  0.75: 

in  good ag reemen t  with the theo re t i ca l  r a t io  1.15: 

761-keV leve l  i s  r ega rded  a s  the 2 

a g r e e s  wel l  with Yoshizawa's  value of 770 keV for  the  2 

observed  f r o m  Coulomb-excitation exper iments .  

A t rans i t ion  of 519 keV, which can be 

s ta te  of the g s r b  defines the spin of 
t 

The branching r a t i o  of the t r ans i t i ons  with 

I .  00: 0.015, 

0.012 when the 

g a m m a  vibrat ional  s ta te  (yvs ) .  This  

1 e 00: 
t 

t 
yvs ,  which he 

Assuming tha t  the moment  of i ne r t i a  in  the g a m m a  v ib ra -  

t iona l  band i s  not v e r y  different  f r o m  tha t  i n  the g s r b ,  one can immed-  

ia te ly  conclude tha t  the remain ing  v e r y  in tense  754-keV line goes f rom 

the 3 l eve l  i n  the g s r b .  Then a 586-keV t rans i t ion  to  the 

4' m e m b e r  of the g s r b  i s  t o  be expected with a n  intensi ty  0 .11  t i m e s  

t t 
yvs to  the 2 



11-4, 5 ,  6 

tha t  of the 754-keV line.  

a 6 - t i m e s - s t r o n g e r  584-keV line of Dy 

in  a g r e e m e n t  with the assumption that  the 3 

This  t rans i t ion  was not observed  because  of 

. Thus our  m e a s u r e m e n t  i s  
165 

t 

t + 
and 2 

yvs i s  at 828 keV,  

F r o m  the spacing of the 3 y v s ,  the ene rgy  of the 
t 

4 

with in t e rmed ia t e  intensi ty  w e r e  found: 

673-keV t r ans i t i on  to the 4 
t t t  t 

2 y v s ,  The theory  predic t s  t h r e e  t rans i t ions  t o  the 2 , 4 , and 6 

levels  in  the g s r b  with re la t ive  intensi t ies  1 03: 1 00: 0 . 0 8 .  The  

observed  branching r a t io  i s  0 .5 :  

t o  the 6 

yvs  i s  calculated to  be roughly 916 keV. Actually t h r e e  t rans i t ions  
4- 

a n  843-keV line t o  the 2 and a 
4- 

level  in  the g s r b  and a 154-keV line to  the 

1 , O O .  The th i rd  weak 414-keV line 
t 

s t a t e  could not be found because  of a 300- t imes-s t ronger  
165 

414-keV t rans i t ion  in  Dy 
4- t 

( F i g .  6)  a l lows for  a sufficiently p r e c i s e  de te rmina t ion  of the 5 

at 1025 keV. 

t i e s  1 e 00: 

was  observed .  

The 154.18-keV t rans i t ion  between the 4 and 2 yvs  
9 

yvs  

Two l ines  (782 keV and 523 keV) with re la t ive  in tens i -  

0.075 a r e  expected f r o m  the theory .  The  782-keV line 

The  523-keV t rans i t ion  i s  too weak t o  b e  detected.  

The intensi ty  of the s t rong 215-k.eV line demands  tha t  
-k d- 

the  l ine should go to  the 2 

combination pr inciple  applied to the remaining l ines ,  a few m o r e  

s t a t e s  could be  de te rmined .  

low -ene rgy  t rans i t ions  f ixes  the d is tance  between all leve ls  a round  

1 MeV t o  a v e r y  high extent.  

f o r  the yvb w e r e  calculated a s  

o r  3 yvs .  With the help of the Ritz  

The  v e r y  s m a l l  absolute  e r r o r  of the  

T h e r e f o r e  the p a r a m e t e r s  A '  and B' 

A '  = 11.181(6) keV,  

B '  = 6.46  ( 2 0 )  eV,  

F u r t h e r m o r e  the  ene rgy  of t he  leve ls  could be de t e rmined  to  b e t t e r  

e 

121 
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Fig .  6. Level  s cheme  of a s  der ived f r o m  the  ben t - c rys t a l  m e a s u r e -  
ment  at R i s d .  
and the energ ies  of the levels  a r e  given a t  the r ight  ( in  keV). 
widths of the l ines  in the scheme re f l ec t  the intensi t ies  of the gamma 
t rans i t ions .  

The proposed spins and par i t ies  a r e  given a t  the left 
The  

-4  
than 1 0  

dis tance between the  5 

than the measu red  value 262.83(8) keV. 

f rom all included t rans i t ions  around 700 keV. The calculated 
t t 

and 2 yvs i s  262.76(7) keV, being a little l e s s  

The unassigned levels  at 976 ,  1039, 1122, and 1225 keV have 

a spacing which i s  62.416(14),  83.466(18),  and 102. 37(2) keV-very s i m i -  

lar t o  a rotat ional  band with 

A" = 10. 363(3) keV, B = -2 .2(3)  eV, 
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and a spin sequence of 2 ,  3, 4 ,  and 5. 

4 and 5 s t a t e s  i s  104.73(7)  keV,  differing by 2.4 keV f r o m  the expe r i -  

men ta l  value.  Th i s  difference s e e m s  to be quite l a rge  with r e spec t  to  

the  small number  B. The t rans i t ions  between these  levels  and the yvs 

could b e  wel l  understood ( E l )  i f  the par i ty  of the new band is  a s s u m e d  

t o  be odd. Then t h e r e  r ema in  th ree  questions:  

t rans i t ions  within the band not obse rved?  

The calculated dis tance between the 

( 1 )  Why a r e  the M1 

( 2 )  Why a r e  the E2  t rans i t ions  

E O  weak?  

line then a n  acc identa l  combination ? 

(3)  Is  the ex t r eme ly  faint ( 0 . 0 2  per  1 0 0  neut rons)  248. 35-keV 

The  976-keV s ta te  is  definitely a two-quas i -par t ic le  

The  rotat ional  s ta tes  super imposed  on th i s  level  have to proton s t a t e .  

be  considered a s  tentative.  

The neutron s t a t e s  a r e  expected at higher ene rg ie s .  

F r o m  the neutron separa t ion  energy ,  the l imit  is  about 1300 keV.  

Two weeks ago  I rece ived  a p rep r in t  f r o m  W a Neil and 
164 

R .  Sheline on "Levels  in  Dy f r o m  Deuteron Stripping and Inelast ic  

P ro ton  Sca t te r ing  Exper imen t s .  " It i s  in te res t ing  to compare  the i r  

data  with our  r e s u l t s ,  which w e r e  obtained f r o m  m e a s u r e m e n t  with 

the p rec i se  c r y s t a l  spec t romete r  a lone.  

the energy  region where  Shel ine ' s  r e su l t s  and ou r s  over lap .  

found levels  at 7 2 ( 2 ) ,  240(2),  503(3) ,  7 6 1 ( 2 ) ,  827(5) ,  839(4) ,  919(3),  

976(4 ) ,  1040(4) ,  and 1157(5)  keV (o the r s  a t  1680 and at higher ene rg ie s ) .  

The  7 2 - ,  240- ,  and 503-keV levels  a g r e e  wel l  with our  g s r b .  

gives  A = i 1 , 9 5  keV and B < 3 eV as  an e s t ima te .  

a l i t t le  f r o m  our  numbers .  

the  p a r a m e t e r s  A and (espec ia l ly)  B with reasonable  prec is ion  as  long 

as  the leve ls  a r e  uncer ta in  to  2 o r  3 keV. The 761-keV s t a t e ,  which 

Sheline identifies as  the 2 

Let  us compare  them in 

Sheline 

Sheline 

T h e s e  values  deviate 

I t  i s ,  however ,  imposs ib le  to  define 

t 
y v s ,  a g r e e s  excellently with our  ass ignment .  



The levels  at 827 and 839 keV have not been resolved 

by Sheline.  

d i s tance  along the plate ,  I have t r i ed  to  r ede te rmine  the energy  of 

the center  of these  two l ines .  

interpolat ion between t h e  761- and 919-keV s t a t e s .  The close a g r e e -  

men t  of t h i s  value with o u r  energy ,  828.19 keV, causes  m e  to  believe 

tha t  t h e r e  is  only one s ta te .  

F r o m  his  plot of the proton number  ( h e r e  30 / s t r ipe )  vs  

I found a value of 829(2) keV f rom an  

A fur ther  d i screpancy  is the 1040-keV level  given by 
i- 

Sheline.  He identifies th i s  s t a t e  with the 5 yvs .  We consider  the 

1024-keV leve l  a s  the 5 

the 6 yvs by Sheline.  

we calculate  the energy  of the 6 

in good a g r e e m e n t  with Shel ine ' s  1157(5) keV,  

s t i l l  be t t e r  when we consider  tha t  the calculated value is t o  be ex-  

t 

F r o m  our  p a r a m e t e r s  A '  and B '  for  the yvb, 

yvs .  The  1157-keV level  is a t r i b u t e d t o  
t 

t 
yvs to be 1153.2(2) keV, which is 

The  ag reemen t  i s  

pected at a lower energy  than the observed  leve l  (d i f fe rence  < l  
t 

keV).  

at 1024 keV, a s  proposed by u s .  

Th i s  a g r e e m e n t  i s  t he re fo re  a s t rong  evidence for  the 5 yvs 

Since Sheline does not expect apprec iab le  excitation 

of two-quas i -par t ic le  proton s t a t e s  in  the ( d , p )  reac t ion ,  the only 

explanation could be tha t  She l ine ' s  1040(4)-keV should l ie at 1024 keV. 

It  i s ,  however ,  n e c e s s a r y  to  mention tha t  Sheline saw the 976-keV 

s t a t e ,  which s e e m s  not to be a collective level .  

Lu 177 Levels  

Rotational s t a t e s  have been wel l  es tabl ished in  the 

region of deformed nuclei ,  espec ia l ly  among the r a r e  e a r t h s .  

energ ies  of t hese  s t a t e s  a g r e e  with the leve ls  calculated f r o m  the 

The 

h 
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e quati  on  

E = AI(I t 1). 

A compar ison  of sufficiently p r e c i s e  exper imenta l  data  with the 

va lues  obtained f r o m  the above formula  r evea l s  deviations which 

can be accounted for by introducing the ro ta t ion-v ibra t ion  in t e r  - 
ac t ion  t e r m .  This  i s  done in the Bohr-Mottelson energy  re la t ion  

2 2 E = AI(I t 1) - BI (I $. 1) a 

V e r y  p r e c i s e  ene rg ie s  of the t rans i t ions  between ro ta t iona l  s t a t e s ,  

such  as those  that can be observed  and m e a s u r e d  with c r y s t a l  

s p e c t r o m e t e r s ,  allow for  a t e s t  of the improved  formula .  

The g a m m a - r a y  s p e c t r a  emi t ted  a f t e r  neutron 

capture  o rd ina r i ly  contain only a few t r ans i t i ons  between the m e m -  

b e r s  of a ro ta t iona l  band in odd nuclei .  This  i s  due to the fac t  tha t  
1 

the  spin of t he  compound s t a t e  i s  - 
2 

spin s t a t e s  w i l l  be populated with m e a s u r a b l e  intensi ty .  

evident tha t  the eff ic iency of the ene rgy  re la t ion  can be t e s t ed  b e s t  

b y h x p e r i m e n t a l l y  determining a s  many s t a t e s  a s  poss ib le  in  a r o t a -  

t iona l  band 

Consequently,  only low- 

I t  i s  

A c a s e  in which this can  wel l  be done by neut ron-  

capture  g a m m a - r a y  s tudies  i s  the odd-proton nucleus Lu1770 Th i s  
1 7 6  

c a s e  i s  except ional  in  tha t  the s o u r c e ,  Lu 

which can,  however ,  be eas i ly  used  because  of i t s  l a r g e  half- l i fe  

( 2  X 10 y r ) .  The  ground-s ta te  spin of Lu i s  7 , allowing for a 

, i s  an  odd-odd nucleus 

1 0  176 - 
177 

population of leve ls  up to  1 7 / 2  i n  Lu . An 8 . 5 - m g  sample  of en -  
176 176 175 

r i ched  Lu oxide (74.570 Lu , 25.570 Lu ) w a s  enough to  produce 

a to t a l  s o u r c e  ac t iv i ty  of about 180 Cur i e s  because  of the high c r o s s  
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sect ion (4000 b) .  

keV were  found during the i r r ad ia t ion  of this  source  with the rma l  neutrons 

(F ig .  7) .  

A to ta l  of 220 l ines  with ene rg ie s  between 40 and 920 

L" - 

K.912 5141 

17 7 
F i g .  7 .  The level scheme of Lu as defined by the ben t - c rys t a l  m e a -  

su remen t s  a t  Risd .  
keV) a r e  given to  the left o r  r ight of each level .  
quantum numbers  a r e  given below each  band. 

The proposed sp ins ,  pa r i t i e s ,  and energ ies  ( in  
The K values  and 

177 The ground-state  rotat ional  band (K = 7 / 2  t [ 4041 in Lu 

has been observed by 0. B. Nielsen during decay s tudies .  Part of the 

s t ronges t  t rans i t ions  in the neutron-capture  g a m m a - r a y  spec t rum m e a -  

su red  with the R i s d  spec t romete r  could c lear ly  be at t r ibuted to the 

t rans i t ions  between the lower six levels  of t h i s  rotat ional  band. The 

ass ignment  was s t ra ight forward ,  where the v e r y  p rec i se  energ ies  of the 

gamma l ines  proved to be ve ry  helpful. 

The 150.3-keV line w a s  found to be ex t remely  intense.  

This  is s t rong evidence f o r  an  E l  t rans i t ion  f rom another Nilsson s ta te  
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1 -7 
to  the ground s t a t e .  T h e  r a t h e r  long half-l ife of th i s  s ta te  ( 1 . 2  X 10  

s e c )  ind ica tes  a s t rong  hindrance fo r  the t rans i t ion .  Th i s  is in a g r e e -  

m e n t  with the assumpt ion  that  the 150. 3-keV level  is ident ical  with the 

K = 912 [ 5141 s t a t e .  T h i s  level  and the f i r s t  excited s t a t e  of the  r o t a -  

t ional  band super imposed  on the [ 5141 s t a t e  have a l r e a d y  been  observed .  

Apar t  from the v e r y  p r e c i s e  ene rg ie s  of t hese  two t r ans i t i ons ,  we found 

six s t rong  g a m m a  l ines  corresponding to t r ans i t i ons  depopulating the 

1 7 / 2 ,  1 5 / 2 ,  and 1 3 / 2  rotat ional  levels  in th i s  band. 

2 

Application of the Ritz  combination pr inciple  on the 

remain ing  s t rong  t rans i t ions  resu l ted  in a th i rd  rotat ional  band with a 

spin sequence 5 / 2 , 7 / 2 ,  9 / 2 ,  e t c .  In fac t ,  such  a band is to  be  expected 

f r o m  the Ni l sson  mode l  predicting a K = 5 / 2  t [ 4021 s t a t e  at a n  ene rgy  

of s e v e r a l  hundred keV. 

f r o m  the 5 / 2  leve l  t o  the ground s ta te  should be  s t r o n g e r  than the 

7 1 2  -512 t r ans i t i on  demands  the 512 level  to be at 457.9 keV,  c o r r -  

esponding to  the s ingle  remain ing  l ine with sufficient in tens i ty  in  

the whole e n e r g y  range .  

The  t r iv i a l  r equ i r emen t  tha t  the t r ans i t i on  

Seve ra l  t r ans i t i ons  f r o m  the K = 5 / 2  leve ls  t o  the  K = 7 / 2  

s t a t e s  a r e  obse rved ,  as  can  be expected f r o m  t h e i r  M i ,  E2 mul t i -  

po la r i t i e s  - 
F r o m  the v e r y  p r e c i s e  e n e r g i e s  of the gamma l ines ,  

the p a r a m e t e r s  A and  B in  the Bohr-Mot te l son  ene rgy  fo rmula  w e r e  

1 
H. deWaard ,  Phi l .  Mag 46, 445 (1956).  T h i s  half- l i fe  was  d e t e r -  i r  

e mined  f r o m  the decay  of Yb 

2 7 4 
Lines  at 119 o r  121.2 keV and at 146 o r  150 .2  keV w e r e  obse rved  

by J .  Lindskog,  T .  SundstrGm, and P. S p a r r m a n ,  Ark iv  F y s i k  23 ,  - 341 
(1963) a n d  by J .  P. Mize ,  M. E .  Bunker ,  and J .  W .  S t a r n e r ,  P h y s .  
Rev .  103 ,  182 (1956).  The  l a t t e r  a l s o  found t h r e e  addi t ional  t r ans i t i ons  
at 1 . 2 4 ,  1 . 1 2 ,  and 1 . 0 9  MeV. 

-- I- 
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TABLE I .  P a r a m e t e r s  A and B i n  the  Bohr-Mottelson ene rgy  fo rmula  
2 2 2 2 

E = A[I( I  t 1) - J-,(Io t I ) ]  - B I I  ( I  t 1 )  - I o  ( Io  -I- 1 )  1 .  

121, 620 0 .003  
0 .005  [ 4041 13.7855 0.0020 6 .72  0 . 0 5  147 ,  165 

138, 606 0 .005  
162,  492 0.004 

12.8543 0 . 0 0 2 0  4 . 2 0  0 . 0 3  [ 5141 

94, 131 0.003 
119, 836 0 . 0 0 3  

13.6533 0.0009 8 . 3 5  0 . 0 5  

de t e rmined  as  shown in  Table  I .  

of the t r ans i t i ons  between the h igher  m e m b e r s  of the ro ta t iona l  band 

under  cons idera t ion  could be calculated.  

calculated ene rg ie s  with the m e a s u r e d  va lues .  The  difference between 

the calculated and m e a s u r e d  ene rg ie s  is  v e r y  small and i n c r e a s e s  with 

I .  

the expe r imen ta l  ones .  

and l a r g e r  (a fac,tor of 3) in the 5 / 2  band where  B = 8. 3 eV. 

F r o m  these  n u m b e r s  the e n e r g i e s  

Table  I1 c o m p a r e s  t h e s e  

74- 5+ 
In the  - and - bands ,  the theo re t i ca l  e n e r g i e s  a r e  s m a l l e r  than 

2 2 
The  deviation i s  l e s s  in the 7 / 2  band ( B  = 6 .7  e V )  

In the 9 / 2  

band,  however ,  E i s  l a r g e r  than E 
theo r  expe r  

The  amount  of deviation 

i s  l a r g e r  than one would expect  f r o m  the v e r y  s m a l l  value of B (4.2 eV) .  
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I 
. -  

TABLE 11. Compar ison  between the calculated and the m e a s u r e d  
va lues  of the ene rg ie s  of the t rans i t ions  between the higher m e m b e r s  of 
the ro ta t iona l  band 

7+ 
Band[404]  K = - 2 

912 ,712 * m .  1 0 .  121.620 0.003 

ii/2 -912 D O 0  . . "  147 165 0.005 

1312 - 1 l f 2  171.83 0.06 171 868 0,008 

1 7 1 2  -.15/2 217.84 0.12 218,097 0.011 

15/2 -13/2 195.44 0.09 195,562 0.009 

9- Band[514] K = - 2 
11 f2 +9/2 0 " .  * I .  138.606 0.005 

1312 - 1 1 / 2  - 0 .  162,492 0,004 

1512 ,1312 185.72 0.06 185.597 0,009 

1712 ,1512 208.20 0.08 207.798 0,008 

5+ 
Band [402] K = - 

2 
712 -512 - 0 .  . . O  94.131 0.003 

9J2 --TI2 . D .  . . s  119.836 0.003 

0.006 1 1 / 2  -912 144.62 0.02 144.746 

1312 -1IJ2 168,32 0.03 168,607 0,006 

1512 - 1312 190.70 0.04 191.494 0,009 

1 7 J 2  ,1512 211.59 0.07 (212.846) 0.016 
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R .  K.  SMITHER, Argonne National Labora tory :  In 

, the lowest energy  exci ted-s ta te  r o t a -  
164 

your level  scheme of Dy 

t ional  band (K = 0 )  had s t rong  t rans i t ions  to the ground-state  rotat ional  

band. 

t o  the ground s ta te .  

could you s e t  an  upper limit on the intensi ty  of the miss ing  t r a n s i -  

t ions re la t ive  t o  the s t rong  l ines  tha t  you obse rved?  

A number of levels  above this  band have v e r y  weak t rans i t ions  

Would you c a r e  to comment  on these  s t a t e s ,  and 

SCHULT: These  unassigned s t a t e s  s e e m  to cor respond 

t o  two-quas i -par t ic le  proton s t a t e s  whose configuration I do not quite 

understand.  

tha t  i t  had a total intensi ty  of only 170, but w e  have not found any  

o the r s .  

observed  them because  our limit a t  this  ene rgy  i s  roughly 0 .6%.  

I think the re  was one line going t o  the ground s ta te  and 

It i s  possible tha t  t h e r e  a r e  weak t r ans i t i ons ,  but w e  have not 

SMITHER: I have found in  the pas t  that  t h e r e  often i s  

a r a t i o  of 10 o r  m o r e  in  the r e l a t ive  intensi ty  in  s i m i l a r  s i tuat ions.  

This  i s  consis tent  with your work.  

J. W KNOW LES,  Chalk River  Nuclear  Labor 'atory: 

Could you tell  us  something about th.e equipment? 

width? 

What i s  the m o s a i c  

SCHULT: The mosa ic  width was m e a s u r e d  to  be l e s s  

than 4", using a v e r y  small improvised  s p e c t r o m e t e r ,  only to  t e s t  

the width. 

KNOWLES: Is th i s  q u a r t z ?  

SCHULT: Yes,  it is  quar tz  curved to 5 . 7  m. I t  i s  4 mm 

thick; the ref lect ion planes a r e  the (110)  planes having a grat ing constant 

of 2 . 5  A W e  have a line width of 7 , 2 " .  
0 
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S.  MOSZKOWSKI, Universi ty  of Cal i fornia ,  Los Angeles:  

I am wondering if you have looked at a l l  the higher  o r d e r  t e r m s ,  i .  e . ,  

the  I (I t 1) t e r m ,  e t c .  

SCHULT: 

3 3 

What we found is  tha t  when we u s e  th i s  v e r y  
2 2 

s imple  fo rmula ,  1(1 I- 1 )  and I (I  t 1) , then we f i t  the first two t r a n s i -  

t ions .  

usual ly  find deviations at the higher t r ans i t i ons .  

within our  e r r o r  for  the [ 4 0 4 ]  band of Lu 

the  th i rd  p a r a m e t e r  is mean ing le s s .  

the ground-s ta te  rotat ional  band of Dy 

for the cubic t e r m .  

difference between the calculated value and the m e a s u r e d  value fo r  the 

t r ans i t i on  f r o m  the 6 level  to  the 4 level .  We have a l s o  obse rved  

such  a difference for Dy 

Then on comparing the calculated and m e a s u r e d  va lues ,  we 

T h e s e  w e r e  nea r ly  
177 , s o  the quest ion about 

But when, for  example ,  you u s e  
164  , then you ge t  th i s  p a r a m e t e r  

I think we have B = 8 eV. We then find a c l ea r  

t t 

162  
; and it i s  p re sen t  in  the o ther  nuclei .  

MOSZKOWSKI: Can you s a y  anything s y s t e m a t i c  about  

tha t  t e r m ?  

SCHULT: I can s a y  a l i t t le  bi t .  Normal ly  we find that  

the calculat ion gives  a leve l  a l i t t le  below the  expe r imen ta l  l eve l .  
2 2 

Th i s  m e a n s  that  the -BI (1 +- 1) cor rec t ion  i s  too s t rong .  

MOSZKOWSKI: That  i s  what you would expect  i f  you 

take  I(1 t 1)  only.  
2 2 

l e s s  rap id ly  with I ,  so you put in  the I (I  t 1) 

a l i t t le .  

You need something that  m a k e s  the e n e r g i e s  i n c r e a s e  

t e r m  and  it o v e r - c o r r e c t s  

SCHULT: That  i s  t r u e .  

MOSZKOWSKI: J u s t  to give a rough i d e a ,  can  you m a k e  
3 3 

a rough d imens iona l  ske tch  f o r  the I ( I  t 1) t e r m ?  Would tha t  be about  

the r igh t  o r d e r  of magnitude-just  roughly? 



132 11-4, 5 ,  6 

SCHULT: With 

But when I t e s t  it ,  

, but only 

t rans i t ion .  

not observe  in Dy 
164 

MOSZKOW SKI: 

3 
the I ( I  t i f t e r m ,  I can fit the  th i rd  

I need a fourth t rans i t ion  which we do 

in Lu . 177 

Does it not make  any  improvemen t?  

SCHULT: I t  does improve  it; but the line ene rg ie s  m u s t  

be v e r y  accu ra t e  for  a compar ison ,  and the cubed t e r m  i s  only of the  

o r d e r  of 0.  3 eV o r  much less. 

might  be left .  

It i s  then a s m a l l  difference,  which 
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11-7. CAPTURE GAMMA RAYS FROM DYSPROSIUM 

H. T .  Motz and R .  E .  C a r t e r  

Los  Alamos  Scientific Labora to ry ,  Los A l a m o s ,  New Mexico 

The  Loc Alamos  Compton s p e c t r o m e t e r  h a s  some  

outstanding p rope r t i e s  that  a r e  impor tan t  to i t s  u s e  in  de te rmining  

ene rgy  leve ls  of r e s idua l  nuc le i ,  which can be a g r e a t  a id  in  nuc lea r  

spec t roscopy.  

(a)  

T h e s e  m a y  be  br ie f ly  s u m m a r i z e d  as  follows: 

The  reso lu t ion  is  high and  al lows the c l ea r  s epa ra t ion  of l ines  

differing by some  30 keV at ene rg ie s  as  high a s  8 MeV. 

(b)  T h e  l inear i ty  and  s tabi l i ty  of the in s t rumen t  a r e  a l s o  high enough 

that  ene rgy  d i f fe rences  of wel l - reso lved  h igh-energy  gamma 

rays can be de te rmined  in  most c a s e s  to  l e s s  than 1 keV,  even 

up  t o  10 MeV. 

( c )  The  s p e c t r a l  r e s p o n s e  is  good enough that  l e a s t - s q u a r e s  fitting of 

da ta  is  s t ra ight forward  and r e s u l t s  in  a m a x i m u m  exploitation 

of the  above p rope r t i e s  with high confidence and with r e a l i s t i c  

s t anda rd  e r r o r s .  

( d )  T h e  background is  low and the sensi t ivi ty  adequate  so  tha t  t r a n s i -  

t ions  l e s s  than 1 p e r  1000 neu t rons  captured  can  be  m e a s u r e d  

with varying a c c u r a c y  when they a r e  sufficiently we l l  i so la ted .  

T h e  above c h a r a c t e r i s t i c s  p e r m i t  the h igh-energy  da ta  

obtained to  be compared  in  de ta i l  with the low-energy cap tu re  s p e c t r a ,  

with rad ioac t ive  decay  da ta ,  o r  with the cor responding  (d ,  p) reac t ion .  
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The ini t ia l  t a r g e t s  used with the ins t rument  were  

ni t rogen,  bery l l ium,  and sodium, which allowed the detailed de t e r  - 

mination of the line shape ,  the sensi t ivi ty ,  and the cal ibrat ion by 

m e a n s  of the well-known l ines  f r o m  the Na 

e lement  reac t ions  produce so  few gamma r a y s  that  it was poss i -  

ble t o  de r ive  closed decay schemes  of high uncertainty.  

w i l l  be  d iscussed  in  a paper  11-11 of th i s  meet ing under the t i t le  

"Capture  G a m m a  Rays and  Neutron Binding Energ ie s"  and w i l l  

24 
decay. The l ight-  

These  

not be d i scussed  in  de ta i l  h e r e .  

in 1960 involved the decay  of the 1 . 2 - m i n  i s o m e r i c  s t a t e  of 

Dy 

Dy . These  rad ioac t ive-decay  s tudies  gave some  in te res t ing  

information concerning a level that could not be fi t ted to  the 

expected Nilsson a s s ignmen t s  for Ho 

mined tha t  th i s  level  was f r o m  a gamma vibrat ional  band in  Ho 

At the suggestion of D r .  M. E. Bunker ,  we decided t o  examine 

the g a m m a - r a y  s p e c t r u m  f r o m  na tu ra l  dysp ros ium,  which cons is t s  

mos t ly  of the  capture  in the  reac t ion  Dy (n ,y)Dy . The idea  

of this  invest igat ion w a s  t o  confirm tha t  the a s s u m e d  1 ~ 2-min  

i s o m e r  of about 108 keV in Dy 

mining the  spins  of the daughter s t a t e s  i n  Ho 

s e e  a pa i r  of l ines  going to  the 1 / 2  s t a t e ,  believed to cor respond to  

the Nilsson [ 5 2 1 ]  orb i ta l  and to  the f i r s t m e m b e r  ( sp in  3 / 2 )  of the 

rotat ional  band s o m e  50  keV above it, but jus t  what in  addition w a s  

Other  work in  our  labora tory  

165 165 
to  Ho 

165 
, a s  wel l  as the ground-s ta te  decay of the 2 .  3-hr 

165 , and it was l a t e r  d e t e r -  
165 . 

1 

164 165 

165 
has  spin 1 / 2  a s  a s s u m e d  in  d e t e r -  

165 . We expected to  

1 
F. P. Crans ton ,  M. E. Bunker,and J .  W .  S t a r n e r ,  Bull .  Am.  

Phys .  SOC. 5 ,  255 (1960).  - 
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not known except  f r o m  the  ini t ia l  work of Groshev .  The  spec t rum that e 
we observed  is  shown in F ig .  1. T h e r e  was  a l m o s t  no information ava i l -  

301 

F i g .  1 .  High-energy g a m m a - r a y  spec t rum f r o m  a 17-g sample  of na tu ra l  
d s r o s i u m  in graphi te .  The l ines  at 3 .7  and 4.95 MeV a r e  f r o m  
c (n,y)c13. 

X2p 

165 
able  at the t ime  regard ing  the levels  in Dy ; the  binding ene rgy  was  not 

known to  sufficient accu racy ,  so we could not re l iab ly  s ta te  that  the pa i r  

of l ines  at 5 . 6  MeV ( sepa ra t ed  by 49.7 t 0 . 4  keV) w e r e  indeed the sought 

pa i r .  

purposes  and is shown only as a n  i l lus t ra t ion  of how he lp less  a capture-  

So the exper iment  w a s  considered of no u s e  for  our  immedia te  
2 

2 
H. T .  Motz and  R .  E.  C a r t e r ,  Proceedings  of the Internat ional  

Conference on Nuclidic M a s s e s ,  Hamilton, Ontar io ,  1960, p. 299. 

I 3 5  
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g a m m a - r a y  experiment  can be  even i n  determining binding energ ies  when 

other  information i s  not avai lable .  

how complicated r a r e - e a r t h  spec t r a  can be and of why even higher r e s o l -  

ution is  des i rab le .  

The situation remained  dormant  until  the needed additional 

I t  is a l s o  an  in te res t ing  example of 

exper iment  w a s  done independently in  1962 as  p a r t  of the F lor ida  State 

Universi ty  (d ,p )  p rogram in  the deformed-nucleus region. This  w a s  the 

Dy (d ,p)Dy reac t ion  observed by Shelton and Sheline. The c o r r e -  

spondence of the Q values  observed  in the ( d , p )  and the (n ,y )  reac t ions  

is  shown in  F ig .  2 and is summar ized  for  the higher t rans i t ions  leading 

164 165 3 

7R' I 

I 
45x4 xm I SMX 

164 165 164 1 65 
Fig .  2. B a r  plot of Q values  ass igned  to  Dy (d,p)Dy and Dy (n,y)Dy , 

where the (d ,p)  values  have been increaed  by 2225 keV to allow a m o r e  
d i r ec t  comparison.  
for the ( d , p )  peaks ass igned  to  DyE5, but only some of these  index 
numbers  a r e  shown. The  index number f o r  an  (n ,y )  peak is shown 
when it is believed to  cor respond to  a similar Q value for  the (d ,p ) .  
The unobserved ground-state  Q value of 5715 keV is labeled "G". 
peaks sketzhed at1%680 and 4950 keV for  the (n ,y )  c r o s s  sect ion indicate 
that  the C (n,y)C l ines  obl i te ra te  p a r t  of the spec t rum.  

The  numbering sequence is chosen t o  be regular  

The 

3 
W .  N. S h e l t o n a n d R .  K .  Sheline,  Bull. Am.  Phys .  SOC. 7, 569 (1962) - 

and pr ivate  communication. 
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t o  levels  below 1 . 2  MeV in  Table  I .  As  can be seen  f r o m  these  p r e s e n -  

ta t ions ,  the cor respondence  i s  surpr i s ing ly  good and furn ished  the 

incentive and the informat ion  needed to  r e -examine  Dy' 65 

confirmed our  1960 data  with higher  a c c u r a c y .  

Two b a s i c  c h a r a c t e r i s t i c s  of the r eac t ion  m e c h a n i s m s  ; 

We have 

impor t an t  in  the  in te rpre ta t ion  of t hese  r e s u l t s .  

cap ture  s p e c t r u m  i s  expected to  be dominated by e lec t r ic -d ipole  - t r a n s  

t ions which then exci te  s t a t e s  of sp in-par i ty  - o r  - s ince  the t a rge t  
2 

nucleus Dy i s  even-even  and h a s  sp in-par i ty  0 I Thus  we would 

expect  that  the s t ronge r  h igh-energy  l ines  belong to  th i s  l imited c l a s s  

of f inal  s t a t e s ,  al though the  possibi l i ty  of M i  t r ans i t i ons  to  posi t ive-  

First ,  the thermal- 

i -  3 

164 2 +  

r e  

- 

par i ty  s t a t e s  cannot be  ru led  out,  espec ia l ly  for  the somewhat  weake r  l ines .  

Th i s  can be quantitatively checked s ince the capture  o c c u r s  a l m o s t  c o m -  

pletely in a r e sonance  of known width,  T h e  ( d , p )  r eac t ion ,  on the o ther  

hand,  can t r a n s f e r  many  uni ts  of angular  momentum and thus  exc i te  

s t a t e s  of m u c h  higher  spin values.. A m o s t  impor t an t  added fea ture  of 

the ( d , p )  r eac t ion  i s  that  the differenct ia l  c r o s s  sect ion depends upon 

the c h a r a c t e r i s t i c s  of the deformed s t a t e .  By m e a n s  of the theo re t i ca l  

e s t i m a t e s  fo r  t hese  d i f fe ren t ia l  c r o s s  sec t ions ,  one can often de t e rmine  

from relat ive intensit ies of the (d,p) g r o u p s  to wh.at  de fo rmed  states they 

migh t  be  a s s igned .  

By a judicious combination of t hese  p r o p e r t i e s ,  it has  
4 

been  possible  to  tentat ively a s s i g n  s o m e  27  leve ls  t o  five Ni l sson  

s t a t e s  and  t h e i r  ro ta t iona l  m e m b e r s  and  to  two ( K - 2 )  g a m m a  vibrat ional  

4 
R .  K .  Shel ine,  W .  N. Shel ton,  H. Motz,and R, E. C a r t e r  ( t o  be 

published) 
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TABLE I. Preliminary values of the energies of the Dyi65  levels. 

11-7 

Group Excitation energy (keV) 
No. (d, P) (n,y) Be st value Comments 

1 Ground state; not observed. 

2 84 

3 1 0 8 . 2  108 .2  1 0 8 . 2  Reference level. 
~ 

4 1 5 9 . 2  1 5 8 . 5  1 5 8 . 7  

5 1 8 1 . 1  

7 263  (262)  

8 a  295 .8  

8b 302 .7  

9 336 .0  

10 3 5 9 . 4  

11 480 

12 522 

1 3  5 37 5 3 9 . 4  

1 6 4  (n,y) line prob. not from Dy (n,y) 

(d,p) line possible doublet 

14 576 5 7 2 . 2  (d,p) line possible doublet 

15  607 6 0 5 . 9  606 

16  629  

17 658 

18  710 

19 778  

20 885  

21 92 1 

22 1056 

2 3  1106 1103  1104 

24 1144 

25 1167 1167 1167 
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8 0 0 1  
Y Y 

359 

4001303 263 

336 
296 

658 

607 312- C5213? 

Dy165 

L ASL August 1963 

E5 
Fig .  3. Proposed level scheme and Nilsson assignments for Dy . Values 

on the left-hand s ide of a level  a r e  the excitation in  keV f rom t h e  (d ,p )  
react ion (when observed) ;  those on the right a r e  f rom the high-energy 
( n , y )  t rans i t ion  (when observed) .  
is the 108-keV level  which i s  the 1 .  2-min i s o m e r i c  s ta te .  The dashed 
levels  have not been observed in e i ther  the ( d , p )  or the high-energy 
(n ,y )  spec t r a .  
be assoc ia ted  with the orb i ta l s  above which they a r e  drawn.  
low -energy t rans i t ions  a r e  observed with a scinti l lat ion spec t romete r .  

The r e fe rence  s ta te  fo r  all values  

The two K - 2  gamma vibrat ional  bands a r e  believed to  
The four 

bands built upon two of these  Nilsson s t a t e s .  

in  F ig .  3 ,  which gives the (d ,p )  excitation values  on the left-hand side of 

an observed level  and the ( n , y )  excitation value on the r igh t ,  when a l s o  

observed .  A dashed line indicates  a level tha t  i s  not observed  in e i ther  

the ( d , p )  or  ( n , y )  high-energy spec t r a  but i s  i n fe r r ed  f rom the assigned 

level  cha rac t e r i s t i c s  of the other band m e m b e r s .  If these  ass ignments  

t o  g a m m a  vibrat ional  bands a r e  indeed c o r r e c t ,  then they a r e  the f i r s t  

such bands assigned to an  odd-neutron orb i ta l .  

These  ass ignments  a r e  shown 
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It  should be noted that  the 24  leve ls  f r o m  the  (d ,p )  

reac t ion  shown in  Tab le  I a r e  f r o m  a s e t  of s o m e  79 corresponding 

to  a n  excitation of up to  3 MeV. 

a r e  s i m i l a r l y  f r o m  a s e t  of some 150. 

lying s t a t e s  shown in  F i g .  3 const i tute  only a small f rac t ion  of the  

avai lable  information,  and it is  hoped that  the  decay scheme  can be 

extended to  somewhat  h igher  ene rg ie s  -at l e a s t  fo r  the s t ronge r  

t r ans i t i ons .  

obtained with a sample  of na tu ra l  dysp ros ium and that  the weaker  

l ines  a t  high e n e r g i e s  m a y  be f r o m  other  i so topes .  Some of the 

s t ronges t  obse rved  l ines  at low ene rg ie s  (below 1 . 5  MeV) a r e  in  

fact f r o m  other  i so topes .  

The  eight g a m m a  r a y s  f r o m  Dy 

The  data  leading t o  the low- 

It should be  emphas ized  that the capture  s p e c t r u m  is 

5 

5 
During the above work we rece ived  p r e l i m i n a r y  da ta  

-a s e t  of low-energy g a m m a - r a y  t r ans i t i ons  f r o m  the  Munich g roup  

working at R i s b  with a new c u r v e d - c r y s t a l  diffract ion s p e c t r o m e t e r .  

We a r e  now in the p r o c e s s  of a t tempting to  f i t  t hese  v e r y  a c c u r a t e  

g a m m a  r a y s  into our  proposed level  s cheme  t o  s e e  i f  both the energy 

a s s ignmen t s  and rotat ional  c h a r a c t e r  a r e  cons is ten t  with the R i s d  

ene rg ie s  and in t ens i t i e s .  

information on Dy' 65, taken by John Neill  at Brookhaven,  which 

a p p e a r s  cons is ten t  with F i g .  3. 

A l so ,  we have ju s t  r ece ived  coincidence 
6 

The v e r y  l a t e  t iming  of th i s  work does  not p e r m i t  

m o r e  than th i s  br ie f  p r o g r e s s  r e p o r t  at th i s  t i m e .  But  th i s  e x p e r i -  

5 
0. W .  B.  Schul t ,  B .  P. M a i e r ,  and U.  G r u b e r  (p r iva t e  commun-  

ication,, August 1963).  

6 
J .  Neill  (p r iva t e  communicat ion,  September  1963) .  
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m e n t  i s  a n  excel lent  example of many  of the unavoidable f ea tu res  of 

neu t ron -cap tu re  g a m m a - r a y  spec t roscopy,  at l e a s t  for the  m o r e  com-  

plicated s p e c t r a .  

except  for  the h igh-energy  gamma r a y s  going to  the f i r s t  1-2 MeV 

of exci ta t ion,  cannot be even fi t ted together  un less  e x t r e m e l y  high 

p rec i s ion  i s  ava i lab le .  But even th i s  l imited c l a s s  of h igh-energy  

t r ans i t i ons  does not lead to much useful information in i t se l f .  

S i m i l a r l y ,  the ( d , p )  reac t ion  in i tself  i s  often incapable  of making 

re l iab le  a s s i g n m e n t s  un le s s  a complete  angular -cor re la t ion  e x p e r i -  

m e n t  i s  done.  But the combination of the r e s u l t s  f r o m  s e v e r a l  

d i f fe ren t  expe r imen t s  [ low-energy  s p e c t r a ,  h igh-energy  s p e c t r a ,  

coincidence s p e c t r a ,  and  the ( d , p )  reac t ion]  can  lead t o  a mutua l ly  

beneficial  col laborat ion even for v e r y  complex s p e c t r a  a 

The o rde r ing  of the gamma r a y s  i s  not known and ,  

L .  M. BOLLINGER, Argonne National Labora to ry :  You 

mentioned the s t a t i s t i c a l  a c c u r a c y  with which you could m e a s u r e  

a n  energy  d i f fe rence .  You s t r e s s  tha t  th i s  was  not a s y s t e m a t i c  

e r r o r .  

c a s e ?  

What would you e s t ima te  your sys t ema t i c  e r r o r  i s  i n  tha t  

MOTZ: I think we would probably have two or t h r e e  t i m e s  

tha t  e r r o r  in the c a s e  of T i .  

which Bob C a r t e r  w i l l  g ive ,  name ly ,  that  the nonl inear i ty  of the 

i n s t r u m e n t  d e t e r m i n e s  the  sys t ema t i c  e r r o r  

know the e r r o r  a t  th i s  t i m e .  

but it will  be t h r e e  t i m e s  the  e r r o r  ment ioned.  

T h i s  w i l l  be  mentioned in  the  paper  

We r e a l l y  do not 

We a r e  ne i the r  op t imis t s  or p e s s i m i s t s ,  



R .  K .  SMITHER, Argonne National Labora tory :  T h e r e  i s  s t i l l  

a need for the absolute  energy  cal ibrat ion of t hese  high-energy l ines .  

Do you fo r see  any future  advances tha t  would enable you t o  pin down 

the absolute  values  of the high-energy gamma r a y s  to  this  a c c u r a c y ?  

MOTZ: No.  I think it can  be  improved;  but  the problem i s  

with the nonl inear i t ies  of our  i n s t rumen t .  

in C a r t e r ' s  ta lk  ( P a p e r  11- 1 1 ) .  

Th i s  wi l l  also be d iscussed  

SMITHER: D o  you f ee l  t ha t  in  the n e a r  future  you w i l l  not be 

able  t o  ca l ib ra t e  the nonl inear i t ie  s ? 

MOTZ: If t h e r e  w e r e  m o r e  l ight-element  c a s e s  to check,  o r  

i f  we could de r ive  a n  e r r o r  cu rve  f r o m ,  s a y ,  1 to  10 MeV which might  

be good to be t t e r  than 0 . 5  keV,  then we could make  a co r rec t ion  to 

these  values  and use  s t a t i s t i ca l  e r r o r s .  But that  i s  not possible  a t  

th i s  t i m e .  

P. A X E L ,  Universi ty  of Il l inois:  I guess  I am jus t  a l i t t le 

confused a s  to why you want the absolute  va lues .  

d i f fe rences ,  tha t  is  the only thing you need.  

points ? 

If you can ge t  the 

How do you weight your 

M O T Z :  We have a n  in t eg ra l  number of counts .  They  a r e  

observed  for  each  magnet ic  field set t ing o r  for  each energy  in t e rva l  

that  we apply.  Then we  use  the  squa re  root  of the number  of counts.  
2 

A VOICE: D o  you have any values  of j( ? 

MOTZ: 
2 

Occasional ly  the value of x per  deg ree  of f reedom i s  

be t t e r  than 1 (which i s ,  of c o u r s e ,  to  be expected) but we w i l l  often 

accept  a value a s  high a s  5 or so  fo r  x 2 per  deg ree  of f r eedom.  
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11-8. BENT-CRYSTAL MEASUREMENTS ON GAMMA RAYS FROM 
-_--I- * "..._ --. .- 

J. 
- ..- ... 

NEUTRON CAPTURE IN INDIUM' __-- ._ 
,I *._ 

W .  John and R .  W .  Jewel1 

Lawrence Radiation Labora to rv ,  L i v e r m o r e ,  California 

We have used a 2-m bent -quar tz -crys ta l  spec t romete r  to  

m e a s u r e  the energ ies  (ranging f rom 85 to 1300 keV) of the g a m m a  r a y s  

emit ted f r o m  a n  indium t a rge t  exposed to  neutrons f r o m  the L ive rmore  

r e a c t o r .  The  exper imenta l  layout i s  shown in F ig .  1. 

REACTOR SHIELD 

2 METER RADIUS 
REACTOR CORE BENT WART2 CRYST 

F i g .  1. Layout of bent-  
c r y s t a l  spec t romete r .  

' CONJUGATE FOCUS' I 
5.3 M.. FOR Ey 

D m  
63 PARAFFIN 

YPSONITE 

T h e r e  is  7 i n .  of lead between the reactor  core  and the 

t a rge t  which is si tuated in the through tube where the flux i s  approximately 

6 X 10 c m  sec  , The ta rge t  consisted of high-purity foils of indium 

mounted in a n  aluminum holder .  The gamma r a y s  p a s s  through a coll i-  

ma to r  fabr icated of paraffin ( for  fas t -neutron shielding) and lead. 

a b s o r b e r  of 1- in .  masoni te  has  been found to be effective in reducing the 

fas t -neut ron  background. 

12 -2 - 1  

An 

The L ive rmore  r eac to r  is l ight-water modera ted ,  

-~ ~ 

4, ' 8 .  

Presen ted  by  W .  John. 
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which r e s u l t s  in a f a i r ly  l a rge  fas t -neut ron  flux. 

operated in the Cauchois geometry ,  tha t  i s ,  with an  extended source  and 

a line focus on the Rowland c i r c l e .  

made of s t e e l  p la tes ,  t a p e r s  towards the conjugate focus on the beam axis. 

The Sol le r  col l imator  h a s  been found useful for  gamma r a y s  in the high- 

energy  end of our  measu remen t s ,  that  i s ,  above about 500  keV. 

mention that  none of the indium measuremen t s  repor ted  today were  made  

with this Sol le r  col l imator ,  however.  

Our spec t romete r  i s  

A Soller  col l imator  si tuated h e r e ,  

I mus t  

The outer  edges of the beam a r e  finally defined by an  ad -  

justable lead col l imator  before  the c rys t a l .  

a n  experiment  so  that all of the gamma r a y s  use  the s a m e  portion of the 

c rys t a l .  This  avoids possible  line shif ts  due to imperfec t  bending of the 

c rys ta l .  Final ly ,  another  col l imator  i s  used to sepa ra t e  the diffracted 

beam f r o m  the d i r ec t  beam.  

Ilford G - 5  emulsions mounted on glass. Whenever possible,  we  m e a s u r e  

each l ine on both s ides  of the plate ,  tha t  i s ,  by reflecting the gamma r a y s  

f r o m  both s ides  of the c r y s t a l  planes.  

This  slit i s  not moved during 

The focused line is detected with 600- p 

A typical  line pa t te rn  i s  shown in F i g .  2 .  The cal ibrat ion 

F i g .  2.  Typical line pa t te rn  on 
the plate.  

l ines  a r e  obtained on both the left-hand and right-hand s ides  a s  well  as 

the unknown, in  th i s  c a s e  the deuteron l ine.  

l ines  a r e  determined with an  optical  compara tor .  

have recent ly  used a compara tor  with e lec t ronic  scanning of the type 

Then the separa t ions  of the 
? 
-- F o r  this purpose we 
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plate  w a s  m a d e  with the  (101)  planes.  

i n  qua r t z  but have a spacing about 3 .5  t i m e s  that of the (31  0 )  planes 

T h i s  i s  pa r t i a l ly  compensated by the na r row line width. 

7 s e c  of a r c .  

a l s o .  

T h e s e  a r e  the  b r igh te s t  planes 

O u r s  is  about 

The  ( I O ? )  planes have br ight  higher  o r d e r  re f lec t ions  

In all, about a dozen p la tes  w e r e  obtained and measure- 

m e n t s  w e r e  m a d e  on 29  l ines .  

a r e  85 .608(5) ,  90.94(4) ,  96.050(2) ,  110.  75(2) ,  112.06(1) ,  112.45(1) ,  

114.99(2) ,  122.00(5) ,  126. 37(4) ,  140.44(2) ,  141.15(2) ,  155.27(2) ,  

162. 39(2) ,  171.07(2) ,  173.83(2) ,  175.09(6) ,  186.18(2) ,  196.60(3) ,  

202.45(5) ,  272. 97(3),  335. 9(2) ,  376. 3(3) ,  385. 27)8),  and  434. i l ( 9 ) .  

Six of t hese  w e r e  prev ious ly  s e e n  at low reso lu t ion  and  a s s igned  to  

The  In g a m m a - r a y  ene rg ie s  ( in  keV) 

invented by  Tomkins  and F r e d .  

a c r o s s  a photocel1,first in  one d i rec t ion  and then in the opposite d i r e c -  

t ion.  

osc i l loscope  s c r e e n .  

which is  0 .  I s e c  of a r c  at 2 m. 

and  the  calculat ions a r e  m a d e  on the 7094 computer .  

calculated f r o m  B r a g g ' s  equation and the  known energy of the ca l i -  

b ra t ion  l ine.  

150-keV g a m m a  r a y s  of W 1 8 2 ,  the 412-keV line of Hgi98,  and  the 

annihilation radiat ion.  The energy-wavelength conver s ion fac tor  

w a s  taken  f r o m  the 1955 ad jus tment  of the fundamental  constants  

by Cohen, Crowe,  and DuMond. 

then  W182(100.  107 keV) ,  Hgi98(41 I. 814 keV),and annihilation 

rad ia t ion  (5 I O  976 keV) . 
Most  of the p la tes  in  th i s  s e r i e s  w e r e  m a d e  with the  

A rotating p r i s m  scans  the  l ine image  

The  set t ing i s  accompl ished  by matching the l ine prof i les  on a n  

A typical  line can be  located reproducib ly  to  1 p ,  

T h e  data  a r e  en te red  on IBM c a r d s  

T h e  ene rgy  is  

The  s t anda rds  include T a  and W x r a y s ,  the 100-  and 

The  m o s t  impor t an t  s t anda rds  w e r e  

(310)  planes of q u a r t z ,  with a line width of about 20 s e c  of a r c .  One 
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In 

previously ass igned  to  Sn i i6 :  138. 32(1),  417.2(1) ,  819.4(2) ,  1096.7(7) ,  

and 1293.4(6).  

l ines  (negligible fo r  m o s t  of the l ines) ,  the e r r o r s  f r o m  reading the p la tes ,  

and a n  a s y m m e t r y  e r r o r .  

would be  s y m m e t r i c  about the center  l ines .  

we ass ign  an e r r o r  assuming that one of the pair of unknown l ines  has been 

shifted.  

ia l ly  if we do not have many  p la tes  containing the  line in  question. 

. In addition, the following ene rg ie s  cor respond to  g a m m a  r a y s  

The  e r r o r s  quoted include the e r r o r  in  the cal ibrat ion 

If the plates  w e r e  per fec t ,  the line pa t te rns  

Frequent ly  they a r e  not, and 

Th i s  a s y m m e t r y  e r r o r  is  f requent ly  the l imiting e r r o r ,  e spec -  

By far the br ightes t  was  the 96-keV line and the e r r o r  of 2 
5 

i n  10 

m e t e r .  Very  l i t t le work has  been done on indium capture  g a m m a s .  

have no decay scheme  and,  in  fac t ,  we have some  difficulty even in  a s s ign -  

ing the g a m m a  rays. 
116 

sect ion of about 200 b so t h a t  m o s t  of the  g a m m a s  will be due t o  In 

Six of the g a m m a s  we saw could b e  identified with ene rg ie s  previously 

r epor t ed  by low-resolut ion exper iments .  

r a y s  cor respond t o  g a m m a s  s e e n  in  Sn . 
Figure  3 shows the  decay s c h e m e  taken f r o m  the Nuclear  Data  Shee ts .  

The ene rg ie s  shown a r e  f r o m  our work  except fo r  those  in  pa ren theses ,  

which a r e  f r o m  previous work.  We have an  in te rna l  check due to  the 

c r o s s - o v e r  t rans i t ions :  417.2 t 819.4 = 1236.6 and 138.32 t 1096.7 

= 1235.0. Th i s  probably indicates  that  

the e r r o r  quoted on the  1096-keV line i s  too small, t h i s  line being the 

m o s t  difficult to m e a s u r e  

r e p r e s e n t s  about the limiting a c c u r a c y  we can ge t  with the spec t ro -  

We 

115 
Natura l  indium i s  9670 In with a capture  c r o s s  

In addition, five of t he  g a m m a  
116 116 

following p -  decay  of In 

The  d iscrepancy  i s  1 . 6  keV. 
3 

We hope in  the future  to  obtain some  re la t ive  intensi t ies  

f r o m  dens i tometer  m e a s u r e m e n t s .  

be n e c e s s a r y  before  any  o r d e r  can be made  in  the indium data .  

However,  other  expe r imen t s  w i l l  
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r- r- 
(4+) = 

F i g .  3 .  Decay scheme of S n l E ( f r o m  
Nuclear  Da ta  Shee ts ) .  The ene r  - 
gies  shoxn a r e  from the present  
w o r k ,  except f o r  those in  paren-  
theses .  
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11- 9. INVESTIGATION O F  NEU3N-CAPTKR-EJ-N SAMARIUM USING - J, 

A HIGH-RESOLUTION CONVERSION-ELECTRON SPECTROMETER"' 

E. Bieber  

Labora tor ium fur  Technische Phys ik  d e r  Technischen Hochschule 

MGn c hen 

In s cheme s of complicated neutron-  capture  de cays ,  

we have seen  tha t  even if  you get  a level  scheme it w i l l  be  quite 

without value for  the theore t ic ian  i f  you do not a s s i g n  sp ins  t o  all 

of the l eve l s .  

you wi l l  have available theore t ica l  calculations -for instance,  i f  

T o  get  t hose ,  i n  many c a s e s  f o r  the s t rong  l ines  

you have rotat ional  s p e c t r a .  F o r  some work you might  draw 

conclusions f r o m  in tens i t ies ,  f r o m  lifetime m e a s u r e m e n t s  on 

s o m e  of those l eve l s ,  and f r o m  cor re l a t ion  m e a s u r e m e n t s  when 

you can do those  ( i . e . ,  whenever the  l ines  a r e  far enough a p a r t  

so you can s e p a r a t e  them by coincidences) .  

p r o c e s s e s  which give you levels  and give you a l s o  spin a s s ignmen t s .  

And l a s t ,  if you can do it, it i s  quite impor tan t  t o  invest igate  con- 

ve r s ion  e l ec t rons ;  and t h e r e ,  of c o u r s e ,  you would want,  i f  poss ib le ,  

t o  have L , Lz ,  and L 

You can u s e  the ( d , p )  

r a t i o s .  1 3 
A few y e a r s  ago  we s t a r t e d  working on convers ion  

e l ec t rons ,  and we have used  the pr inciple  which s e e m s  t o  be v e r y  

useful  genera l ly .  

neut rons ,  you should place the t a r g e t  w h e r e  the neut rons  a r e  Tha t  

m e a n s  you should come n e a r  the r e a c t o r .  

Tha t  i s ,  whenever  you want t o  do good work using 

11-9 
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P r e s e n t e d  by H.  Maier -Leibni tz .  
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F i g .  1. Exper imenta l  a r r angemen t .  The r eac to r  i s  in  the tank to  the 
left of the shielding w a l l .  

Our  a r r angemen t  i s  shown in F i g .  1 .  The r e a c t o r  is in  

the tank t o  the left of the shielding w a l l .  

tube,  50 c m  in d iameter  at the end. 

h e r e .  

have a high-resolut ion double-focusing beta  spec t romete r .  I t  i s  not v e r y  

hard  to  do because we a r e  actual ly  using s m a l l  angles ,  and the t r i ck  of it 

i s  the following. 

We have a v e r y  long and wide 

We do not get much background f rom 

We have good coll imation in  the r eac to r  shield,  and at the end we 

If you were  to  lose intensity due to  long d is tances  you can 
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gain again by making your sample  proport ionately l a r g e r .  

reso lu t ion  h e r e  of something l ike 10 

as  1 X 5 c m .  

So you ge t  a 
- 3  , with t a r g e t s  which a r e  as big 

T o  compare  such  an  in s t rumen t  with o ther  i n s t rumen t s ,  I 

think it would be impor tan t  t o  give something l ike a f igure of m e r i t ,  

defined somewhat as  follows. 

of a ce r t a in  a r e a  into the ful l  flux of the r e a c t o r  (nea r  the lower lef t -  

hand end of the t ab le ) ,  and then ge t  out the conversion e lec t rons  produced 

t h e r e .  

conversion e lec t rons  you can conclude what that  a r e a  would have been.  

The  a r e a  could be  proport ional  t o  the resolut ion you want. 

for compar ison  with other  i n s t rumen t s ,  our a r e a  for  a resolut ion of 10 

The  b e s t  you can do is  to  put a thin sample  

So i f  you use  any  kind of a r r a n g e m e n t ,  then f r o m  the  number of 

In our case ,  
- 3  

-5 2 
is 10 cm . 

Before  d iscuss ing  the background I w i l l  show you an  exam-  

ple of what has been m e a s u r e d .  F igu re  2 shows the f i r s t  spec t rum of 

e 

F i g .  2 .  Conversion-electron spec t rum of s a m a r i u m .  
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conversion e l ec t rons  in s a m a r i u m .  

at low ene rg ie s  a r e  10 to  30 t i m e s  the  background;  and l ines  up to  

1600 keV a r e  about l O - - Z O %  above the background.  These  da ta  have 

ac tua l ly  been used  ( I  think) in  the ana lys i s  which Dr. Smi the r  gave 

The in tens i t ies  of the  s t rong  l ines  

150 
o n S m  . 

As you can s e e  quite wel l ,  i f  you u s e  lower capture  

c r o s s  sec t ions ,  then your background w i l l  u l t imate ly  limit your 

detect ion because  the counting r a t e s  a r e  a lways re la t ive ly  high,  

still 4000 /min .  So the background i s  of the g r e a t e s t  impor t ance  for 

our  m e a s u r e m e n t s .  

We have m a d e  an  effor t  t o  r educe  the background f r o m  

We have a I - m g / c m  
2 

the  sample  and sample  holder .  backing foil  

suspended on thin w i r e s  into the l a rge  tube so  that the to ta l  weight 

that  can be  seen  by the neut rons  is about 4-5mg. 

F i g u r e  3 shows the background,  aga in  plotted loga r i -  

t hmica l ly ,  as  a function of the e lec t ron  ene rgy  f r o m  50 keV t o  10 MeV. 

Most  of the background comes  f r o m  the production of s econdary  

e l ec t rons  in  the sample ,  f r o m  gamma radia t ion  f r o m  the wal l ,  and 

f r o m  the  r e a c t o r  i t s e l f .  

I would have l iked to show you a m o r e  complete  s p e c t r u m  

of s a m a r i u m ,  but the ma in  e f for t s  r ecen t ly  have been t o w a r d  improving 

our  i n s t r u m e n t  both in  background and in reso lu t ion ;  and I think today,  

after the old r e s u l t s  have been used  by o t h e r s  a l r e a d y ,  I wil l  not 

d i s c u s s  l eve l  s c h e m e s  of s a m a r i u m  o r  things l ike tha t .  In s t ead ,  I 

w i l l  show you r e c e n t  p r o g r e s s  obtained by  s tabi l iz ing the  magne t i c  

field by  10 
-5 , and by  improving  the reso lu t ion .  We now ge t  m u c h  be t t e r  
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F i g .  3. Logar i thmic  plot of the  background as a function of the e lec t ron  
energy  f r o m  50 keV to 10 MeV. 

spec t ra .  

detai l .  

F igu re  4 shows a portion of the samarium spec t rum in m o r e  

You s e e  the L line at 334 keV and the M and N l ines .  

In F ig .  5 you w i l l  s ee  th i s  portion again.  You s e e  that  

now the t h r e e  L components at 334 keV a r e  quite wel l  shown. 

h a s  been done down to l e s s  than 80 keV.  

keV we can reso lve  the L s t ruc tu re  quite nicely.  

The s a m e  

We think that  up to  about 500 

I think that  is  all tha t  I 

wanted to  show you on that  method. 

and we do not have too many  r e s u l t s .  But I think it will  supplement the 

other  methods and it will  b e ,  in  its accu racy  and resolut ion,  maybe the 

bes t  method for some  t ime  to  come in the region around 1000 k e v .  

I t  is still in a r a the r  e a r l y  s tage ,  

a 
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F i g .  5.  The  %, L2, 
and L3 l ines  in  the 
conve r s ion - e le c t  r on 
spec t rum of S m s O .  
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L. B .  BORST, State  Universi ty  of New York at Buffalo: Have 

you cons idered  th i s  as a method of measu r ing  the be ta  decay of the 

neutron ? 

MAIER-LEIBNITZ: No. Th i s  tube was designed to  m e a s u r e  

That  i s  why we have such  the r eco i l - ene rgy  dis t r ibut ion of pro tons .  

a l a rge  volume-to get  neutron decay around the r e a c t o r .  

our  r e c o i l  protons f r o m  a higher vacuum of c o u r s e .  

which could evacuate  the pa r t  n e a r  the r e a c t o r  down t o  10 

but a f t e r  we had thought it out,  theore t ic ians  told us  tha t  un less  t hese  

m e a s u r e m e n t s  were  made  a s  accura te ly  as  possible ,  it would not be 

wor th  while t o  do the exper iment .  

exper iment  . 

We col lect  

We had a pump 

mm Hg; 
- 8  

So we switched over  t o  the p re sen t  

BORST: You a r e  taking e l ec t rons  out now. You w i l l  n e c e s s -  

a r i l y  get  e l ec t rons  f r o m  neutron decay. 

ving the be ta  -de cay e l ec t rons  ? 

How c lose  a r e  you to  o b s e r -  

MAIER-LEIBNITZ: I think that  you could. I suppose it i s  a 

question of background.  

would go f a r t h e r  down. 

r e a c t o r  tank.  

You would have to  use  a s t i l l  be t t e r  tube tha t  

Right now it i s  l imited by the floor of the 

P ro tons  would be much  b e t t e r ,  and much  m o r e  i n t e r -  

es t ing ,  too.  

R .  K .  SMITHER, Argonne National Labora tory :  One of the 

c ruc ia l  p roblems you pointed out was  that  of sensi t ivi ty  at 1 MeV. 

Could you give us  a f igure  r ep resen t ing  your min imum sensi t ivi ty  

a t  1 MeV? 

11-9 
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MAIER -LEIBNITZ: The sensi t ivi ty  depends a l i t t le  on ene rgy .  

I t  would not be be t t e r  than something like one b a r n  for a line with 100% 

intensity-and even that  m a y  be opt imis t ic .  

e a s i e r  than other  ene rg ie s .  

However,  1 MeV is a little 
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11-10. RECENT DEVELOPMENTS IN 

RELATED TO NEUTRON-CAPTURE Y-RAY SPECTRA 
_-I- . _ - -  -- -.  - - 

J .  W .  Knowles 

Chalk River  Nuclear  Labora to rv .  Chalk River  , Ontar io  

In r e c e n t  y e a r s  t h e r e  h a s  been  cons iderable  improve -  

m e n t  in  the  ene rgy  resolut ion of neut ron-capture  y - r a y  s p e c t r a .  

i s  now p rac t i ca l  t o  m e a s u r e  the complete  s p e c t r u m  with a n  energy  

reso lu t ion  of < 0. 370, using a c r y s t a l  diffraction s p e c t r o m e t e r  t o  

cover  the range  between 0 .05  and 4 MeV and a Compton s p e c t r o -  

m e t e r  fo r  the r ange  between 2 and 10,MeV. With th i s  reso lu t ion  

much  of t h e  intensi ty  of even v e r y  complex s p e c t r a ,  such  as  Gd 

Gd , and Ta  , can be  reso lved  into individual y r a y s .  T h e  

p rec i s ion  for  ene rgy  m e a s u r e m e n t  a v e r a g e s  between 1:  10 

It  

156 , 
158 182 

3 4 
t o  1:  10 . 

Attempts  t o  cons t ruc t  decay  s c h e m e s  f r o m  these  com-  

plex s p e c t r a  have not been  too success fu l  (as  shown b y  previous 

s p e a k e r s ) .  

bu t ,  p e r h a p s ,  only 3070 m a y  be fi t ted into a leve l  scheme-a l ready  

es tab l i shed  f r o m  other  measu remen t s  such  as ( d , p )  r eac t ions ,  

Coulomb exci ta t ion,  p decay, o r  K capture .  

between the  capture  s t a t e  and ground s t a t e  a r e  a l s o  obtained on the 

assumpt ion  tha t  m o s t  of t he  h igh-energy  y r a y s  decay  f r o m  the cap-  

tur ing  s t a t e . )  If the p rec i s ion  of e n e r g y  measur 'ement  i s  not be t t e r  

than  1: 1 0  , it is  n e a r l y  mean ing le s s  to  cons t ruc t  additional decay  

Hundreds of y r a y s  a r e  reso lved  in  one of t hese  s p e c t r a  

( In t e rmed ia t e  leve ls  

3 

.t. -8- 

Invited pape r .  
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s c h e m e s  f r o m  the remain ing  y r a y s  (70% of the r e so lved  s p e c t r u m ) ,  

For example ,  if one looks fo r  co r re l a t ions  between the s u m s  and 

d i f fe rences  of 100  y- r a y  e n e r g i e s ,  one i s  dealing with 10  ene rgy  

combinat ions.  

v e r y  high probabi l i ty  of chance co r re l a t ion .  

s i tuat ion be  improved  substant ia l ly ,  the precision of m e a s u r e m e n t  

should be  i n c r e a s e d  by one or two o r d e r s  of magni tude ,  

4 

3 
I f  the energy  r e m  lution i s  only 1 :  10 , t h e r e  i s  a 

In o r d e r  that  th i s  

Activity at Chalk R ive r  h a s  been d i r ec t ed  towards  

inc reas ing  the p rec i s ion  of energy  m e a s u r e m e n t  of neu t ron -cap tu re  

y r a y s  with a double- f la t -c rys ta l  s p e c t r o m e t e r .  

i n t e r e s t  h a s  centered  on ce r t a in  y r a y s  whose energy  m e a s u r e m e n t s  

give usefu l  in format ion  relat ing the a tomic  constants  I The  p rec i s ion  

at ta ined in these  m e a s u r e m e n t s  is  between 1: 10 and 1: 1 0  , depend-  

ing on the conditions of m e a s u r e m e n t .  

m e a s u r e m e n t s ,  a number  of new techniques were  developed which 

m a y  be  found useful  in  the m e a s u r e m e n t  of complex s p e c t r a .  

In pa r t i cu la r  > 

4 5 

In connection with t h e s e  

It  is not su rp r i s ing  that  a double - f l a t - c r y s t a l  s p e c t r o -  

m e t e r  is  found to  be  sui table  for  the compar i son  of y - r a y  e n e r g i e s  

t o  high p rec i s ion ,  s ince  fo r  m o r e  than th i r ty  y e a r s  such  i n s t r u m e n t s  

have been  used  to  compare  x r a y s  of ene rg ie s  l e s s  than  100 keV 

with a s tandard  e r r o r  of a few p a r t s  i n  1 0  ~ 

at ion by the method of c r y s t a l  diffract lon i s  based  on the  B r a g g  

1- - 3  

5 
A wavelength d e t e r m i n -  

I 

A .  He Compton,  P h y s .  Rev .  - 10; 95 (1917) ;  A .  H. Compton and 
S .  K .  Al l i son ,  X - r a y s  in T h e o r y  and Exper imen t  ( D .  van Nos t rand  
C O . ,  New York ,  1943) ,  2nd e d . ,  pp.  710-750. 

2 
B .  Davis  and H .  P u r k s ,  P r o c .  N a t l .  Acad.  Sc i .  U . S .  1 3 ,  - 419 (1927) .  

W .  E h r e n b e r g  and H. M a r k ,  Z. Phys ik  4 2 ,  - 8 0 7 ,  823 (1927) .  
3 
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re la t ion  between wavelength X ,  in te rp lanar  spacing d and diffract ion 

angle  8 inside the c r y s t a l .  T h e  Bragg  equation is 
H' 

B 

A = 2d s in8  
H B' 

This  equation a l s o  r e l a t e s  the wavelength outside the c r y s t a l  to  the 

ex terna l  d i f f rac t ion  angle 8 (the angle  8 B B 
in the peak of the diffracted l ine)  to  a prec is ion  of a few p a r t s  in 10 , 
for  diffract ion by t r a n s m i s s i o n  through a c r y s t a l  l amina  with d i f f rac-  

t ion planes perpendicular  to the  incident su r face .  

m e a s u r e m e n t s  involve only a compar ison  of y - r a y  e n e r g i e s  o r  wave-  

lengths ,  it is  not n e c e s s a r y  to  know the c r y s t a l  spacing d 

re la t ive  re la t ionship  is  

co r re sponds  to  the intensity 
6 

Since many  

The 
H "  

where  E and E 
1 2 

a r e  the ene rg ie s  of two y r a y s  cor respondin2  t o  

wavelengths X i  and X respec t ive ly .  
2 ,  

F o r  y r a y s  with energy  g r e a t e r  than a few hundred keV,  

the s p e c t r o m e t e r  reso lu t ion  R can  be e x p r e s s e d  in  t e r m s  of the 

diffract ion l ine width W at half max imum intensi ty  and the Bragg  d i f f r a c -  

t ion angle  8 by the  equation 
B 

B 
F o r  a fixed width W ,  a s m a l l e r  diffract ion angle  8 

a lower s p e c t r o m e t e r  reso lu t ion  R The resolut ion 

0 . 5  t o  O , O i %  depending on the y - r a y  ene rgy  and the 

diffract ion.  

co r re sponds  to  

m a y  v a r y  f r o m  

o r d e r  of c r y s t a l  
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The shape of the diffraction line i s  cha rac t e r i s t i c  of 

c r y s t a l  spec t romete r s .  

of a number  of cha rac t e r i s t i c  widths.  

a width W 

width W M  assoc ia ted  with the angular  distribution of imperfect ions in  the 

c r y s t a l s ,  and a width W 

the y r a y s .  

it would be  difficult to  define the angular position of a diffracted line 

p rec i se ly  . 

The line width W can be descr ibed  a s  a function 

The mos t  prominent of these  a r e  

assoc ia ted  with the spec t romete r  geometry ,  the c r y s t a l  mosa ic  
f 

assoc ia ted  with the na tura l  energy  sp read  of x 
If one had to  define the line position in  t e r m s  of l ine shape,  

However,  the method of measu remen t  with the c rys t a l  

diffraction geomet ry  ( F i g .  1) c i rcumvents  th i s  difficulty. A monochro-  

Q I  

i 

o - -  --; 

F i g .  1. The diffraction of radiat ion by the double- f la t -c rys ta l  spec t ro -  
m e t e r  with c rys t a l s  a r r anged  (a) in the an t ipara l le l  position and (b)  
in the para l le l  position. 

m a t i c  y r a y  diffracted to the right A 

h a s  ident ical  l ine shapes ,  

the d i r ec t  beam i f  they a r e  de te rmined  by c r y s t a l  imperfect ions (i. e . ,  i f  

and t o  the left A R L of the ma in  beam 

The shapes a r e  a s y m m e t r i c  with r e s p e c t  to 

w z w ) but a r e  s y m m e t r i c  with r e spec t  to  the d i r ec t  beam i f  the na tu ra l  
M 
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energy  sp read  of the radiat ion predominates  ( i . e . ,  i f  W = Wx). 

double-f la t -crystal  spec t romete r ,  a width W assoc ia ted  with the spec -  

F o r  a 

f 
t r o m e t e r  geometry  can be made  negiigibly s m a l l  by carefu l  alignment 

of the diffracting c rys t a l s .  

cha rac t e r  of the diffracted line result ing f rom c r y s t a l  mosa ic  sp read  a r e  

shown in  F ig .  2. These  a r e  the shapes 

4 
Line shapes which show the a s y m m e t r i c  

5 
of the r ight  and left  l ines  of the 

I DEUTERIUM 

t loo 0 -100 I6515 16415 I 6 3  I5  

SCALE 2s .  MICRONS 

F i g .  2 .  The deuter ium y - r a y  line shape following diffraction f rom the 
(211) ,  (211) planes of two calcite c rys t a l s .  
with the two c rys t a l s  in  the para l le l  position, has  the s a m e  shape a s  
the line A ,  m e a s u r e d  with the two c rys t a l s  in  the an t ipara l le l  posi-  
tion. The right-hand curve  (open c i r c l e s )  and left-hand curve  (solid 
c i r c l e s ) ,  plotted in mic rons  on the s tandard sca l e ,  a r e  superimposed 
relat ive t o  the i r  common median M .  The  pronounced a s y m m e t r y  in  
the wing of the l ines  i s  due t o  c rys t a l  imperfect ion.  F o r  these  e a r l y  
m e a s u r e m e n t s ,  the median is located t o  be t te r  than 2% of i t s  width 
at half-maximum intensity.  

The line B ,  m e a s u r e d  

4 
J .  W .  Knowles,  Can. J .  Phys. - 37, 203 ( 1 9 5 9 ) .  

J .  W .  Knowles, Can. J. Phys .  40,  - 237 (1961). 
5 
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2 .  224-keV g a m m a  r a y  of deuter ium diffracted f r o m  the (21 1 ,  21 1 )  

planes of t w o  ca lc i te  c r y s t a l s .  T h e  a n g l e  40 between these  two 

l ines  is  de t e rmined  without in te rpre ta t ion  of l ine shape from the 

sepa ra t ion  of the l ine med ians .  In theo ry ,  the  prec is ion  fo r  th i s  

m e a s u r e m e n t  depends only on the s t a t i s t i ca l  count. The  re la t ive  
I W  

angular  p rec i s ion  - 
W 

B 

of a diffracted line i s  given by the approximate  

- 

equation 

(4) 
* 0 . 3 3  

> z 4 W  
W 6 

4 
so  tha t  fo r  N = 10 counts the s tandard  e r r o r  i s  about 0 3 %  of the 

l ine width W .  T h e  cor responding  uncer ta in ty  in  the  wavelength X 

and ene rgy  E a r e  given by 

!lE - A X  - 4 W  R - - - - - z 0 . 3 3  - *  

eB fi E X ( 5 )  

The  s t a t i s t i ca l  p rec i s ion  is not usual ly  a t ta ined  in  

p rac t i ce .  T h e  deviation f r o m  th is  idea l  c a s e  m a y  be  e x p r e s s e d  in  

t e r m s  of a n  uncer ta in ty  A W in  angle .  Equat ion (6), modif ied t o  

include thi  s uncer ta in ty  , be come  s 
S 

Tab le  I shows s o m e  of the m o s t  p r e c i s e  diffract ion m e a s u r e m e n t s  

m a d e  p r i o r  t o  1959. T h e  b e s t  angular  p rec i s ion  4, W = +_ 0 . 1 9  s e c  

was  a t ta ined  b y  Mul le r  e t  a l .  i n  t h e i r  m e a s u r e m e n t  of t he  412-keV 
S 6 

6 
D .  E .  M u l l e r ,  H. C .  Hoyt, D .  J .  Kle in ,  and  J .  W .  M DuMond, 

P h y s .  Rev .  - 88,  775  (1952) .  

n 
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I 

198  gamma r a y  of Au . The uncertainty A W in the i r  m e a s u r e m e n t  m a y  

b e  a t t r ibu ted  to  t h r e e  s o u r c e s :  (a)  insufficient sensitivity for angle 

m e a s u r e m e n t ,  (b )  insufficient mechanica l  s tabi l i ty  for  angle m e a s u r e -  

m e n t ,  and ( c )  a lack of knowledge of the re la t ion  between the sca l e  used  

in the  m e a s u r e m e n t  and the diffraction angle 0 

0 S 

B' 
The  limit for  p r e c i s e  m e a s u r e m e n t  of a diffract ion angle  

is  cons iderably  reduced f o r  the pa ra l l e l -beam f l a t - c rys t a l  s p e c t r o m e t e r .  

For t h i s  i n s t rumen t ,  t he  angular  sensi t ivi ty  i s  improved  by using a n  

opt ical  device sens i t ive  to  angular  changes of 0 . 0 2  s e c  of a r c .  (Recent ly  

th i s  limit has  been extended s t i l l  f u r t h e r ,  t o  0 . 0 0 1  s e c  of a r c . )  

0 . 0 2 - s e c  equipment used  a t  Chalk R ive r  has  been desc r ibed ,  and i s  

shown i n  F ig .  3 .  

The 

' 7  
I2 - 

F i g .  3 .  A schemat ic  drawing of the mechanica l  optical  s y s t e m  used for 
measu r ing  the re la t ive  angle between c rys t a l s  Q, and Q,. 
N, is  an  opt ical  flat r igidly at tached to  c r y s t a l  turntable  T,. 
m i r r o r  N, and s tandard  sca l e  S a r e  s i m i l a r l y  a t tached to  turntable  
T,. The  focal  length of m i r r o r % ,  is twice the dis tance between the 
a x e s  of rotat ion of T, and T,. A t ravel ing mic roscope  TM moves  
pa ra l l e l  t o  s tandard  sca l e  Sc and contains a l ine light sou rce  SM. 
light f r o m  this sou rce  focuses  at I, and I, in  the plane of the  s tandard  
sca l e  before  and a f t e r  ref lect ion f r o m  the  Nl , N, m i r r o r  s y s t e m .  
r e t u r n  image  I, is  again imaged at I,' in  the plane of the spl i t  p r i s m  
P. 
s ignal  controls  a T - a m p  
W .  
by a corresponding change in wi re  length so  that the spec t romete r  
arm T,  ro t a t e s  t o  balance the light image  I,' on the sp l i t  p r i s m .  

M i r r o r  
Spher ica l  

The 

The  

The l ight balance is m e a s u r e d  by photocells PI and P,. 
e l ec t r i c  c u r r e n t  flowing in  a n ichrome wi re  

A change in  cu r ren t  causes  a change in  wi re  t e m p e r a t u r e  followed 

The e r r o r  
1 
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To be of p rac t i ca l  u se  , the improvement  in angular  s en -  

s i t ivi ty  m u s t  be accompanied by a corresponding improvement  in  the 

mechanica l  s tabi l i ty  of the s p e c t r o m e t e r .  A high degree  of s tabi l i ty  

has  been achieved with the f l a t - c rys t a l  spec t romete r  by the addition 

of feedback ( F i g .  3 ) .  The  angular  posit ion of the spec t romete r  arm 

T 

W ,  kept  under  constant  tension by a spr ing .  The length of the w i r e  i s  

de te rmined  by i t s  t e m p e r a t u r e  , which is held at about 200 C by p a s s -  

ing through it a n  e l e c t r i c  c u r r e n t  of about 1 A. 

c u r r e n t  is  proport ional  t o  a voltage produced i n  the photocell  c i r cu i t  

by an  unbalance of the  light focused on the spl i t  p r i s m  P. The o v e r -  

all gain of the feedback s y s t e m  i s  10 . 
la t ive angular  sett ing of the c r y s t a l  turntable$T 

externa l  envi ronment .  

10  

without feedback ~ 

i s  de te rmined  by the length of a 0 . 0 0 1  -in.  -d i ame te r  n ichrome wi re  
2 

0 

The  s t r eng th  of the 

4 
The s y s t e m  i so la t e s  the r e -  

and T 1 2 f rom the  

The  r e su l t an t  angular  s tab i l i ty  is be t t e r  than 
- 3  

s e c  of a r c ,  a fac tor  of 50 improveme& over  the s a m e  s y s t e m  

The  r e s u l t  of t hese  two improvemen t s  h a s  been to  

reduce  the mechanica l  l imitat ion on angular  m e a s u r e m e n t  so tha t  the 

p rec i s ion  i s  l imi ted  in many  c a s e s  only by s t a t i s t i ca l  counts.  Th i s  

f a c t  is  i l l u s t r a t ed  i n  F i g .  4,  which shows the matching of the  r igh t -  

hand and left-hand 171-keV g a m m a  r a y s  of T a  
182 . 

The accepted  method for  de te rmining  the angular  

d i s tance  between the r igh t -hand and left-hand diffracted l ines  i s  t o  

find, a s  ment ioned previous ly ,  the l ine med ians  M and accep t  t he i r  

s epa ra t ion  as a m e a s u r e  of the sepa ra t ion  of the two l ines .  

method al lows e a s y  calculat ion of the s t a t i s t i ca l  p rec i s ion ,  but it is 

This  
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Q 

9080 SecS 1 MICRONS x IO 2S- I-- 
Fig .  4. The  171-keV gamma r a y  of T a w .  Th i s  m e a s u r e m e d  i s  made  

The slight a s y m m e t r y  r e su l t s  f rom a difference in mosa ic  
by double-crys ta l  diffraction f rom the (21 1 ,  21 1 )  planes of calci te  
c r y s t a l s .  
s t ruc tu re  between the diffracting c rys t a l s .  
line i s  l imited to 27 000 counts. 
l ine.  

The total  count in  each 
M i s  the median position of each  

insensi t ive to line shape and SO gives no check on the accu racy  of the 

measu remen t .  Recent ly ,  a n  a l te rna t ive  method has  been used.  It 

cons is t s  in a l ea s t - squa res  fitting of the points of the right-hand 171-keV 

line shape to  a Legendre polynomial with a s  many a s  1 2  coefficients.  

The polynomial with coeff ic ients  so  determined i s  matched to the left-  

hand curve  for  different values  of the a b c i s s a  A 8.  The sum of the 

s q u a r e s  of the deviations 6 

f r o m  the polynomial a r e  plotted as a function of A 8 in F ig .  5.  

2 
of the left-hand line exper imenta l  points 

The 
2 2 

min imum value,  6 = 6 -  , de te rmines  the matching position. Simple 
“ 2  2 2 

considerat ions show that  6 = 6 t 6 , where  under idea l  conditions 

6 = 6 , where  6 i s  the s ta t i s t ica l  s tandard deviation for  the two l i nes .  
C S 

S 
- 2  - 2  C S ‘  

and 6 2 = (m) AB2, where (4 is the mean  sum of the squa res  of the 
S 

s lopes  of the diffracted l ines .  

values of A 8 so that 6 has the parabolic shape shown a t  the lower left 

i n  F ig .  5.  The square  root  of ( 6  - 6 ) plotted a s  a function of A 8 

This  mean  sum i s  constant for  small 
2 

2 2 
C 
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3- 
10 -8 -4 0 4 8 

A8secs. x lo2 

211  
2 l l R  

Lo cotiil secs. .-I 
c e = f 0 . 0 1 2  secs. R 1 0 - 3  

F i g .  5 .  The l eas t - squa res  method of superposing the right-hand and 
left-hand g a m m a - r a y  shapes.  The mean- squa re  deviation 6 2  of the 
left-hand curve  for  varying over lap  A 8 has  a parabol ic  shape n e a r  
A 8 = 0 with minimum value 6c2 .  
r ight)  a s  a g raph  of ( a 2  - 6, 2)f’zagainst A 8. The  s tandard  deviation 
6, i s  calculated f r o m  the total  number of counts under both l ines .  
Corresponding to  the d i ag ram at the lower r ight ,  
aE/E =: A 0 / 0  z +  1 . 4  X 10-6and A E  = 0 . 2 4  eV. 

Th i s  curve i s  replot ted (upper  

gives  two in te rsec t ing  s t ra ight  l ines ,  the upper right-hand graph  in 

F i g .  5 .  The limit of e r r o r  of these  l ines ,  indicated by the para l le l  

dotted l ines ,  is a s sumed  to  be equal  to  the root -mean-square  deviation 

& . The horizontal  dotted l ines show the theore t ica l  s tandard deviation 

+_ & 
C 

based on the total  counts.  The s tandard  e r r o r  fo r  A 0 ,  based  on 
S - 2  
is thus f. 1 . 2  X 10 s e c ,  1 / 3 5 0  of a line width. The  condition 

z 6 i s  confirmation of the deg ree  of matching and stabil i ty of the 
C S 

measuremen t .  

of measu remen t  of + 1.4 X 10 

f r o m  the ( 2 1  1 ,211)  plane of calcite(1ower r igh t ) .  

The angular  sensi t ivi ty  k A 8 corresponds  to a prec is ion  
6 

fo r  the 171 -keV gamma r a y  diffracted 

The s a m e  method is 
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TABLE 11, Frac t iona l  energy sensi t ivi t ies  of the double-flat-  
c r y s t a l  spec t romete r  for var ious  energ ies  and o r d e r s  of diffraction. 

P lane  P r e c i s i o n ,  A E / E  
O r d e r  Calci te  

0 . 2 0  MeV 2 . 0  MeV 4 . 0  MeV 

1 

2 422,422 0 . 7  

3 6 3 3 , 6 3 3  0 . 5  

0 . 7  

0 .5  

x 
2.8  

1 . 4  

0 . 9  

applicable to y - r a y  measu remen t s  of higher energy.  

the f rac t iona l  energy  sensi t ivi t ies  of the double-f la t -crystal  spec t ro -  

m e t e r  at other  energ ies  and for  different  o r d e r s  of diffraction. 

Table  I1 lists 

Unfortunately, the superposit ion of l ines does not in  

i tself  consti tute a measu remen t  of y - r a y  energy .  

de te rmine  the dis tance between two accura t e  r e fe rence  points in the 

vicinity of the l ines ,  and  in  addition t r a n s f e r  f rom the measu remen t  

sca le  t o  the angle sca le  with prec is ion  equal to that  of the line com-  

par i son .  

angles  a r e  not compared direct ly .  

on the a r c s  of divided c i r c l e s  o r  l inear  d i s tances  tangential  to  the 

angular  rotat ion of the diffracting c r y s t a l s .  With the double-flat-  

c r y s t a l  spec t romete r ,  angular  position is expres sed  in  t e r m s  of a 

l inear  separa t ion  2S,  the dis tance (measu red  on s tandard  sca l e  S ) 

between the two foci  I and I in F i g .  3 when diffracting f rom equiva- 

lent r e fe rence  positions of the two l ines .  

angles  f rom equivalent planes of two c r y s t a l s ,  the  s tandard sca l e  s e -  

parat ion 2s and Bragg diffraction angle 8 a r e  re la ted  by 

One m u s t  a l s o  

Such t r a n s f e r s  a r e  always n e c e s s a r y  s ince Bragg diffraction 

W h a t  a r e  compared  a r e  d is tances  

C 

1 2 
F o r  diffraction at s m a l l  

B 

167 
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0 
where  R = 1117.717 f 0.009 mm a t  28.0 f 0 . 2  C is the effective d i s -  

t ance  between the a x e s  of rotat ion of the two c r y s t a l  tu rn tab les .  This  

equation i s  believed a c c u r a t e  to  a few p a r t s  in  10 . 
of two widely sepa ra t ed  angles  f r o m  the  correspondirg m e a s u r e m e n t s  

of length has  not been sa t i s fac tor i ly  solved where  prec is ion  g ' rea te r  

.I, 'e- 
T 

5 
T h e  compar ison  

5 than 2-3 in 10 i s  r equ i r ed .  

Sys temat ic  e r r o r  m a y  r e s u l t  f r o m  i r r e g u l a r i t i e s  a r i s ing  

However,  t hese  a r e  expect-  
5 

The  effect  

f r o m  imperfec t ions  in the opt ical  s y s t e m .  

ed to  be negligible at small angles .  

a t  a diffract ion angle  of 800 s e c  i s  only 1 in 10 

would be  negligible a l s o  in  the wavelength compar ison  of two y r a y s  

diffracted at l a r g e  angles  but with r a y  paths differing by only a few 

hundred seconds .  T h i s  condition can be r ea l i zed  to  min imize  

sys t ema t i c  e r r o r  in  the s p e c t r o m e t e r  geomet ry .  

the de te rmina t ion  of the r e l a t ive  angles  of the deu te r ium and annihi la-  

t ion y r a y s  by diffract ing the deuter ium y r a y  f r o m  di f fe ren t  c r y s t a l  

planes.  The method i s  i l l u s t r a t ed  in F ig .  6. Double diffract ion f r o m  

the  (211,211) planes ( F i g .  7) o c c u r s  at s m a l l  angles  while diffract ion 

f r o m  the (844,844) planes o c c u r s  at angles  4 t i m e s  as  l a r g e .  

l a t t e r  r a y  path is within 10% of tha t  of the annihilation rad ia t ion  

diffracted f r o m  the (211,211)  planes.  

with inc reas ing  o r d e r  of diffract ion and is pa r t i cu la r ly  low 

F o r  example ,  an  e r r o r  of 3 in 10  

at 200 s e c .  
6 

It  was  first used i n  

T h i s  

The counting r a t e  d e c r e a s e s  

::: 
The de termina t ion  of R is cons idered  in  de ta i l  in  the or ig ina l  

T 
paper  (Ref .  5 ) .  
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keV PLANE PLANE keV 

511 2 I 1  
2224  8 4 4  

2224 211 

2224 211 

2224 844 
511 211 

51 I 
2224 

2224 

2224 

2224 
511 

F i g .  6.  A schemat i c  drawing of the radiat ion paths for  deuter ium and 
annihilation y r a y s  following diffraction f r o m  different c r y s t a l  planes 
of ca lc i te  used  in  the double- f la t -c rys ta l  s p e c t r o m e t e r .  AL, AL 
and AR, AR r e p r e s e n t  double diffraction f r o m  c r y s t a l s  Q1 and Q2 
t o  the left  and to  the  r igh t  of the ma in  beam,  respec t ive ly ,  and L 
and R a r e  the corresponding angular  set t ings of the c r y s t a l s .  

0 L H S  
o R H S  

ANTI- PARALLEL 

DEUTERIUM 

d2,, CALCITE 
633 

M 

I * 4 
32955 32855  3i  

SCALE 2s. MICRONS 

55 

F i g .  7 .  The  deuter ium y r a y  diffracted f r o m  the (211) ,  (633)  c r y s t a l  
planes of two ca lc i te  c r y s t a l s  s e t  in  the an t ipa ra l l e l  or ientat ions.  
The left-hand curve (c losed  c i r c l e s )  and right-hand curve  (open 
c i r c l e s )  a r e  plotted in  m i c r o n s  on the s tandard  sca l e  re la t ive  to  
the i r  common median  M .  
the width of the l ine.  

The median is  located to  be t t e r  than 37’0 of 

f o r  d i f f rac t ion  f r o m  the (844,844) s e t  of p lanes(Fig .  8). 

c a s e ,  it is the statistical count which de te rmines  the prec is ion .  

Measuremen t s  of the energy  of the deuter ium y r a y  following diffraction 

f r o m  different o r d e r s  a r e  plotted in F i g .  9 as  a function of the s tandard  

In th i s  l a t t e r  
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I DEUTERIUM I 

65760  65710 6 5 6 6 0  

SCALE 2s .  MICRONS 

> 
0 s 
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F ig .  8.  The deuter ium y r a y  diff- 
rac ted  f rom the (844,844) c r y -  
s t a l  planes of ca lc i te ,  the c r y -  
s t a l s  being se t  in the an t ipara l le l  
or ientat ions.  The left-hand curve 
(closed c i r c l e s )  and right-hand 
curve (open c i r c l e s )  a r e  plotted 
in s tandard-sca le  mic rons  r e l a -  
t ive to the i r  common median M. 
The s ta t i s t ica l  count i s  not 
sufficient to  define v e r y  p r e -  
c isely the shape of the l ines ,  but 
it is sufficient to de te rmine  the 
median M (and therefore  the 
superposi t ion of the two diffracted 
l ines)  t o  be t te r  than 570 of the i r  
width at half-maximum intensity.  

Eo * 2223.18 2 0 . 2 O k e V  

2224.52 t 0.20 keV 
I .34 A 

I 
2224.01 I 

\- 2223.0 

I I I I I I I I I  
I 2 3 4 5 6 7 x 104 

SCALE 2S, MICRONS 

F i g .  9. The deuter ium de-excitation y - r a y  energy plotted a s  a function of 
the s tandard-sca le  separa t ion  2s in mic rons .  The angular  position of 
t he  annihilation y r a y  is given by the ve r t i ca l  broken line A.  The v e r t -  
i ca l  b a r s  on the points a r e  the probable  e r r o r s  of the measu remen t  at 
each  angle .  The horizontal  broken line i s  the a r i t hme t i c  mean energy.  
The horizontal  solid l ines  indicate the probable l imi t s  of e r r o r  for  th i s  
ave rage  measu remen t .  
value of the deuter ium binding energy  is the s tandard e r r o r .  

However,  the limit of e r r o r  on the numer i ca l  
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s c a l e  d is tance  2s  to  show the consis tency with changing angle .  

e s t i m a t e  the deuteron  binding ene rgy ,  the ene rgy  of r e c o i l  (1 .  34 keV) 

of the deu te r ium nucleus a f t e r  e m i s s i o n  of the g a m m a  r a y  i s  sub-  

t r a c t e d  f r o m  the a v e r a g e  energy  of the deuter ium g a m m a  r a y .  

a v e r a g e  prec is ion  of the  deuter ium ene rgy  m e a s u r e m e n t  is  1: 10 

T O  

T h e  
4 

A fu r the r  example of the u s e  of mul t ip l e -o rde r  diff- 

r ac t ion  is  the compar ison  of the wavelength ( A  ) 

y r a y  in  t e r m s  of the s tandard  ( W K a  ) . F r o m  such  a m e a s u r e m e n t  

one m a y  de te rmine  the r a t i o  of the f ine - s t ruc tu re  constant  a t o  the 

constant  A for  conversion f r o m  x uni ts  t o  m i l l i - a n g s t r o m s  through 

the re la t ion  

of the annihilation 
c x  

l x  

where  R o o i s  the Rydberg  constant .  

T h e  wavelength (X ) h a s  been m e a s u r e d  i n  a number  

The  method which g ives  the highest  p rec i s ion  wi th  l e a s t  
c x  

of ways .  

possibi l i ty  for sys t ema t i c  e r r o r  is  tha t  which m a k e s  u s e  of high- 

o r d e r  c r y s t a l  planes ( F i g .  10) .  For t h i s  m e a s u r e m e n t ,  the  511-keV 

annihilation y r a y  w a s  compared  with the neu t ron -cap tu re  y r a y  of 

T a  at 171  keV; and in a s e p a r a t e  expe r imen t  the 171-keV y r a y  

w a s  compared  with the in t e rna l  convers ion  ( W K a  ) x r a y  of W . 
182 182' 

T h e  W is produced following p decay  of Ta ~ T h e s e  three 

rad ia t ions  have e n e r g i e s  in the r a t i o  9: 3 :  1 t o  within a few pe rcen t .  

T h e  171 -keV y r a y  d i f f rac ted  f r o m  the  ( 2 1 1 , 2 1 1 )  planes of two c a l -  

c i te  c r y s t a l s  i s  at n e a r l y  the s a m e  angle  a s  that of the  511-keV 

182 

1 8 2  

7 
J .  W .  Knowles,  Can.  J .  P h y s .  4 0 ,  257 (1961) .  - 

tThe  first m e a s u r e m e n t  of ( A A ) ~  ( T a b l e  111, row 1) r equ i r ed  
a n  absolu te  de t e rmina t ion  of the  diffracti 'on angle  8 by u s e  of B 
Eq. (7 ) .  



172 11-10 

keV PLANE 

171 
511 

ANNIHILATION, 171 keV 

COMPARISON 

51 I 
171 

PLANE keV 

171 
51 I 

51 I 
171 

A B L ~  A & ,  ABRI ABR* 

AA A A  AA AA 
8 - 8  5 9  , 7 1 5 1 ,  0 51, I l l  59 171 k c V  

i z l i l  16331 PLANE , 6331  1 2 i i i  l 2 l l l  633 I6331 I 2 i l i  

28800, 

F i g .  10. A schemat ic  drawing of radiat ion paths,  to the r igh t  (AR, AR) 
and lef t  (AL,  A ) following diffraction f r o m  different  c r y s t a l  planes 
of the double - f l a t - c rys t a l  spec t romete r .  
the diffracting c rys t a l s  Q, and C& a s s u m e  posit ions R ,  R ,  and L, L, 
respect ively.  
( 6 3 3 , 6 3 3 )  s e t  of planes of calci te  and the 171-keV gamma r a y s  f r o m  
the (211,211) planes.  The diffracted y r a y s ,  within a few percent ,  
follow the same  path. The angular  differences A 
a r e  m e a s u r e d  in  the comparison of the wavelengths of the 171- and 
51 1 -keV gamma r a y s .  Equivalent measu remen t s  A eL2 and A e,, 
a r e  made  in  the compar ison  of the 171 -keV gamma r a y  and the  
WKa, x r ay .  

L 
F o r  these  measu remen t s  

The 5 1 I -keV gamma r a y  is  diffracted f r o m  the 

and A e,, 

y r a y  diffracted f rom the ( 6 3 3 , 6 3 3 )  p1anes;and s imi l a r ly  the 171-keV 

y r a y  diffracted f rom the ( 6 3 3 , 6 3 3 )  planes nea r ly  coincides with the 

(WKal)x radiat ion diffracted f r o m  the (211,211) planes.  

na tura l  broadening of the annihilation line ( F i g .  11), it was n e c e s s a r y  to 

m e a s u r e  all p a i r s  of l ines  on both s ides  of the d i r ec t  beam in o r d e r  t o  

e l iminate  effects of line shape. 

Because  of the 

F r o m  these measu remen t s  i s  obtained 
c 

the  r a t io  (9X ) / (  XWKa) with s tandard e r r o r  I. 5 X IOJ. The m e a s u r e -  
c x  X 

ment  i s  given in  Table  ILL, rows 2 and 3 .  This  measu remen t  i s  combined 

with the measu remen t  of the energy r a t io  of the (WKa ) and (MoKa ) 
n l x  I x  
v 

x r a y s  obtained previously by Beckman e t  al. with a s tandard e r r o r  - -  

8 
0. Beckman,  P. Bergval l ,  and B. Axelsson,  Arkiv Fys ik  14, 419 (1958). - 
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Fig .  11. The  m e a s u r e d  line shapes  of the annihilation y r a y  at 5 11 keV. 
Diffraction t akes  place f r o m  the (21 I , 21 I) s e t  of planes.  The  curve  
B is obtained by sett ing the two calci te  c r y s t a l s  in  the pa ra l l e l  posi-  
tion. 
so  that  the l ine width is  a m e a s u r e  of the perfect ion of the  diffracting 
c r y s t a l s .  
m e a s u r e d  t o  the  r ight  (open c i r c l e s )  and left  (sol id  c i r c l e s )  of the 
d i r ec t  beam.  The  points a r e  plotted in  m i c r o n s  with r e fe rence  to  
the i r  common median  M. Curves  A and B have the s a m e  a r e a .  The  
Doppler broadening of the  annihilation y r a y ,  apparent  i n  curve  A ,  
is "unfolded" by making u s e  of curve  B .  
y - r a y  shape obtained thereby  is plotted in the inse t .  I t s  shape deviates  
f r o m  a Gauss ian  (the dotted l ine)  in  the wings; and its width at half 
max imum intensi ty  is 4 .14 s e c  of a r c .  

In this position the spec t romete r  h a s  z e r o  energy  d i spe r s ion ,  

The  curve  A i s  the superposi t ion of two diffraction l ines  

T h e  na tu ra l  annihilation 

5 9 5 
2: 10 and by Watson et  a l .  wi th  a s tandard  e r r o r  4: 10 to  obtain a value - -  - - 

L 5 
for  a /A. This  value with a s tandard  e r r o r  3.5: 10 a g r e e s  (within its 

2 10 
e r r o r )  with the  value of a /Ade te rmined  f r o m  the (1962) a tomic  constants .  

9 
B. B .  Watson, W .  J. West ,  D. A. Lind, and J .  W .  M. DuMond, 

Phys .  Rev.  75, 505 (1949).  - 
10 

E. R .  Cohen, "Most P robab le  Values of the Phys ica l  Constants".  
Invited paper  presented  at the Symposium on Standards and Phys ica l  
Constants ,  Amer ican  Phys ica l  Society meeting , Washington, D .  C.  , 1962. 
The  paper  is a s u m m a r y  of a n  ana lys i s  of the avai lable  data  by DuMond, 
McNish, and Cohen. 



TABLE 111. Comparison of annihilation measurement with atomic constants. 

- - 

a Measurement Additional Anni hi la tion 
infor mation wavelength ( X  )x A 

(xu) 
a2 t Ab 

5 (1 ) Absolute diffraction 
angle; precision 3: 10 

8, 7992.41  f 0 . 3 0  
0 

microradians at 18.0  C 

(2 )  Measure of relative 
angles of annihilation 
y ray and WKa 
precision 1.5: ‘105 

x ray; 

x x 
(a) spacing of calcite 24 212.99 k 0.75 531 413.6 f. 15 

in x units 

(b) Bearden comparison 24 212.46 f 0.75 531 402.0 * 15 
of calcite spacing 
with (MoKa ) x ray. 

l x  

(a) Beckman e t  al. (Ref. 8)  24 213.20 f. 0.62  531 418.2 f 12 - -  
comparison of (WKa ) 
precision 2: 105 l x  

(b) Watson et al. (Ref. 9) 24 213.56 f 0.96 531  426.1 * 19 - -  
comparison of (WKa ) 
with ( MoKal )x; l x  

precision 4: 105 

~ ~ 

2 24 212.14  f 0.26 531 395.0 f 5.8 2 
The annihilation wavelength in x units and a /A, 
calculated by use of the adjusted values of nand  a . 

a All limits of e r ro r  a r e  standard e r rors .  
b 2 Computed from a / A  = 2R ( where the conversion constant from x units to milli-angstroms 

03 i s  A =  1.002 063 f 0.000 006, the Rydberg constant for infinite mass  is R W =  109 737.31 X 10-8 cm-1 
(precision 0.1: ios), and the fine-structure constant is a = (7.297 20 5 0.000 03) X 10-3. 
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R .  K .  SMITHER, Argonne National Labora tory :  

l ikes  to  look ahead.  

th i s  type can be pushed much  f a r the r?  

One always 

Do you think the a c c u r a c y  oi m e a s u r e m e n t s  of 

KNOWLES: The final m e a s u r e m e n t s  that  we have made  a r e  at 

l e a s t  an  o r d e r  of magnitude be t te r  in prec is ion  than those  shown in 

Table  11. 

sca le -angle  re la t ionship can be improved  by another  fac tor  of IO. 

I fee l  that  it i s  reasonable  to hope that  the prec is ion  of the 

R .  E .  SEGEL,  Argonne National Labora tory :  Is t h e r e  any  

obvious r e a s o n  why such in s t rumen t s  a r e  par t icu lar ly  sui ted for  

r e a c t o r s ;  o r  could they be used on a c c e l e r a t o r s  as  we l l ?  

KNOWLES: The m o s t  obvious l imitat ion at the moment  is  
-11 

that  the ove r -a l l  efficiency of the spec t romete r  is  

Th i s  can be es t imated  v e r y  eas i ly .  The  angle  subtended by the f i r s t  

c r y s t a l ,  de te rmined  by the m o s a i c  width and the ve r t i ca l  angle f r o m  

the s o u r c e  in  the r e a c t o r ,  is  t h e  m o s t  significant f ac to r ,  about 10 

Another fac tor  of 10 ( o r  maybe  10 ) w i l l  be  los t  in diffract ion f r o m  

both c r y s t a l s .  

the  loss is  only a factor  of four,, half on each c r y s t a l ,  

h igher  ene rg ie s  the  loss  can be a fac tor  of a few hundred,  the o v e r -  

all efficiency is often 10  

to  10 

-8  

2 

T h i s  depends on the  energy .  At t h e  lower ene rg ie s  

Since at the 

-10  . 
SEGEL: I have neve r  worked it out,  but a r e  the gamma r a y s  

f r o m  (n ,y )  reac t ions  in  a r e a c t o r  m o r e  in tense  than those  f r o m  a 

t a r g e t  in  the i n t e r n a l  b e a m  of a cyclotron? 

KNOWLES: I think that  the b e s t  efficiency you can  obtain 

with a f l a t - c rys t a l  spec t romete r  is  somewhere  in  t h e  o r d e r  of 10 

t o  10  

- 7  

- 8  . I t  is much be t t e r  to go to  a cu rved-c rys t a l  s p e c t r o m e t e r  
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because  i t s  acceptance  angle is  be t te r  by  two o r d e r s  of magni tude.  

H. MAIER-LEIBNITZ, Technischen Hochschule ,  Munich: 

May I a s k  who is making a n  e f for t ,  l ike we a r e  doing at the p re sen t  

t i m e ,  to  build a be t t e r  c r y s t a l  s p e c t r o m e t e r  with as high a n  effi- 

c iency a s  possible-which might  be  10  o r  even I O  i n  favorable  

c a s e s .  

that  bes ides  u s ,  p l e a s e ?  

-6 -5  

Do you coincide with us  in  work on tha t ?  Is anyone doing 

KNOWLES: A s  far as I know, nobody i s  doing th i s .  A few 

yea r s  ago I suggested tha t  th i s  could be  done: but we have not done 

it ou r se lves .  

I might  s a y  that  you might  ge t  eff ic iencies  of the 
-5 

o r d e r  of 10 with cu rved-c rys t a l  devices .  This  might  be possible  

up to  1-2 MeV,  but I think the resolut ions of t hese  devices  would 

not be s o  high. They  would be  about i?o-maybe 0.5?0. 

SMITHER: Would you s a y  a word on how you ac tua l ly  m e a s u r e d  

your angle-how you ac tua l ly  ro ta ted  your c r y s t a l  and measuTed its 

angular  posi t ion? You showed a compensating device.  

KNOW LES: F o r  the re la t ive  angle  m e a s u r e m e n t s  we t r u s t e d  

OUT opt ical  device implici t ly .  

s ca l e  corresponding to  the  posit ion of our  l ight beam.  

these  with our t rave l ing  m i c r o s c o p e .  

We located posit ions on the  s t anda rd  

We could obse rve  

SMITHER: It was  jus t  a question of reading the s c a l e ?  

KNOWLES: T h a t ' s  r igh t ;  we ju s t  compared  the r a t io  of the 

two d is tances  between the right-hand and left-hand diffracted l ines  for  

two different  g a m m a  r a y s .  

SMITHER: Do you u s e  a l inear  d i s tance  s c a l e ?  
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KNOWLES: Actually i t  i s n ' t  quite l i nea r  because  the s ine 

and tangent  of t he  angle  a r e  beginning to come in (even at small 

ang le s )  when one i s  measu r ing  to  this  prec is ion .  T h i s  va r i a t ion  

f r o m  l inear i ty  is  a s m a l l  co r rec t ion .  

u s e  i s  

The  ac tua l  fo rmula  tha t  we 

T 
where  2s i s  the d is tance  between the two diffracted l ines  and R 

is  a n  effective rad ius  between the opt ical  flat and the concave m i r r o r .  

The  diffract ing c r y s t a l s  a r e  fixed beneath these  m i r r o r s .  The  OB 

t e r m  i s  ju s t  a co r rec t ion  for  the  s ine  and the tangent  of the angle .  

small ang le s ,  2s is  jus t  p ropor t iona l  t o  the  angle .  

based  on s imple  geomet r i c  cons idera t ions  

2 

FOP 

Thi s  formula  is  

MAIER-LEIBNITZ: I have the  idea tha t  one of the v e r y  b e s t  

things you could do i s  t o  u s e  the bes t  theodolite you can buy and m e a s u r e  

the  angle .  

t u r i e s  t o  r emove  the i n a c c u r a c i e s .  

b e s t  you can do?  

People  who use  theodol i tes  have done all they could fo r  cen-  

Wouldn't  that  be the s imples t  and  

KNOWLES: No,  I think t h e r e  is  enough evidence now t o  show 

that many  people in  different  l abora to r i e s  a r e  now managing to  m e a s u r e  

ang le s  down t o  maybe  a thousandth of a second of arc. The f i rs t  such 

prec is ion  work  was  done by Jones a t  Aberdeen;  and s ince  1 9 2 6  he h a s  

been making angle  m e a s u r  emen t s  and improving on t h e m .  

been ab le  to m a k e  angle  m e a s u r e m e n t s  t ha t  a r e  at l e a s t  t en  t i m e s  as  

good a s  o u r s .  

g rav i ta t ion  m e a s u r e m e n t s .  

angles  with higher  p rec i s ion  than o u r s .  

He h a s  

I should a l s o  ment ion  people l ike Dicke ,  who a re  doing 

They have to  m e a s u r e  small changes in  
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0. W e  B. SCHULT, Technischen Hochschule,  Munich: 

A thousandth of a second i s  a fine number ,  but I think th i s  number  

can only have meaning when one i s  in te res ted  in  v e r y  s m a l l  angles .  

Actually,  when you have to m e a s u r e  a n  angle of 3-4 

sandth of a second, I think you run  into t e r r i b l e  t rouble .  

a t ime  does it take  to r e c o r d  your l i nes?  

0 
t o  a thou- 

How long 

KNOWLES: It does not take a s  long a s  you would think. 

you m e a s u r e  a mil l ion counts in  a l ine (and you can do th i s  on a 

s t rong line v e r y  quickly) and i f  you have a resolut ion of one pa r t  in  

a thousand, then you w i l l  have s t a t i s t i c s  sufficient to m e a s u r e  t o  

one p a r t  in  a mil l ion.  

If 

SCHULT: High prec is ion  i s  of e s sen t i a l  advantage when you 

use  the Ritz  combination pr inciple .  Then it i s ,  however ,  n e c e s s a r y  

to  have high prec is ion  at all l ines of i n t e re s t .  T h e r e f o r e  i t  i s  m e a n -  

ing less  to m e a s u r e  a single line to such a n  a c c u r a c y  when the o the r s  

a r e  bad.  

KNOWLES: T h i s  i s  m y  point too. I dea l  with c a s e s  of a few 

l ines  which a r e  m e a s u r e d  t o  g r e a t  prec is ion .  

would like to make  i s  this :  

p rec i se  m e a s u r e m e n t s .  

I think the point I 

When it is n e c e s s a r y ,  you can m a k e  the 
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11- 11. GAPTUR E GAMMA RAYS AND NEUTRON BINDING ENERGIES 
El__--. 1 - .  

R .  E .  C a r t e r  and H. T .  Motz 

Los Alamos  Scientific Labora to ry ,  Los A l a m o s ,  N. M ,  

T h e  Compton s p e c t r o m e t e r  at the  Los Alamos  Omega 

West  Reactor1 '  * is designed to m e a s u r e  neut ron-capture  g a m m a  

r a y s  above 0 .5  MeV and  i s  thus a n  excel lent  i n s t rumen t  t o  work  in  

conjunction with data  f r o m  low-energy diffract ion i n s t r u m e n t s  

l ight nuc le i  the Compton s p e c t r o m e t e r  can m e a s u r e  e s sen t i a l ly  all 

of the  s p e c t r u m  since e n e r g y  leve ls  tend t o  be r a t h e r  widely spaced;  

but for heav ie r  nuc le i  it is  n e c e s s a r y  to  complement  the da t a  with 

low-energy s p e c t r a  f r o m  other  s o u r c e s .  

spec t roscop ic  de ta i l s  of ene rgy  leve ls  it is  e s sen t i a l  t o  know the 

a c c u r a c y  t o  which one can  m e a s u r e  g a m m a - r a y  e n e r g i e s  and  the i r  

d i f fe rences .  

t o  do high-resolut ion coincidence work  and the b e s t  m e a n s  of a r r i v i n g  

at a decay  scheme  i s  p r i m a r i l y  by energy  co r re l a t ions  w h e r e  one h a s  

E l  t E = E Obviously,  the ce r t a in ty  of such  a n  ene rgy-co r re l a t ion  

approach for  complex s p e c t r a  improves g rea t ly  with d e c r e a s e d  e r r o r s  

and m u s t  in  any  c a s e  involve the  u s e  of r e a l i s t i c  e r r o r  e s t i m a t e s .  

h a s  been  pointed out t ha t  the m o s t  definite r e s u l t  of such  a n  e n e r g y  loop 

For 

In o r d e r  to  d e t e r m i n e  

Th i s  is  r e q u i r e d  because  it is  not  possible  at this t ime  

2 3' 

I t  

1 
H. Motz,  R .  E .  Carter ,  and W D.  Bar f i e ld ,  P i l e  Neutron R e s e a r c h  

i n  P h y s i c s  (IAEA, Vienna,  1962), page 225 
2 
H, Motz and  R .  E. C a r t e r ,  P r o c .  of the  In te rna t iona l  Conference on 

Nuclidic M a s s e s ,  edi ted by H. E.  Duckworth (Univers i ty  of Toronto  
P res s ,  Toronto ,  1960) ,  page 299. 
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compar ison  is  tha t  the s u m  i s  not equal.  

t o  a much higher cer ta in ty  with i n c r e a s e d  accu racy .  AS a n  e s sen t i a l  

p a r t  of th i s  p r o g r a m  of spec t roscopic  information,  one m u s t  then d e t e r -  

mine  the l inear i ty  and re l iab i l i ty  of the in s t rumen t ,  and binding-energy 

de termina t ions  r e s u l t  f r o m  such a study. 

Even  this  fact  is  de te rmined  - 

The  s p e c t r o m e t e r  is  essent ia l ly  a n  i r o n - c o r e  double- 

focusing ins t rument  of the Siegbahn-Svartholm type and has a n  inhomo- 

geneous field.  Such in s t rumen t s  a r e  difficult t o  ca l ib ra t e  by m e a n s  of 

complete  field mapping and a one-point (or small area) field m e a s u r e -  

men t  is  no rma l ly  taken with a rotat ing co i l  as a m e a s u r e  of the e n t i r e  

magnet ic  field through.  which the  e l ec t rons  a re  deflected.  If the field 

shape changes with c u r r e n t ,  then such  a m e a s u r e m e n t  i s  not adequate  

and a ca l ibra t ion  nonl inear i ty  wil l  r e su l t .  In the c a s e  of t he  Compton 

in s t rumen t ,  the  angle  of the back- sca t t e red  g a m m a  r a y  is  a l s o  in -  

volved i n  m e a s u r i n g  the g a m m a - r a y  ene rgy  and a n  addi t ional  non- 

l i nea r i ty  might  en te r  f r o m  th is  added p a r a m e t e r .  

A l l  data  a r e  f i t ted with a l e a s t - s q u a r e s  p r o g r a m  which 

imposes  an  addi t ional  complication in  that th i s  funct ion does not 

exact ly  co r re spond  to the true l ine shape .  

a s s u m e d  and observed  l ine shapes  might  then be a function of ene rgy  

and give a n  additional s o u r c e  of nonl inear i ty .  

tha t  has been used f o r  t h i s  work is a skewed Gauss ian  to  which can 

be  added a low-energy exponential t a i l .  

m e t e r s  have been de te rmined  f o r  wel l - i so la ted  s ingle  gamma r a y s  

throughout the energy  sca l e  and a plot of these  p a r a m e t e r s  v e r s u s  

energy  is  a s s u m e d  t o  be  fi t ted b y  a smooth curve .  

Deviations between the  

The  ana ly t ic  function 

The  width and skewness  p a r a -  

The posit ion of 
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the peak of the skewed Gaussian is  taken as  a m e a s u r e  of the energy  and 

co r re sponds  to the m o s t  probable focusing condition for  max imum coin-  

cidence counting r a t e .  

Because  of g r e a t  complexity and int e r c o r r e l a t i o n s  of 

t hese  f a c t o r s ,  we have taken an  exper imenta l  approach  t o  the de t e rmin -  

ation of the ove r -a l l  nonlinearity.  

l ight-element  reac t ions  the  spec t rum affords  s top-over  and C Y O S S  -over  

t rans i t ions  which m a y  be  a s s u m e d  to cor respond to  the s a m e  total  energy  

-namely, the binding energy .  

This i s  possible  because  in  s e v e r a l  

Table  I shows the s top-over  and c r o s s - o v e r  compar isons  

TABLE I .  Trans i t ion  energ ies  (keV) .  The  r e c o i l  energy  i s  in -  
cluded in  all c a s e s .  Errors a r e  l e a s t - s q u a r e s  s t a t i s t i ca l  e r r o r s  only.  

Nuclide Stop - over  Sum C r o s s - o v e r  Diff. 

10 
Be 

3367. 3 * 0 . 2 7  
6810.9 * 0 . 5  6809.6 +_ 0 . 1  -p 1 . 3  

3443,6 +_ 0 . d  

3367. 3 +_ 0 .  9 
t 0 , 6  6810.7 +_ 0 . 4  6810.1 +_ 0 . 2  

1262. 3 +_ 0.5  

3684.3 5 0 . 3  3 4946.6 k 0 . 6  4944.4 k 0 . 4  c 2 . 2  
C i 3  

3533.2 _+ 0 . 5  

7300.1 5 0 . 6  
10833.3 k 0 . 7  10832.8 * 0 . 7  f 0 . 5  

10831.4 k 0 . 6  10833.6 +_ 0 . 5  - 2 . 2  

3 Ni5 

10831.6  0.5 - 2 .0  
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u 10 13 15 
f o r  the re levant  t rans i t ions  f rom Be , C , and N . The  differences 

in the s u m s  v e r s u s  the observed  c r o s s - o v e r  value ( a f t e r  r eco i l  c o r r -  

ect ions)  do not depend significantly on the cal ibrat ion.  

shown tha t  the max imum nonlinear e r r o r  is about 2 keV, one can then 

u s e  a one-point cal ibrat ion and obtain the binding ene rg ie s  a s  shown 

in Table  11. 

But ,  having 

The cal ibrat ion point used for  th i s  work i s  the  Chalk R i v e r  

TABLE 11. Neutron binding ene rg ie s  (keV).  

Nuclide 
LAS L Everl ing 

e t  al.  -- Diff 

6810.4 6814.3 t 2.1 Be 

C i 3  4945.0 4947.0 * 0 . 8  

N i 5  10832. 3 10834.3 k 0 . 9  

10 - 3.9 

- 2 . 0  

- 2.0 

value for  the Mg24 l ine of 2753.98 k 0.25 keV. The to ta l  e r r o r s  in  these  

values  a r e  not yet f inal  and  so a r e  not quoted h e r e .  

shown in Table  I allow the der ivat ion of a n  e r r o r  curve  f r o m  which the 

The  d i f fe rences  

max imum possible  slope between va r ious  energy  values  gives  the  maxi- 

m u m  e r r o r  in  ene rgy  d i f f e rences  tha t  a r e  de te rmined  f r o m  the spec t ro -  

m e t e r .  
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11-12. NUCLEAR PHYSICS B Y  THE CHALMERS GROUP AT THE 
-*-- ‘. - ” - .  \c 

SWEDISH RESEARCH REACTORS-’. 

Sam Nilsson,  R .  Harde l l ,  J .  Rohlin,  and B.  Lundqvist  

Chalmer  s Universi ty  of Technology, Gotheburg,  Sweden 

1 2  - 2  -1 
Ins t rumen t s  at Reac to r  R l  (a = 2 X 10 neutron c m  s e c  ) 

t h  

A 1 -m ben t -qua r t z -c rys t a l  diffraction spec t romete r  

is  connected with the high-flux region by a pneumatic  tube.  Thanks 
1 

to  a. spec ia l  receiving s ta t ion,-  t he  record ing  of diffraction peaks can 

start 30 s e c  a f t e r  pi.le-out. 

half- l ives  s h o r t e r  than 1 h r ,  sample  capsules  of pure  t i tanium in -  

s tead  of the  conventional ones of a luminum proved to b e  n e c e s s a r y  

for  the  fulfi l lment of the background r equ i r emen t s .  

F o r  m e a s u r e m e n t s  on ac t iv i t ies  with 

2 

P r e c i s i o n  energy  de termina t ions  have been pe r fo rmed  

on shor t - l ived  i s o m e r i c  t rans i t ions  and of low-lying exci ted s t a t e s  in  

deformed nuclei .  3 ,  

The m o s t  shor t - l ived  act ivi ty  so far m e a s u r e d  with 

2-min t rans i t ion  f r o m  the first i n t r in s i c  s t a t e  this faci l i ty  is the I 
165 

i n D y  

1 
S. Nilsson,  Nucl. I n s t r .  and Methods 16,  - 89 (1962).  

2 
R .  Harde l l  and S .  Nilsson,, Nucleonics 20, - 108 (1962).  

3 
R .  Harde l l  and S. Nilsson,  Nucl. P h y s .  - 39, 386 (1962) .  

L. P e r s s o n ,  R.  Harde l l ,  and  S. Nilsson,  Arkiv Fys ik  - 23, 1 (1963).  

P r e s e n t e d  by Sam Nilsson.  

4 

.la -8- 

L. 
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theodol 

in te r  va 

The Bragg angle i s  de te rmined  by use  of a prec is ion  

t e  (Model T 3  , Wild , Heerbrug  , Switzer land)  with a division 

of 0 . 2  s e c  of a r c .  

The spec t romete r  efficiency has  been ca l ibra ted  and 

the ene rgy  dependence of the peak ref lect ivi ty  R has  been found to  be 

11-12 

-2.26 f 0 . 0 2  
R &E 

Relat ive intensi t ies  of g a m m a  l ines  can be de te rmined  with a n  accu racy  

of 10%. 
5 

A t h r e e - c r y s t a l  pa i r  spec t romete r  

mainly as a complement  to  the diffraction s p e c t r o m e t e r s  for  the 

capture  gamma studies  descr ibed  below. 

detection efficiency for  the oppositely d i rec ted  annihilation quanta 

escaping f r o m  the cen t r a l  c rys t a l ,  the  s ide c r y s t a l s  w e r e  made  in  

the fo rm of a n  annulus of NaIlT].), 6 in.  in  d i ame te r  and 4 in.  long with 

was  built  to s e r v e  

In o r d e r  to  achieve a high 

- in .  through-hole.  The annular  c r y s t a l  i s  b i sec ted  and the 9 
a i K  
two segments  a r e  optically isolated.  

to  each  segment .  

a f a i r ly  s m a l l  volume which facilita,tes the shielding 

Two photomult ipl iers  a r e  a t tached 

Thanks to  the close geometry ,  the spec t romete r  has  

Up to  now the s p e c t r o m e t e r  has  been used only with 

in te rna l  t a r g e t s  placed in  a through r e a c t o r  channel.  

h a s  been tes ted  by investigations on g a m m a  spec t r a  f r o m  na tu ra l  nickel,  

dyspros ium,  and calcium, and f r o m  a s m a l l  enr iched sample  of Ca 

The pe r fo rmance  

42 
~ 

According to  the efficiency de termina t ion  of the spec t ro -  

m e t e r ,  typical  r equ i r ed  amounts  of s amples  a r e  a s  follows: 

5 
S .  E. Arne11 and E. G ,  Nadjakov, Nucl. In s t r .  and Methods ( in  

p r e s  s )  . 
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N i  ( U  = 4 . 8  b )  120 m g ,  Dy (u = 950 b)  1 . 7  m g ,  Ca (u = 0 . 4 3  b) 9 0 0  m g ,  

and Ca 
42 

( U  = 40  b ;  28. 370 enr ichment )  40 m g .  

The  efficiency i s  0.5’3’0 at 3 MeV and  1.670 at 10 MeV. 

T h e  reso lu t ion  width i s  about 570 at 1 . 5  MeV and 370 at 9 MeV. 

A re la t ive  ove r -a l l  efficiency could b e  defined as the  

number  of counts per unit t ime in  the peak of a ce r t a in  g a m m a  line 

for  the  s a m e  effective sample .  

for  the p re sen t  spec t romete r  proved to  b e  1000 t i m e s  that  of the  

Michigan g roup  

The  ove r -a l l  efficiency thus  found 

6 7 
and about 100 t i m e s  that  of the  Brookhaven group.  

The  s p e c t r o m e t e r  w i l l  l a t e r  be used a l s o  in  coin- 

c idence with a single NaI(T1) c r y s t a l  s p e c t r o m e t e r .  

14 - 2  
In s t rumen t s  at Reac tor  R2 ( @  = 2 X 10 neutron c m  sec - I )  

th  

One double- f la t -c rvs ta l  s p e c t r o m e t e r  and one bent -  
a 

c r y s t a l  s p e c t r o m e t e r  a r e  both to be  placed in f ront  of the s a m e  

hor izonta l  th rough channel of the  r e a c t o r .  

two flat c r y s t a l s  ( F i g .  1 )  i s  placed below the one with the bent  c r y s t a l ,  

as  s h w n  in the  mode l  (F ig .  2 ) .  

of the r e a c t o r  channel c lose  t o  the r e a c t o r  c o r e  where  the flux i s  about 

2 X 10 neut ron  cm sec . The sample is  fixed to  a c a r r i a g e  which 

T h e  s p e c t r o m e t e r  with 

T h e  sample  is  placed i n  the center  

14 - 2  -1 

6 
P. A. T r e a d o  and P. R .  Chagnon, P h y s .  Rev.  121, - 1734 (1961) .  

N. F. F i e b i g e r ,  W . R .  Kane ,  and R .  E .  Segel ,  P h y s .  Rev .  125, - 
7 

2031 (1962) .  

8 
S. Nilsson,  Swedish P h y s i c s  Conference ,  Lund, June 1961 [Ark iv  

Fysi.k 22, - 427 (1962)] . 
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Fig .  1. Exper imenta l  a r r a n g e -  
ment  ( top  view) of the double 
spec t romete r  a s sembly  at the 
R e s e a r c h  Reac tor  R2 at 
Gotheburg, Sweden. The spec -  
t r o m e t e r s  a r e  located to  the 
left  of the r eac to r  inside of a 
sepa ra t e  shield w a l l  (heavily 
shaded a r e a ) .  

F ig .  2 .  A sca l e  model  of the double spec t romete r  a s sembly .  The bent- 
c rys t a l  spec t rometer  is located above the double- f la t -c rys ta l  spec t ro -  
m e t e r .  The r eac to r  w i l l  be to  the r ight  of the r e a l  spec t romete r .  
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runs  on a f ramework  of a luminum pipe in se r t ed  f rom the opposite end of the 

channel. Thanks t o  the v e r y  low induced act ivi ty  in the c a r r i a g e  made  

of t i tanium, 

t r o m e t e r s  have been designed on the requi rement  of maximum possible 

automatizibi l i ty  by the mos t  s imple a r r angemen t s .  

pure  mechanica l  sys t em.  Thus the rotat ional  movement  of c r y s t a l s ,  s l i t  

co l l ima to r s ,  and de tec to r s  in  both spec t romete r s  i s  coupled by thin s t ee l  

bands running over  prec is ion-made  c i r cu la r  wheels.  

the sample  exchange i s  fa i r ly  easy  to  pe r fo rm.  Both spec -  

We have chosen a 

The double-f la t -crystal  spec t romete r  ( F i g .  3)  was built 

F ig .  3. Top view of double-crystal  spec t romete r  with the two c rys t a l s  
removed t o  show the s t ee l  bands and d isks  which ro ta te  the c rys t a l s .  
The r e a c t o r  is to the r ight .  

f i r s t  and i s  now in use .  The r eason  why t h i s  was built first i s  our  c lose 

collaboration with the Munich group at Risb ,  Denmark  which a l r eady  has  

a ben t - c rys t a l  spec t rometer  in  use .  
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The mechanica l  coupling of the rotat ional  movements  

proved to  sa t i s fy  our demands in a first approximation.  

flat c r y s t a l s  follow each other  with a n  angle prec is ion  of be t te r  than 

0 . 5  s e c  of a r c  over a rotat ional  angle of f 5 . 
i s  of the same  quality. This  means  tha t  the spec t romete r  can be auto-  

mat ized by v e r y  s imple  means ,  giving a sufficient accu racy  in a f i r s t -  

o r d e r  approximation.  

automatizat ion i s  to apply a device d i rec t ly  on the c r y s t a l  axes  (ax is )  

which gives e l ec t r i ca l  pulses  to  a sca l e  a n d / o r  p r in t e r .  

ing the diffraction peaks point by point, the angular  pulses  a r e  printed 

s imultaneously with the gamma counts on the s a m e  s t r ip .  

Thus the two 

0 
Even the reproducibil i ty 

However,  the m o s t  r igorous  way to  get  a rel iable  

When r e c o r d -  

A modified Michelson in t e r f e romete r  with photoelectric 

f r inge counting (F ig .  4) has  been developed for  the conversion of angle 

into e l ec t r i ca l  pu lses .  
9 

In o r d e r  t o  avoid mechanica l  t rouble  in the 

F ig .  4. Schematic  d i ag ram of 
the optical  sys t em to  m e a s u r e  
the rotat ion of the c r y s t a l s .  
Here  C, and C, a r e  cube- 
co rne r  p r i s m s ,  M, and M, 
a r e  plane m i r r o s ,  D,, D2,  
and D3 a r e  beam sp l i t t e r s ,  and 
P i s  a compensating plate.  

- 

J.  Rohlin, Appl. Optics 2, 762 (1963).  - 
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t r ans fo rma t ion  of the rotat ional  motion of the c rys t a l  axis into a n  

equivalent t rans la t iona l  one,  the plane m i r r o r s  in the Michelson 

in t e r f e romete r  w e r e  rep laced  by cube-corner  p r i s m s  

m i r r o r s  a r e  used  as  end r e f l ec to r s .  

path difference on the angles  of adjustment  of the in t e r f e romete r  

components has been d e r i v e d  to a th i rd -o rde r  approximation in the 
angle of inclination of the p r i s m s .  The sensi t ivi ty  of the  i n t e r f e r -  

ome te r  i s  0 - 1  s e c  of a r c  over  a range  of 30 

length a c c u r a c y  of at l ea s t  1: 1 0  

in the ( 5 0 2 )  planes of quar tz  is used .  

P l ane  

The dependence of t he  opt ical  

0 
This  gives  a wave-  

4 
at 1 MeV when f i r s t - o r d e r  ref lect ion 

T h e  in t e r f e romete r  is made  phase sens i t ive  so a s  to  be 

independent of backlash and vibrat ions of the  sys t em.  

the tw o-phase detecting photomultipliers a r e  fed into a two-direct ional  

s c a l e r ,  which thus gives  us  the re levant  number  of f r inge pu l ses .  

P u l s e s  f r o m  

T h e  resolut ion of a double- f la t -c rys ta l  s p e c t r o m e t e r  is  

T h e  de termined  exclusively by the quality of the diffraction c r y s t a l s .  

only purpose  of the slit co l l imators  i s  t o  shield the de tec tor  f r o m  the  

in tense  undiffracted g a m m a - r a y  beam.  

s p e c t r o m e t e r  a r e  made  of a Pb-Sb ( 6 % )  al loy.  

with a to ta l  length of about 2 m give a coll imation corresponding to a 

theo re t i ca l  upper  limit of ene rgy  of 20 MeV, 

The  l ame l l ae  in  the p r e s e n t  

T h r e e  co l l ima to r s  

1 G  
4 4-m ben t -c rys t a l  s p e c t r o m e t e r  fo r  decay s tudies  - -* 

is being built  on g r a n t s  f r o m  the  Internat ional  Atomic  Ene rgy  Agency, 

Vienna, f o r  nondestruct ive ana lys i s  of i r r a d i a t e d  fuel  e l emen t s ;  but 

1 0  
S. Nilsson,  Swedish Phys ic s  Conf. Gothenburg, June  1963  ( to  

appea r  i n  Arkiv  F y s i k ) .  
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it will  a l s o  be used for  pu re  nuc lear  spec t roscopy.  

wil l  b e  used  i n  the so-ca l led  Johann geomet ry ,  i. e . ,  with a line o r  

s t r i p  s o u r c e  i n  o r d e r  t o  m a k e  it possible  to  use  enr iched  isotopes in 

milligram quant i t ies .  

about half a y e a r .  

connected with th i s  by a fast r abb i t  s y s t e m .  

The  s p e c t r o m e t e r  

The s p e c t r o m e t e r  is expected to  be  r eady  in 

I t  w i l l  be  placed c lose  to  the  high-flux r e a c t o r  and 

A permanent-f ie ld  P - r a y  spec t rograph .  In r e m  lution, 

p rec i s ion ,  and efficiency, th i s  i n s t rumen t  i s  comparable  with the d i f f -  

rac t ion  s p e c t r o m e t e r .  For decay s tudies  we t h e r e f o r e  found it advi -  

sable  to  complement  the above-mentioned diffract ion s p e c t r o m  t e r  

with the  p spec t rog raph ,  which wil l  also be  connected with the  r e a c t o r  

by a pneumatic  tube.  
11 

According to  a technique developed by P r o f .  Siatis 

a t  the Nobel Ins t i tu te ,  Stockholm,  

mined with a n  a c c u r a c y  of about 5%. 

with the a c c u r a c y  obtainable in  a diffract ion in s t rumen t .  

ben t - c rys t a l  s p e c t r o m e t e r  as  wel l  as  the  (3 spec t rog raph  can in many  

c a s e s  a l s o  suppor t  the ( n , y )  m e a s u r e m e n t s  with the diffract ion s p e c -  

t r o m e t e r s  because  in the low-energy  region (0 .03-2  MeV) covered  

by these  i n s t r u m e n t s  one v e r y  often has  m a n y  l ines  emanat ing f r o m  

radioact ive nuclei .  

e lec t ron  in tens i t ies  can be  d e t e r -  

Even  th is  co r re sponds  wel l  

The  4 - m  

J .  W .  KNOWLES, Chalk R ive r  Labora to r i e s :  I j u s t  want to 

s a y  a few words  about  gett ing mechan ica l  prec is ion .  We t r i e d  va r ious  

11 
H. S la t i s ,  Arkiv  F y s i k  2 2 ,  - 517 (1962) .  
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se tups  ( m o s t  of t hem quite a bit  s imp le r  than th i s )  to get  mechanica l  

prec is ion  to 0 . 0 1  seconds.  

r e a l l y  did not ge t  the 1 -mil prec is ion  that you want until  you introduce 

s o m e  s o r t  of a feedback s y s t e m .  

problcras  a r e  solved if you make  the feedback of the s y s t e m  hizh enough 

and p a r t  of that  sys t em i s  t he  a r m  of the spec t romete r .  

lik:; that could v e r y  easi ly  be added to the s p e c t r o m e t e r .  

One could obtain th i s  all r igh t ,  but you 

A g r e a t  many  of the t e m p e r a t u r e  

I think a thing 

NILSSON: The way it i s  bui l t ,  it i s  a feedback s y s t e m .  I t  can 

t e l l  u s  in which d i rec t ion  the c r y s t a l s  a r e  ro ta ted  re la t ive  to  each  o the r .  

I was a l s o  going to a s k  where  your i n t e r f e romete r  is KNOWLES:  

mounted with r e s p e c t  to  the c r y s t a l s .  

m i r r o r s  and in t e r f e romete r  should somehow be made  a n  in t eg ra l  pa r t  

of your two f l a t - c rys t a l  a s s e m b l i e s .  

foot,  we have found that one ge t s  v e r y  suspicious of the angles  between 

the opt ical  s y s t e m  and the c rys t a l  sys t em.  

I t  s e e m s  to m e  that your flat  

If they a r e  even sepa ra t ed  by a 

NILSSON: The  picture  that I showed was  developed for  one a x i s .  

Now we have to couple both of the cube -co rne r  p r i s m s  to the two spec t ro -  

m e t e r  a x e s .  

to  each  o the r .  

They give u s  the re levant  rotat ion of the c r y s t a l s  re la t ive  

KNOVJLES: A pe r son  who has  had a lot of exper ience  in  th i s  i s  

D r .  Bea rden  at Johns Hopkins. For two y e a r s  noT.7 they have had an 

i n t e r f e romete r  operat ing with a flat - c r y s t a l  s p e c t r o m e t e r  for x - r a y  

m e a s u r e m e n t s .  He found tha t  he had to make  the device s m a l l e r  and 

s m a l l e r .  The  whole device i s  about 6 in .  a c r o s s ,  and he had to  mount 

the  sens i t ive  p a r t s  of h i s  i n t e r f e romete r  d i r ec t ly  on h i s  c r y s t a l s  or 
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e f fec ts  such  a s  people walking into the room o r  the t e m p e r a t u r e  

change resul t ing f r o m  people walking in  the room would upse t  the 

m e a s u r e m e n t s  when you a r e  mea,suring to  a, few p a r t s  per  mi l l ion ,  

NILSSON: W e  have not found any such dependence yet .  

11- 1 2  
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111- I .  THE COLLECTIVE -..---- MODEL "__ IN RELATION TO NEUTRON- 
CAPTURE GAMMA-RAY SFEC T R A "  * 

__-__ ".. 
/I----- - -"Fm I 

DY'M. Br ink  

C la r e nd o n Lab  ora  to  r v . Oxf o rd 

I would l ike  to  confess  at the beginning of th i s  talk that  

I a m  not r ea l ly  a n  expe r t  i n  the  f ie ld  of neutron g a m m a - r a y  physics ,  

and I would l ike to thank all those  expe r t s  whom I have talked t o  and 

who have helped me a r r a n g e  the  ta lk  that I a m  going to  give th i s  morning.  

F i r s t ,  I would l ike to d i s c u s s  e s t i m a t e s  of pa r t i a l  r ad ia -  

t ive widths f o r  e l ec t r i c  -dipole, magnetic -dipole, and e l ec t r i c  -quadrupole 

g a m m a - r a y  t rans i t ions  emi t ted  i n  the neut ron-capture  s t a t e  and during 

the subsequent  g a m m a - r a y  cascade .  E s t i m a t e s  f o r  t hese  m a y  b e  de -  

r ived f r o m  f o r m u l a e  given by  Bla t t  and Weisskopf o r  by Bartholomew 

in a review a r t i c l e  in  1961. These  s ingle-par t ic le  e s t i m a t e s  ( i n  eV) a r e  

2 1 3  3 I' ( E l )  O . i l A  E D/D,,  B 
3 

r , ( M l )  = 0.021 E D/Do, 

-7  4 / 3  5 r (E2) = (1 .2 X 10 ) A E D/D,.  
B 

111- 1 

In these  fo rmulae ,  E i s  the energy  of the g a m m a  r a y  emit ted,  I' i s  the  

p a r t i a l  radiat ive width, D i s  the spacing of the leve ls  with the s a m e  s p i n  

and pa r i ty  as the radiat ing s t a t e  n e a r  the posit ion of radiat ing s ta te ,  and 

Do i s  the so-ca l led  spacing of s ing le-par t ic le  leve ls  (which, by conven- 

tion, i s  taken to  be 15 MeV). 

I would j u s t  l ike  to  make  a r e m a r k  h e r e  that the e s t ima te  

of Bar tholomew di f fe rs  f r o m  tha t  of Weisskopf by  a fac tor  of ( 2 1  f I) ,  

where  I i s  t he  mul t ipo lar i ty  of the g a m m a  r a y  emi t ted ;  i. e . ,  the  

Weisskopf value r is 
W 

rw = ( 2 1  t 1) rB, 
4, *8. 

Invited pape r .  
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where  r is the Bartholomew value. B 
T h e r e  a r e  a number of effects which a r e  impor tan t .  

D i rec t  g a m m a - r a y  capture  p r o c e s s e s  have been d i scussed  by a number 

of people and they a r e  impor tan t  when the the rma l -neu t ron  cap tu re  

s t a t e  d i f fe rs  f r o m  the f inal  s t a t e  by  a s ingle-par t ic le  t rans i t ion .  

not going to  ta lk  about d i r e c t  cap ture  this morning.  

I a m  

Recently,  P r o f e s s o r  Axel has  promoted  the idea of r e -  

lating the g a m m a - e m i s  sion m a t r i x  e lement  s to  gamma-absorp t ion  

m a t r i x  e lements  by detai led balance and calculating these  m a t r i x  e l e -  

ments  by  use  of s imple  models  f o r  g a m m a - r a y  absorpt ion.  

f o r  absorp t ion  of e l ec t r i c  -dipole radiation, one h a s  the giant-dipole 

model  ( f i r s t  introduced b y  Goldhaber  and T e l l e r )  where  the incornin[: 

y r a y  exc i tes  the  nucleus i n  a mode in which the pro tons  move aga ins t  

the  iieutrons - o r  the par t ic le-hole  model proposed by Cast. i leo,  Brown, 

Evans ,  and other  people. 

t h e  c o r e  into s o m e  excited s ta te  to produce a par t ic le -hole  s t a t e ,  

F o r  example ,  

The incoming photon exc i tes  the pa r t i c l e  of 

I will f i r s t  d i s c u s s  this idea i n  re la t ion t o  e l e c t r i c -  

dipole radiat ion ( the c a s e  t r e a t e d  by- Axel) ;  but the f i r s t  p a r t  of the a r g u -  

men t  i s  qui te  gene ra l  and appl ies  a l s o  to magnet ic-dipole  radiat ion 

e l e c t r i c  -quadrupole radiat ion.  

a, wliich m a y  be a ground s t a t e  o r  a n  exci ted s t a t e ,  and I p lace  it i n  a 

varying e lec t r ic -d ipole  field.  

t h e o r y  of d i spe r s ion  which is f ami l i a r  f r o m  the v e r y  f i r s t  days  when 

one s t a r t s  studying e lec t romagnet ic  theory.  

varying e lec t r ic -d ipole  f ie ld  and ju s t  invest igate  its r e sponse  to  the 

f ie ld .  

so rp t ive  pa r t .  

a d i spe r s ion  re la t ion  so  that  if one knows the abso rp t ive  p a r t  then one 

c a n  ca lcu la te  the r e s p o n s e  function to  the vary ing  e l ec t r i c  f ie ld .  

and  

Now,  I imagine  the nucleus i n  some s t a t e  

What I a m  doing i s  j u s t  the c l a s s i c a l  

I place the nucleus i n  th is  

The r e sponse  function cons i s t s  of a d i s p e r s i v e  p a r t  and a n  a b -  

The  d i s p e r s i v e  p a r t  i s  r e l a t ed  to  the absorp t ive  p a r t  b y  
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If the rad ian  f requency  of the f ie ld  i s  w, then the  energy 

absorbed  f r o m  the field i s  

Here  E = K L I  (I  prefer t o  work  in  energy  units ra ther  than frequency 

units;  E co r r e sponds  to  the energy of the y r a y  absorbed  o r  emit ted) ,  

I A ( w )  I 2 
i s  the mean-square F o u r i e r  component of the applied field with 

radian frequency w = E /fi, t h e  s p e c t r a l  function e; ( c  ) is normalized 
a 

by the relat ion 
03 

and X i s  a normalization constant.  

The energy absorbed  f rom the  applied field m a y  a l s o  be 

calculated f rom the m a t r i x  e lements  f o r  t rans i t ions  f r o m  the s ta te  a 

with energy  E to  s ta tes  with energy  E t E and E - E and the densi ty  

of the s t a t e s  p in the neighborhood of these  energ ies .  The  r e s u l t  is  
a a a 

The normalizat ion constant  X can be es t imated  by u s e  of a sum 

t h e  m a t r i x  e lements ,  namely,  

ru l e  fo r  

This  type of sum 

of the nuc lear  s t ruc tu re .  

ru le  can  often b e  calculated without detai-zd knowledge 

When E is l a rge  enough s o  that  p(E t E ) > >  p ( E  - €) , the  
U U 

second ter.m in the equation fo r  g ( E  ) i s  sma l l  compared  with the f i r s t  

and m a y  be neglected. Thus,  
a 

This i s  an  expres s ion  fo r  the average  of the squa re  of a radiat ive m a t r i x  

e lement .  A pa r t i a l  radiat ion width c a n  be  calculated f r o m  it i f  the spec-  

tral  function g ( E ) i s  known. 
a 
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When E i s  sma l l ,  both t e r m s  i n  Eq. (1)  a r e  important .  

A S E - 0  

It i s  a g e n e r a l  r e su l t  that  g ( E )  - 0  a s  E - 0 s o  the ave rage  reduced 

width tends to  a constant value f o r  sma l l  E ( i n  p rac t i ce ,  f o r  E < 1 MeV).  
a 

'-v 

A m o r e  accu ra t e  calculat ion should include spin effects  I) 

One finds that the r a t io  r / D  should be a l m o s t  independent of spin.  

We a r e  left now with the r e a l  problem of calculating the 

s p e c t r a l  function g ( E  ). This  can  never  be done exactly,but s imple  

nuc lear  models  can give s o m e  idea of i ts  shape .  

m a t e s ,  g ( c )  has  a constant  va iue . ]  

a 
[In the Weisskopf e s t i -  

We know i n  the  c a s e s  of E l  and E 2  rad ia t ion  that  the a b -  

sorp t ion  of radiat ion is c lose ly  connected with a col lect ive motion of the 

nucleus,  

d i r e c t l y  to  a s imple  analytic f o r m  f o r  the s p e c t r a l  function g (  c )e 

a s s u m e  that  the col lect ive motion i s  analogous to the motion of a xi inped 

h a r m o n i c  osc i l la tor  ~ The osci l la t ion i s  c h a r a c t e r i z e d  by a na tura l  rad ian  

f requency  w o  = E,/K and a damping constant  r, where  r/fi i s  a m e a s u r e  

of the r a t e  at  which the ene rgy  i n  the col lect ive mode 

modes  of motion of the nuc leus .  

This  sugges ts  a model  of the absorp t ion  p r o c e s s  which lea.:is 

We 

i s  l o s t  into t t t he rma l r '  

In this  model ,  g( E ) h a s  the L o r e n t z  f-orm 

a s s u m e d  b y  Axel i n  his paper .  Put t ing i n  e m p i r i c a l  values  of I' and Eo 

and using the gene ra l  theory ,  we obtain expres s ions  f o r  a v e r a g e  pa r t i a l  

rad ia t ive  widths. In th i s  model ,  g ( E  ) is  the s a m e  f o r  all s ta tes  a e In 

a m o r e  gene ra l  theory ,  t h e  damping cons tan t  r would depend on the s ta te  
a 

a and the  ene rgy  E , but this  dependence would be h a r d  to  calculate .  In 

gene ra l ,  one would expect  that  r ( E )  should d e c r e a s e  a s  E d e c r e a s e s  f o r  a 
a fixed a and  i n c r e a s e  with E f o r  a f ixed E 

a 
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(a)  E l  Radiation. If we a s s u m e  tha t  E l  absorpt ion i s  

dominated by the giant-dipole collective mode, then we should use  

fo rmula  (4)  f o r  the s p e c t r a l  function g ( E  ) with E o  and r chosen t o  f i t  

the  dipole resonance  i n  the nucleus i n  question. 

the ground s ta te ,  the a c c u r a c y  of (4) can be tes ted  by analyzing photo- 

nuc lear  data .  

the gene ra l  t r ends  of the var ia t ion  of photonuclear c r o s s  sect ions c o r -  

rec t ly .  M o r e  recent  exper iments  show some  s t ruc tu re  i n  the s p e c t r a l  

function, a r e s u l t  which indicates  that  (4) i s  a n  over-simplification. 

a 
When the s ta te  a i s  

This has  been done by Axel who concludes that i t  gives 

On the assumpt ion  that  Eo  and I' a r e  independent of a 

and have the  s a m e  va lues  as in  the  ground s ta te ,  the ave rage  value of 

a pa r t i a l  E l  width ( i n  eV) i s  

where  D is  t he  spacing of levels  with the s a m e  spin and pa r i ty  as  the  

radiat ing s t a t e  and g (  E ) is  given by Eq. (4). 

e s t ima tes  f o r  E o  and r, obtains the approximate  f o r m u l a  

Axel, who put i n  empi r i ca l  

[ r ( e l > / D ]  = ( 2 . 2  X 10 

which should hold f o r  ene rg ie s  near  7 MeV. 

(b)  E 2  Radiation. One can do the  s a m e  s o r t  of thing f o r  

T h e r e  a r e  two poss ib le  types  of co l lec-  e lectr ic-quadrupole  absorpt ion.  

t i v e  modes.  

vibrat ional  spec t rum with a n  excited s ta te  a t  about 0 .5  MeV. 

responds to  osci l la t ions of the nucleons outside c losed  she l l s .  

mode involves excitation of pa r t i c l e s  f r o m  one she l l  to  other  she l l s .  

This  co r re sponds  to  a vibrat ion of the c o r e .  

f requency.  

one can  calculate  widths. 

One knows that  even-even nuclei  i n  many regions have a 

This  c o r -  

Another 

One would expect  h igher  

One puts i n  e s t ima tes  f o r  the widths of t hese  f requencies  and 
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The f i r s t  mode would contr ibute  to  the absorp t ion  of low- 

ene rgy  photons (of  the o r d e r  of 1 MeV or l e s s )  and the second mode 

would b e  impor tan t  f o r  the absorpt ion of high-energy photons. 

h igh-energy  region where  the c o r e  vibrat ions produce a n  enhancement ,  

the E 2  pa r t i a l  width i s  e s t ima ted  to  be 

In the 

We do not know the posit ion and the width of the quad-  

rupole  resonance.  On the s ingle-par t ic le  picture ,  the E i giant-dipole 

resonance  involves excitation of p a r t i c l e s  through one m a j o r  shell  and 

the E 2  resonance  involves excitation through two m a j o r  she l l s .  

res idua l  in te rac t ions  push the E l  resonance  up and the E 2  resonance  

down s o  tha t  they may  both o c c u r  a t  the s a m e  excitation energy .  

E 2  resonance  would probably be  wider  than the giant-dipole resonance .  

The par t i a l  E 2  widths m a y  be enhanced by a f ac to r  of 100 o r  m o r e  in  the 

resonance  region,  but they a r e  s t i l l  much s m a l l e r  than E l  o r  M I  

widths .  

c i ted s t a t e s  of nuclei \vhere select ion ru les  forbid o r  inhibit E l  o r  M l  

radiat ion.  

But 

The  

I think that E 2  radiat ion can be expected only between low ex- 

( c )  M i  Radiation. The  possibi l i ty  of a g i a n t  M i  r e sonance  

has  been  suggested recent ly .  

two p r o c e s s e s  s e e m  to be  impor tan t  f o r  y - r ay  absorp t ion .  

tion of the M l  radiat ion by a quas i -par t ic le .  

impor t an t  fo r  low-energy t rans i t ions  ( z  1 MeV) .  

quas i -pa r t i c l e  p a i r .  

O n  the bas i s  of the quas i -pa r t i c l e  p i c tu re ,  

( i )  Absorp -  

This p r o c e s s  should be 

( i i )  Product ion  of a 

For this to occur  the quas i -pa r t i c l e  m u s t  have  the 

- s a m e  o rb i t a l  angular  momentum and opposite spin,  i. e .  j, - ~t + ,  

= I - i .  For a given 1 the absorpt ion spec t rum h a s  a max imum 
j 2  
nea r  the energy  of the sp in-orb i t  spli t t ing between s t a t e s  j 

should be impor tan t  if  the j 1 2 
s t a t e  i s  a l m o s t  emptyS and i s  m o s t  important  f o r  s ta tes  with l a r g e  

and j 1 2" 
s t a t e  i s  a l m o s t  full  and  the j 

It 

= 1 - 7 
P = I -t 

I 
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The effect should be  s t ronges t  near  a c losed  she l l  where  the lower 

m e m b e r  of the highest  o rb i ta l -angular -momentum s t a t e  is full  and the 

upper  m e m b e r  is empty. 

tha t  all the M i  s t r eng th  is  concentrated in a width l? about a m e a n  energy  

Eo. 

We ca lcu la te  the absorp t ion  on the assumpt ion  

W e  ge t  f o r  a n  a v e r a g e  pa r t i a l  width 

1 3 
2 

1 ( 1 t l )  e 
E g ( E , E o ,  r). -- 4 

r ( M l ) / D  = - 

The s ingle-par t ic le  e s t ima te  i s  

The r a t io  of the two is 

H e r e  Eo i s  the spli t t ing between the s t a t e s  of the sp in-orb i t  doublet, 

a s s u m e d  to  b e  the  s a m e  as  the resonance  energy .  

The maximum,  enhancement ,  which occur s  at E = E,, is  

This  e s t ima te  would be doubled i n  the  lead  region because  both protons 

and neutrons contr ibute  a t  the double c losed she l l .  

The above formulae  hold if the lower m e m b e r  of the spin- 

orbi t  doublet is  completely f i l led and the upper  m e m b e r  i s  completely 

empty .  I n  a m o r e  gene ra l  si tuation, i t  m u s t  be multiplied by a f ac to r  
2 2 2 

(Vj - V ), where  V i s  the occupied f r ac t ion  of the lower  m e m b e r  
1 J 2  Jl 
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2 
( j , )  of the doublet and 1- 

both levels  a r e  empt3- o r  both a r e  fi l led,  this i ac to r  i s  ze ro .  

V .  is a p a r a m e t e r  of the pa i r ing- force  m o d e l . )  

the occupied i r ac t ion  of the  l eve l  j When 2" 
J, 

(Here  

.I 
At this point I would l ike to say that this e s t i m a t e  d i s -  

a g r e e s  with the e s t ima te  that Dr .  Harvey  will put fo rward  i n  paper  111-4. 

His  e s t ima te  i s  much la rger  than t h i s ;  and it i s  f o r  t in ,  which is not 

such  a favorable  c a s e .  I cannot understand how one can have enhance-  

ment  a s  l a r g e  a s  h i s .  I think this point i s  impor tan t  and should be d i s -  

c u s s e d  a f te r  his talk.  

For the next ten  minutes or  s o ,  I would l ike to  change the 

subjec t  completely and f i r s t  t a lk  a l i t t le  about vibrat ional  even-even 

nuclei .  

with spin ze ro ,  f i r s t  excited s ta te  spin 2, and then a t r ip l e t  with spins  

0 ,  2, 4 is expected. I a m  going to  look a t  the three-phonon st .ates which 

can have sp ins  of 0, 2, 3 ,  4, and 6 ,  I a s k  the quest ion:  I s  it possible  

t o  loca te  some of these  three-phonon s t a t e s ?  

da te  t h e r e  h a s  been  no f i r m  identification of t he  three-phonon s t a t e s  i n  

any vibrat ional  nuclei. 

tl-.eory g ives  the two-phonon s ta tes  a n  e n e r g y  equal t o  twice that  o!' !'le 

one-phonon s ta te ,  and the three-phonon s t a t e s  have t h r e e  t imes  the energy 

of the one-phonon s t a t e s .  If one looks a t  nuclei, one finds the e n e r g y  of 

the two-phonon s t a t e s  i s  not exact ly  double the energy  of the one-phonon 

s ta te ,  and hence  the three-phonon s t a t e s  should a l s o  be shifted.  K i  

and  Sliakin have given a t heo ry  of th i s  shift.  

by a n  anharmonic  osc i l la tor .  

make  the d is t r ibu t ion  of leve ls  different  f r o m  that  of the  ha rmon ic  oscil- .  

l a t o r .  This  s o r t  of thing w a s  done quite a number  of y e a r s  ago by Wifets 

and Jean ,  and a number  of otlier people, using spec ia l  models .  Kenman 

and Shaklu put i n  cubic anharmonic  t e r m s  and calculated i n  s econd-o rde r  

per turba t ion  theory .  

t e r m s  of the  p a r a m e t e r s  that come in he re .  

P r o f e s s o r  Moszkowski sa id  that such  nuclei have a ground s t a t e  

So fa r  as I know, up to  

P r o f e s s o r  Moszkowski pointed out that t 

They- d e s c r i b e  th i s  s y s t e m  

They put i n  anharmonic  t e r m s  which wi1.l 

They get  s o m e  re la t ive ly  complicated fo rmulae  i n  

One can  s impl i fy  the i r  
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fo rmulae  quite a lot and genera l ize  them a lso .  

quar t ic  anharmonic t e r m s  and calculates  the cubic t e r m s  as f a r  a s  

second-order  per turba t ion  theory  and the  quar t ic  t e r m s  to  f i r s t  o r d e r ,  

then one can get  s o m e  r a t h e r  s imple  express ions  f o r  tne shifts  in  

these three-phonon s t a t e s  i n  t e r m s  of the  shif ts  in the two-phonon s t a t e s .  

These  expres s ions  a r e  

If one has  cubic and 

36 
t -  E 

7 4 
E o  t - A E 2 =  - 5 

15 6 
E t -  A E 3 =  - 

7 2  
11 10 

E t -  A E 4 =  - 
7 2  

7 € 2  35 4 

7 €4 > 

7 €4 ’ 

In these equations,  the numbers  c 0 ,  c2, and E 

posit ions of these  two-phonon s ta tes  f r o m  the energy  21kiw ( i .  e . ,  f r o m  

twice the  ene rgy  f i w  

model),  and the A E c s  a r e  the shifts  of the three-phonon s t a t e s .  

a r e  the shif ts  of the 
4’ 

which they  would have on the per fec t -osc i l la tor  

One can t r y  out this theory,  theoret ical ly ,  by trying to 

p red ic t  the posit ions of the Wilets-and-Jean three-phonon s t a t e s  in  t e r m s  

of the posit ions of t h e i r  two-phonon s t a t e s ;  and i t  r ea l ly  f i t s  quite well .  

Then one can look at r e a l  nuclei, and I took f i r s t  of a l l  the c a s e  of 

o smium.  - I forge t  which isotope. 

8- not r ea l ly  a rotat ional  sequence. 

and spin-four levels  it w a s  possible  t o  pred ic t  the position of the spin-  

s ix  level  s ince  it depends only on the position of the spin-four two-phonon 

level.  

p a r e d  with the accu racy  we talked about yes t e rday  in rotational bands.  

~ 

The low levels  a r e  I = 0, 2 , 4 , 6 ,  and 

F r o m  the posit ions of the spin-two 

It f i ts  to within about 30 keV, which is not r ea l ly  v e r y  good c o m -  

150 Then I thought that  I would apply the fo rmula  t o  Sm 
150 . 

F i g u r e  1 shows the level  scheme of Sm ,which  comes  f r o m  Groshev.  
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t Higher  up you can  s e e  spin-?' and sp in-4  

would apply these  fo rmulae  t o  this ca se .  

was  d i sa s t rous .  

levels  a r e  fouad the re .  

s t a t e s ,  s o  I thought that I 

I a m  af ra id  that the resu l t  

I could not get  m y  levels  1:iyw;iere :iear where  the 

This  theory  gives  such a :lice fo rmula ,  but I a m  a f ra id  

i t  does  not rea l ly  work.  

nucleus,  because  any anharmonic  calculat ion would give formulae  which 

I think this i s  a bad  omen f o r  this  type of 

w e r e  r a t h e r  l ike these .  Hence I think that when one gets  up  a s  far a s  

the "three-phonon" s t a t e s ,  the theory  of th i s  vibrat ional  nucleus i s  going 

to  be difficult. On the o the r  hand, I think i t  would b e  worth while t o  

concent ra te  on one or  two nuclei  of this  type and t r y  to  work them to  

death- i. e . ,  r ea l ly  t r y  exper imenta l ly  to  find t h e s e  h igher  s t a t e s ,  jus t  

t o  s e e  if  t h e r e  is any s imple  f ea tu re  t h e r e  at all. 

During the l a s t  two o r  t h r e e  minutes  of th i s  ta lk  I would 

l ike t o  d i s c u s s  rotating nuclei ,  where  the posit ion i s  much b e t t e r  but 

s t i l l  not r ea l ly  per fec t .  

s t a t e  spin is z e r o  and  t h e r e  i s  a ground-s ta te  rotat ional  band; then t h e r e  

a r e  va r ious  exc i ted-s ta te  rotat ional  bands built  on some  in t r ins ic  exci ted 

s t a t e s .  

o r  they m a y  be  some s o r t  of pa r t i c l e  exci ta t ions.  

In  a rotating even-even nucleus,  the ground-  

Now, these  in t r ins ic  s t a t e s  m a y  be /3 vibra t ions  o r  y v ibra t ions ,  

At th i s  point I would 

l ike to  mention one useful  a r t i c l e  by Gal lagher  and  Soloviev i n  the 

Danish Journa l ,  which d i s c u s s e s  two quas i -pa r t i c l e  s t a t e s  and t r i e s  t o  

say ,  on the bas i s  of the v e r y  s imple  theory ,  which two quas i -pa r t i c l e  

s t a t e s  one expects  and what excitation ene rg ie s  they  have. 

t ry ing  to  i n t e r p r e t  the s p e c t r a  of even-even nuclei ,  i t  is  a valuable 

document  t o  have around.  

F o r  people 

Well, I have spent qui te  a bit  of t ime i n  the pas t  few 
178 

weeks looking at Smi ther ' s  r e su l t s  on Hf . I would jus t  l ike t o  look 

at  the s p e c t r u m  (Fig .  2) f o r  a minute .  

the leve l  s c h e m e  does not r ea l ly  qui te  f i t  i n  with the s imple  model.  

has  the ground-s ta te  rotat ional  band; and two K=O bands based  on 0 

Even  i n  th i s  rotat ional  nucleus,  

It 
t 
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Fig .  2. Level  scheme of HfI78 a s  deduced f rom the g a m m a - r a y  measu remen t s  made with the 
Argonne 7 .7-m bent -c rys ta l  spec t romete r .  
given in keV. The K value,  spin,  and par i ty  of the level  is  given on the Left in  that  o r d e r .  
width of a l ine in the  level  scheme i s  meant  to  r e f l ec t  the  relat ive intensity of the  gamma ray.  
The width scale  us ed for  the low-energy g a m m a s  between the upper s t a t e s  (energ ies  between 
1195 and 1575 keV) is four t imes  that used for  the  gamma rays  with energ ies  between I and 2 MeV 
and f o r  the ground-state band. 
a s t e r i s k  following the energy  of a level  indicates that  this  leve l  has not been observed previously.  
The parentheses  and double parentheses  indicate uncertainty in the ass ignments .  
Phys .  Rev, 129, 1691 (1963), Fig,  51 

The ene rg ie s  of the levels  and gamma rays  a r e  
The 

N o  cor rec t ions  h a v e  been  made for  in te rna l  conversion.  An 

[ R .  K. Smi ther ,  
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t s t a t e s  at 1196 keV and 1237 keV have been suggested.  Higher  2' and 4 

rotational s ta tes  have been seen,  and in the c a s e  of the second band the 

spac ings  a g r e e  quite well with the predict ions of the rotational model. 

the other  hand, the band based  on the 1196-keV s t a t e  i s  d i s tor ted  and the re  

m a y  be  s t rong mixing between the 4' s ta tes  at 1384 keV and 1473 keV. 

The lower s t a t e  might be mainly the  ground s t a t e  of a K=4 band with s o m e  

of t he  K=O band mixed in. If this  w e r e  s o ,  then the branching rat ios  would 

be  cha rac t e r i s t i c  of a K=O band because t rans i t ions  f rom a pure  K= 4 band 

to the ground-state  K=0 band would be forbidden. This  is a s imple  s i tua t ion  

in which branching rat ios  can give misleading ass ignments  to the K quantum 

number because  of band mixing. 

by some  independent method. 

On 

All such ass ignments  must  be checked 

Smither  a l so  suggests  two K = 2 bands based on 2' s t a t e s  a t  

1402 keV and 1420 keV. This i s  difficult to  understand on the bas i s  of the 

r e su l t s  of Gal lagher  and Soloviev. 

they expect to come  i n  a t  about 2.3 MeV. 

vib ration. 

They have only one K=2 band, which 

One K = 2  band could be  a y 

I would l ike to  point out again that branching ra t ios  m a y  be 

quite useful f o r  getting a n  idea of what the K va lues  of the var ious bands 

m a y  be,  but they are not absolutely re l iab le  because  of band mixing. And 

if one gets  r e su l t s  which do not s e e m  to fi t  i n  with the o ther  theoret ical  o r  

experimental  ideas ,  then the ass ignment  should b e  t e s t ed  by a n  independent 

method. 

Then the re  is another  v e r y  pecul ia r  thing about this  picture .  

The re  are some v e r y  s t rong  t rans i t ions  with between 6 and 12 g a m m a  rays  

p e r  100 neutron captures .  

1513 keV; but f rom higher s t a t e s  t h e r e  do  not s eem to be  any  other  s t rong  

t rans i t ions .  

low s ta tes  must  be  populated in  a v e r y  different  way f r o m  the higher  s ta tes .  

The intensity of the g a m m a  r a y  depends not upon the t ransi t ion probabili ty 

to lower s t a t e s  but on the way these  s t a t e s  a r e  populated. 

They come f r o m  s t a t e s  with energ ies  up to  

This i s  a v e r y  pecul iar  feature  because  it indicates that  these 

T h e r e  i s  this  
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s t r ange  discontinuity i n  the way they populate, which I think cannot be 

explained on  purely a s ta t i s t ica l  a rgumen t  about population of these s t a t e s ,  

So this i s  another  problem which I hoped to  be ab le  to s a y  something 

about  but which I have not succeeded i n  understanding. 

Now, ju s t  to f inish this talk, I would l ike to  s a y  a word 

I think all the theory  which I of encouragement  f o r  exper imenta l i s t s .  

have talked about today i s  theory  which can  be applied d i r e c t l y  by expe r i -  

menta l i s t s  and does not r equ i r e  complicated theore t ica l  ana lys i s .  

i s  going to explain, f o r  example,  the discontinuity i n  population of t hese  

excited s ta tes ,  then I a m  s u r e  that the idea,when it i s  found,will be a r e -  

la t ively s imple  one and the s o r t  of thing which does not r equ i r e  detai led 

theore t ica l  ana lys i s .  

theore t ic ians  to t r y  to  solve this  problem. 

If one  

So I would encourage exper imenta l i s t s  as well as 

R .  E. SEGEL, Argonne National Labora tory :  C a n  you suggest  a 

nucleus where  the si tuation might be c l e a r  enough to look fo r  the t h r e e -  

phonon s t a t e s ,  i. e . ,  where  the other  in t r ins ic  s ta tes  a r e  not s o  low that 

they obscure  the 3-phonon s t a t e s .  

BRINK: I think t h e r e  a r e  no nuclei where you tend to  get the 

three-phonon s t a t e s  below the  m e s s .  

S. NILSSON, Studsvik, Sweden: I jus t  happened to  r e m e m b e r  that  

Ni l ssen  and B r a y e r  i n  t he i r  initial paper  mentioned the possibil i ty of look- 

ing at the dens i t ies ,  jus t  about the gap  i n  even-even nuclei, to  get  some  

informat ion  about the difference i n  apparent  f o r c e s  f o r  protons and neu- 

t r o n s .  

you could look a t  a spec t rum of this  type i n  F ig .  2. The re  should b e  some  

s t a t e s  emanating f rom quas i -par t ic le  s t a t e s  f o r  compar i son ;  so  the s p e c t r a  

of this study would give something i n  the fu tu re  when you get sys temat ic  

information.  

I a m  jus t  wondering if you have taken this into considerat ion,  where 
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BRINK: Yes. I cannot s e e  how it would explain any of t hese  diffi- 

P e r h a p s  Smi the r  has  thought cul t ies  that  appear  i n  this s o r t  of spec t rum.  

about this .  

R .  K. SMITHER, Argonne National Labora tory :  One of m y  reasons  
150 

f o r  investigating the level s cheme  of Sm 

ing one o r  m o r e  three-phonon s t a t e s  i n  the level  scheme.  

t ransi t ion region between spher ica l  and deformed nuclei. 

tion region, the energy  of the f i r s t  excited s ta te  ( 2  ) i n  even-Z even-N 

nuclei  p a s s e s  through a minimum. 

is observed  f o r  the two-phonon s t a t e s .  

s t a t e s  would a l so  exhibit a n  energy  minimum i n  the t rans i t ion  region and 

the re fo re  be  observable .  

was the possibi l i ty  of obse rv -  

Sm 150 is i n  the 

In this  t r a n s i -  
t .  

A s i m i l a r  minimum i n  excitation ene rgy  

My hope was that the three-phonon 

The other  thing I would l ike to  mention is that s o m e  of the 

sp in  ass ignments  i n  Groshev ' s  work d i f f e r  f r o m  the ass ignments  I have 

m a d e  o n  the bas i s  of y -y  angular -cor re la t ion  work  (Argonne) and conversion-  

e lec t ron  work  (Munich). In view of this difference,  i t  would be interest ing 

to  repea t  the compar ison  of the pred ic ted  posit ion of the three-phonon s ta tes  

with the new as s ignmen t s ,  

BRINK: Af te r  I hea rd  your ta lk  yes te rday ,  I went home and r e -  

calculated the numbers .  

not. 

I had hoped your numbers  would f i t ;  but they did 

SMITHER: The l a r g e  var ia t ions i n  the population of different  

levels  of the s a m e  spin and p a r i t y  a t  about 1 MeV, which I observed. in  

Hf (F ig .  1 of paper  11-3 of this  conference) ,  appear  t o  be p re sen t  i n  

the  work of Dr .  Schuit a s  well. 

of combined pape r s  11-3, 4, and 5 of this conference . )  Thus we a r e  
180 

collecting more  evidence fo r  this effect .  

(Table  I of paper  11-3 of this  conference)  shows s i m i l a r  var ia t ions i n  the 

populations of levels .  

178 

164 
(See his leve l  s cheme  f o r  Dy , Fig .  6 

The level  scheme of Hf 
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P. AXEL, University of Illinois: I w a n t  to  comment  on whether 

one c a n  hope to explain why neighboring levels  of the s a m e  spin and 

pa r i ty  a r e  populated differently by the g a m m a  rays  following neutron 

capture-that i s ,  to  explain why some  2' s t a t e s  a r e  highly populated 

while o thers  a r e  not. 

The situation is not d i smal ,  par t icu lar ly  if experimental  

da ta  can provide clues  about refining the theory.  

used the completely unwarranted implicit  assumpt ions  that  e v e r y  s t a t e  

i n  the nucleus has  a giant-dipole resonance built on it and that the energy  

separa t ion  between each  s ta te  and i ts  giant resonance i s  the s a m e .  Only 

if these giant resonances and the i r  energy s t r u c t u r e s  w e r e  the same  

would one be warran ted  in using a universal  single-valued function of 

ene rgy  to desc r ibe  the g a m m a - r a y  t ransi t ion probabi l i ty  between any 

t w o  s ta tes ,  

could not dist inguish between two neighboring 2' s t a t e s .  

Until now, we have all 

If these  assumptions w e r e  warran ted ,  the  g a m m a - r a y  cascade  

But I think that the available data a l r eady  te l l  us that  one 
t 2 

s ta tes  have identical  giant resonances .  

know where  these  assumptions b reak  down, and possibly get  information 

on pa r t s  of the giant resonances assoc ia ted  with excited s t a t e s ,  

s ta te  i s  quite different f r o m  another .  This refutes  the idea that a l l  

It would be very  interest ing to 

I would l ike to give a n  explicit example of possible  r e -  

Consider  a model which at t r ibutes  pa r t  of the width of the f inements .  

giant resonance to  a coupling between the giant-dipole-excitation mode 

and ,  le t  us say,  sur face  vibrat ions.  This s a m e  model might imply that 

the  giant-dipole resonance built on  a vibrational 2' level  has  a different 

energy  dependence, including some concentrations of s t rength  i n  energy.  

If the energy region in a nucleus reached by a captured 

neutron coincided with a peak in subs t ruc tu re  of the giant-dipole resonance 

of some vibrational 2 state ,  th i s  2 s t a t e  might receive much more  

gamma- ray  intensity than i t s  neighbors whose giant resonances  might 

give contributions a t  different energ ies .  Additional experimental  data  

could help decide such quest ions.  

t t 
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I a m  not proposing this a s  a theo ry  of giant resonances  

of excited s ta tes .  Rather ,  I a m  suggesting that a theory  i s  needed and 

that neutron-capture  gamma - r a y  da ta  might help, for  example,  by in-  

dicating which 2' s ta tes  a r e  favored .  I rea l ize  that when you publish 

something with a s  much de ta i l  a s  Dr .  Smi ther  showed on his  sl ide,  the 

n e c e s s a r y  data  might be included. But I fee l  that if theoret ic ians  a r e  to  

b e  a t t r ac t ed  to this problem, and if one expects  them to use the data,  the 

text should s u m m a r i z e  some  fea tu res  appearing i n  the decay  schemes .  

The re  has  to  be a pa rag raph  that  says ,  "Here a r e  f ive 2 

account f o r  40% of the radiation, and he re  a r e  five other  2 

which have l e s s  than 1%. t '  

t he reby  requir ing o thers  t o  analyze i t  to r ed i scove r  how the  percentages  

of p r i m a r y  t rans i t ions  a r e  dis t r ibuted,  how much goes d i rec t ly  to  the  

f i r s t  excited s ta te ,  and so  on. 

t 
s t a t e s  which 
t s t a t e s  

I t  i s  not enough to  publish only a decay  scheme,  

BRINK: Yes,  I did look a t  those low-energy g a m m a  r a y s ,  and i n  

this pa r t i cu la r  c a s e  it s e e m s  to m e  that these  would account fo r  perhaps  

10% of the intensi t ies  of the high-energy gamma r a y s ,  but not anything l ike 

the whole intensity.  Of course ,  d i r ec t  t rans i t ions  f r o m  the capture  s ta te  

s eem to be r a the r  unimportant.  

G. A. BARTHOLOMEW, Chalk R ive r  Nuclear  Labora to ry :  A 

( 2 1  +- I )  s ta t i s t ica l  f ac to r  i n se r t ed  by Blat t  and Weisskopf w a s  not included 

i n  the fo rmulae  used by Bartholomew, Ann. Rev.  Nucl. Sci .  11, 259 (1961) .  - 
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RESONANCES AND THEIR RELATION TO THE GIANT RESONANCE 
~ x - . ? i i r ^ c W I W * i u l  

R .  T .  Ca rpen te r  

State Universi ty  of Iowa, Iowa City,  Iowa 

I xxould l ike to p re sen t  to you what amounts  to  a s u r v e y  

of our  existing exper imenta l  knowledge of E 1 t rans i t ion  probabili t ies 

involving s t a t e s  near  the neutron binding energy.  Seve ra l  kinds of ex- 

pe r imen t s  m a y  yield this  knowledge, each with i t s  own advantages and 

l imi ta t ions .  

F i r s t  of a l l  t he re  a r e  the exper iments  wherein one examines 

the g a m m a - r a y  spec t r a  following the capture  of t h e r m a l  neutrons.  

m e a s u r e m e n t s  a r e  no doubt the mos t  extensive,  covering a s  they do  

al .most the en t i re  periodic table.  They have the fu r the r  v i r tue  of being 

relat ively p rec i se  and, s ince only s-wave neutrons m a y  in te rac t  at the 

low energ ies  involved, one may  unambiguously a s  sign the mult ipolar i t ies  

of g a m m a  r a y s  observed  in the spec t rum f r o m  independent knowledge of 

t h e  sp ins  and par i t ies  of the in i t i a l  and f i n a l  s t a t e s .  However,  s ince  only 

individual t ransi t ion probabi l i t ies  a r e  measured ,  the values  a r e  m e m b e r s  

of the ex t r eme ly  broad P o r t e r - T h o m a s  dis t r ibut ion.  

mean values of the t ransi t ion probabili t ies a r e  de te rmined  with 9Wo con-  

These  

1 
This  means  that  tine 

fi.dence only within about two o r d e r s  of magnitude. 

compounded by  the fact  that  s ince the measu remen t s  a r e  never  made  i n  t he  

peaks  of resonances ,  they a r e  subject  to  in te r fe rence  effects .  Taken 

together, t hese  two phonomena seve re ly  l imi t  the usefulness  of individual 

thermal -neut ron-capture  r e su l t s  i n  a s tudy of the c h a r a c t e r i s t i c s  of E 1 

t r ans i t i on  probabi l i t ies .  

This uncertainty i s  

NOW the way t o  e l iminate  in te r fe rence  effects is t o  look i n  

t h e  peaks of neutron r e sonances ;  and the way t o  e l iminate  the effects of the  

C .  E .  P o r t e r  and R .  G .  Thomas ,  Phys.  Rev. - 104, 483  (1956) ;  L. M. 
1 

Boll inger ,  R .  E .  Cote‘, R .  T. Ca rpen te r ,  and J. P. Marion,  P a p e r  IV-2  
( this  confer  e nc e )  a 
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P o r t e r - T h o m a s  fluctuations is  t o  average  over  a la rge  number oi 

resonances.  

resul t ing f rom capture  of neutrons with a broad  sp read  i n  ene rgy  i n  

the region of a few kilovolts. However,  by doing this  one loses  the 

uniqueness with which the mult ipolar i ty  of the observed  t ransi t ions 

may be  specified.  

portant  i n  the kilovolt region and because  t h e r e  i s  some reason  to 

believe that  M1 t rans i t ions  may  have intensi t ies  comparable  to E1 

transi t ions near  the neutron binding energy.  Therefore ,  a t ransi t ion 

observed t o  a pa r t i cu la r  f inal  s ta te  would be  a n  incoherent mixture  of 

electric- and magnetic-dipole contributions.  

This  can be done, f o r  example,  by looking a t  spec t r a  

This  i s  because  p-wave interact ions become i m -  

2 

A different c l a s s  of exper iments  is suggested by the 

detailed balance resul t :  

H e r e  ( F . ) / ~  i s  the ave rage  probabi l i ty  of a t rans i t ion  f r o m  a level  of 

spin J and excitation E t o  the ground s ta te ,  D i s  the ave rage  level  spacing 

at energy  E 

with spin J, 

E 

ground s ta te .  

photoneutron c r o s s  -sect ion measu remen t s ,  photon e las t ic  sca t te r ing  

measu remen t s ,  photofission exper iments ,  e tc .  Again these  exper iments  

effectively ave rage  over  many  excited levels  s o  that  the effects of i n t e r -  

fe rence  and P o r t e r - T h o m a s  fluctuations a r e  l a rge ly  eliminated. However,  

aga in  s ince  M 1  t rans i t ions  m a y  compete favorably with E l  t rans i t ions  near  

1 

Y 
fo r  states w i t h  par i ty  opposite to that  of the  ground state and 

(cr ) is the total  absorpt ion c r o s s  sect ion fo r  photons of energy 
Y 

a 
g = ( 2 J  t 1)/[2(21 t l)] f o r  dipole t rans i t ions ,  and I i s  the spin of the 

Y' 
Using this  resu l t  one m a y  obtain values  of ( T ' . ) / D  f r o m  

1 

2 
I. Bergqvis t ,  D .  Luiidberg, and N. Star fe l t ,  P a p e r  III-.3 (this con- 

f e rence ) ;  J. A. Harvey ,  G.  G. Slaughter,  J. R .  Bird,  and G.  T. Chapman,  
P a p e r  111-4 (this conference) .  
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text f o r  a n  explanation of the two 
curves .  

the neutron threshold,  the i r  in te rpre ta t ion  becomes  ambiguous in  this Q 

I I I 

excitation region. 

T h e r e  r ema ins  one type of exper iment  which can i n  pr inciple  

overcome all of the difficulties mentioned above while re ta ining mos t  of the 

des i r ab le  f ea tu res :  namely,  the study of s p e c t r a  following cap tu re  i n  the 

peaks  of individual resonances .  In te r fe rence  effects a r e  obviously el iminated 

en t i re ly  i n  this type of exper iment .  Since individual s t a t e s  a r e  involved, 

one m a y  unambiguously a s s ign  the mult ipolar i t ies  of the t rans i t ions ,  a 

p r i o r i ,  f r o m  independent knowledge. F u r t h e r ,  by averaging the r e su l t s  

over  many resonances  the effects of the P o r t e r - T h o m a s  fluctuations may  be 

reduced.  Unfortunately, i t  i s  usual ly  not possible  t o  observe  spec t r a  i n  

enough resonances  to  reduce these  effects t o  a n  acceptably low level  and the 

P o r t e r - T h o m a s  fluctuations remain  the l a r g e s t  s o u r c e  of uncertainty i n  the 

exper imenta l  r e su l t s .  

A resonance-capture  exper iment  of this type was completed 

by  the author  about a yea r  ago and the resu l t s  were  desc r ibed  i n  a n  Argonne 

r epor t .  
3 

I w i l l  not go into any of the exper imenta l  detai ls  at  this t ime ,  but 

m e r e l y  show the r e su l t s :  the solid c i r c l e s  i n  F ig .  1. The solid l ine i n  this  
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4 
f igure  i s  the prediction of the two-fluid hydrodynamical model  

to the approximation given by  Axel. 

according 
5 

The giant-dipole resonance  p a r a -  
-113 5 

g g Y 
m e t e r s  used w e r e  E = 80 A , I' = 5 MeV. The f a c t o r  E c lose ly  

approximates  the ene rgy  dependence predicted f o r  (r. ) / D  i n  the vicinity 

of 7 MeV excitation, so  the  plotted quantit ies a r e  approximately independ- 

ent of energy ,  (By removing the  ene rgy  dependence i n  this way instead of 

using the complete  hydrodynamical resu l t ,  the plotted quantit ies do not 

depend explicit ly on the  giant-dipole resonance  p a r a m e t e r s .  ) The dashed 

cu rve  shows the predict ion of the  m o r e  comple te  hydrodynamical expres -  

sion 

observed  spli t t ing of the giant-dipole resonance  in  the region of deformed 

1 

6 9 7  

which takes  into account the nuclear  deformation and explains the 

-1 /3  
nuclei. In addition, E was taken as being given by E = 5 0  A t 5 . 3  

g g ,  
t) 

which i s  of the f o r m  suggested by C a r v e r  and P e a s e l e e  

t o  m o r e  accura te ly  f i t  the  .experimental  data.  

and which s e e m s  

In addition to  the unfortunately l a rge  res idua l  effects of the 

P o r t e r - T h o m a s  fluctuations,  as indicated by  the e r r o r  b a r s ,  these resu l t s  

suffer  f r o m  the  r a t h e r  l imited range of nuclei which m a y  b e  investigated in 

this  type of experiment .  

the resu l t s  to other m a s s  regions by use  of the r e su l t s  of the other  types of 

exper iments  mentioned above. F o r  example,  t o  reduce the Por t e r -Thomas  

fluctuations and in te r fe rence  effects inherent  i n  the  the rma l  r e su l t s ,  

ave rages  have been taken ove r  resu l t s  f o r  adjacent  nuclei, as well a s  for  

different t ransi t ions i n  the s a m e  nuclei. 

spins  and pa r i t i e s  of both the init ial  s t a t e  and f i n a l  s t a t e  were  known f rom 

Therefore ,  a n  a t tempt  has been made to extend 

Data  w e r e  included only if the 

4 

5 

6 

7 

H. Steinwedel and J. H. D. Jensen ,  Z .  Naturforsch.  5a,  413 (1950). 

P e t e r  Axel, Phys .  Rev. 126, 6 7 1  (1962). 

K.  Okomoto, P r o g r .  Theore t .  Phys .  (Kyoto) 15, 75 (1956). 

M. Danos,  Nucl. Phys .  5, 2 3  (1958). 

J. H. C a r v e r  a n d D .  C .  P e a s l e e ,  Phys .  Rev. 120, 2155 (1960). 

- 
- 

- 
- 

8 

- 
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independent exper iments  to  be such a s  to  p e r m i t  E l  t rans i t ions .  These  

ave rages  a r e  shown a s  open c i r c l e s  in F i g .  1. The gene ra l ly  good 

ag reemen t  between these  points and the resonance-capture  points i n  the 

m a s s  region w h e r e  they  m a y  be d i r ec t ly  compared  m a y  give us confidence 

tha t  the extension outside this  region is  valid. 

nuc lear  r e su l t s ,  

t ions by  consider ing points on the exper imenta l  IT (y,  n)  c u r v e s  approximately 

2 MeV above the neutron threshold .  

c u r v e s .  The  r e su l t s  a r e  shown a s  solid s q u a r e s  i n  F ig .  1. Again, i n  all 

c a s e s  i n  which a d i r e c t  compar i son  m a y  be made,  the a g r e e m e n t  is quite 

sa t i s fac tory .  

indication of the E l  s t rength  function. 

the r e su l t s  of a n  exper iment  on the e las t ic  sca t te r ing  of photons, 

the sol id  t r iangle  i s  a photofission resu l t .  

all of t hese  data  is qui te  s a t i s f ac to ry  and m a y  be taken a s  good evidence that 

they a r e  in fac t  representa t ive  of the E l  s t rength  function. 

9 , l O  

I n  the c a s e  of the photo- 
11 

a n  a t tempt  w a s  made to  d i s c r i m i n a t e  aga ins t  M I  t r a n s i -  

These  points w e r e  r ead  f r o m  published 

This  indicates  that  the procedure  used  does give a valid 

Final ly ,  the c r o s s e s  i n  F i g .  1 a r e  
12 

and 
13 

The over -a l l  cons is tency  of 

It i s  apparent  that  the gene ra l  t r end  predic ted  by the two- 

fluid hydrodynamical  model  i s  followed, but i t  i s  a l s o  apparent  that  tyiere 

is some  s t ruc tu re  super imposed .  

plot of the total  radiat ion widths m e a s u r e d  fo r  neutron resonances  

a s imi la r  s t r u c t u r e ,  only p a r t  of which i s  explained by s t r u c t u r e  i n  the 

nuc lear  leve l  dens i t ies .  It would s e e m  that the data  shown i n  F i g .  

ca te  that var ia t ions  i n  the E l  s t rength  function a l s o  cont r ibu te  to the ob-  

se rved  effect. 

It is m y  opinion that  this  i s  r e a l .  A 

shows 
14 

1 indi-  

9 
L. V. Grosliev, Atlas  of Gamma-Ray  Spec t r a  f r o m  Radiative Capture  

of T h e r m a l  Neutrons ( P e r g a m o n  P r e s s ,  London, 1959). 
1 0  

G. A. Bartholomew, Ann. Rev. Nucl. Sci.  - 11, 259 (1961).  
7 ,  II. 

See  E. G. F u l l e r  and Evans  Hayward i n  Nuclear  React ions,  edited by 
P. M. Endt  and P. P. Smith (North-Holland Publishing Company,  A m s t e r d a m ,  
1962), Vol .  11, Chap.  111. 

1 2  

13 
K. Riebel  and A. K. Mann, Phys .  Rev. __. 118, 701 (1960).  

J .  B. Huizenga, K. M.  C la rke ,  J. E. Gindler ,  and R .  Vandenbosch, 
Nucl.  P h y s .  34, 439 (1962). - 

14 
L. M. Boll inger  i n  Nuclear  Spectroscopy,  eci ted by F. Ajzenberg-  

Selove (Academic P r e s s ,  New York  and London, 19601, Chapter  Ill-E. 
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Fig .  2. The da ta  t r ea t ed  according to  

111- 2 

,at- I .  the s ing le-par t ic le  es t imate .  The 
symbols  used  have the s a m e  s igni-  
f icance as f o r  F i g .  1. The cu rve  
co r re sponds  to  D o  = 10 MeV, if one 
includes a fac tor  1 /4  f o r  the effect-  
ive nucleon cha rge .  

I I I I 
100 150 200 250 

MASS NUMBER 

21 3 1 5  
this  f igure  shows the pred ic ted  A 

Do = 10 MeV and an  effective nucleon cha rge  of $ .  
in only somewhat w o r s e  a g r e e m e n t  with the pred ic ted  m a s s  dependence 

than a r e  the points in F ig .  I. 

good ag reemen t  between the capture  r e su l t s  and the  r e su l t s  obtained using 

the i n v e r s e  reac t ions .  

energy  dependence predicted f o r  ( r i ) / D  ( o r ,  equivalently, f o r  (era)) by 

the s ing le-par t ic le  e s t ima te  is a poor approximation.  

m a s s  dependence and co r re sponds  to  

Over  all, the data  a r e  

However  it is  no longer  t r u e  that t he re  i s  

This  may  be  taken a s  a c l e a r  indication that  the 

15 
John M.  Blat t  and Victor  F. Weisskopf,  Theore t ica l  Nuclear  

Phys ic s  (John Wiley and Sons,  New York,  1952), Chap. 12.  

P. AXEL, Universi ty  of Illinois: I would l ike to c la r i fy  a semant ic  

The dis t inct ion between what we a r e  doing now and what used  problem. 

to  be done is  not the dis t inct ion between the hydrodynamic and the s ingle-  

par t ic le  models .  Although D r .  Brink 's  approach to  th i s  problem is  m o r e  

i l luminating than the old approach,  the old approach does  not have to  be  

thrown away. It might, therefore ,  be worth while to  point out the d i f fe r -  

ence between the previous procedure  and the c u r r e n t  procedure  f r o m  the @ 
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point of view of this old approach,  which is ca l led  h e r e  the s ing le-  

p a r t i c l e  model .  

The s ta r t ing  point is  the e s t i m a t e  which Weisskopf made  

to apply t o  t rans i t ions  between two low-lying s t a t e s ,  each  of which was  

a good single-particle state,  

involving leve ls  near 7 MeV in a nucleus,  and must  not unthinkingly apply 

the  s ing le-par t ic le  e s t ima te .  If you a s k  what the s ingle  -par t ic le  e s t i m a t e  

h a s  to  do with s t a t e s  a t  7 MeV, you r ea l i ze  that  i t  would have d i r e c t  

r e l evance  only if some  pa r t i cu la r  s ing le-par t ic le  E 1 excitation had a n  

energy  of about 7 MeV. 

However ,  w e  a r e  in t e re s t ed  i n  t rans i t ions  

Thus,  you can  a s k  whether  the nucleus you a r e  consider ing 

h a s  a valence nucleon which would be exci ted s t rongly  by e l e c t r i c  dipole 

to a s ingle-par t ic le -model  leve l  near  7 MeV. Depending on the nucleus 

you cons ider ,  t he re  might  or  might  not be  such  a s t rong  s ingle-par t ic le  

s t a t e  n e a r  7 MeV. If t h e r e  w e r e  such a s ta te ,  one would s t i l l  have the  

p rob lem of deciding o v e r  what ene rgy  range the leve ls  in  the ac tua l  

nucleus contained pa r t  of the s t r eng th  a s soc ia t ed  with this s ingle  s t a t e  i n  

the model.  

However,  independent of the valence nucleon, it is c l e a r  

tha t  heavy nuclei have of the o r d e r  of 20 c o r e  nucleons which can make  

s t rong  E i t rans i t ions .  

pond to  energ ies  between about 6 MeV and 9 MeV. 

F u r t h e r m o r e ,  a11 of t hese  t r ans i t i ons  c o r r e s  - 

Therefore ,  the s ing le-par t ic le -model  e s t ima te  of what 

dipole s t r eng th  to  expect  i n  the ene rgy  region f r o m  6 MeV t o  9 MeV is 

not 1 Weisskopf unit. 

as can  be  calculated by evaluating nucleon m a t r i x  e l emen t s  by  u s e  of 

she l l -model  wave functions.  

ind ica tes  that  re f inements  a r e  needed. However,  t h i s  i s  not a new w o r r y  

because  it is  well  known tha t  the pred ic ted  s t r eng th  h a s  been  pushed u p  in 

e n e r g y  to the giant  resonance .  

Instead,  it i s  of the  o r d e r  of 50  Weisskopf units,  

The  l a r g e n e s s  of th i s  e s t i m a t e  c l e a r l y  
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In summary ,  the s ing le-par t ic le  descr ip t ion  of e lec t r ic  - 
dipole excitation nea r  7 MeV is completely inadequate- pa r t ly  because  

many different  s ing le-par t ic le  excitations a r e  possible  and pa r t ly  be - 
c a u s e  the assoc ia ted  s t rength  has  been  shifted s t rongly  i n  e n e r g y  to  f o r m  

the  giant resonance.  

Weisskopf unit to  t r y  t o  d e s c r i b e  a 7-MeV t rans i t ion .  

p a r t i c l e  model i s  refined to  include par t ic le-hole  interact ions 

of s t rength  to  the giant-resonance region s e e m s  t o  b e  explained. 

s e e m s  quite l ikely that this  refined model w i l l  a l so  be ab le  to  account f o r  

t he  t rans i t ion  s t rengths  observed  n e a r  7 MeV inasmuch a s  these  s t rengths  

s e e m  consis tent  with extrapolat ing the giant  resonance  to 7 MeV. 

T h e r e  i s  no reason  to  use  the s ing le-par t ic le  

When the s ingle-  

the shift 

It 

I think the re  r ema ins  the big question of how t o  t r e a t  

e lectr ic-dipole  t rans i t ions  of 4 MeV, 3 MeV, 2 MeV, and 1 MeV. I do 

not think anyone yet knows how to  do th i s ;  nei ther  exper imenta l  evidence 

nor  theore t ica l  guidance i s  avai lable .  However, I d o  not think that any-  

body, including f i r m  adhe ren t s  to  the single -par t ic le  o r  shel l -model  

approach,  would q u a r r e l  with the fac t  tha t  the  e s t i m a t e s  of d i p o l e  s t r eng th  

obtained by extrapolating the giant resonance  a r e  qui te  s i m i l a r  t o  what i s  

expected f r o m  the  ref ined independent-par t ic le  theory  including in te rac t ions .  

No  one who has  looked a t  the s ing le-par t ic le  model  c r i t i ca l ly  i n  r ecen t  

t imes  has  c la imed that  the g a m m a - r a y  s t r eng th  function n e a r  7 MeV should 

v a r y  a s  the cube of the energy .  

CARPENTER t Y e s ,  I think it  i s  amusing.  The development  of the 

theory  was  such  that even  though the hydrodynamical  model  w a s  avai lable  

a t  the s a m e  t i m e  the s ing le-par t ic le  model w a s ,  and the  pr inc ip le  of 

detailed balance was  known f o r  a half a century ,  i t  i s  only recent ly  being 

appreciated.  

AXEL: This  r e f e r e n c e  to  a f a c t  which had been  known f o r  a long 

t i m e  but which h a s  ju s t  been  apprec ia ted  reminds  m e  of one other  thing. 

Known f o r  not s o  long a t ime ,  but perhaps relevant ,  i s  the fac t  that the 

gamma-sca t t e r ing  data  mentioned show additional subs t ruc tu re .  When 
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you in t e rp re t  da ta  obtained i n  the  region of neutron resonances ,  you should 

a s k  whether  you m a y  be i n  a peak o r  a val ley of th i s  g a m m a - r a y - s t r e n g t h  

subs t ruc tu re .  W e  have some subs t ruc tu re  i n  e l a s t i c  s ca t t e r ing  of g a m m a  

r a y s .  

nuclei, we do not have any l icense to  a s s u m e  tha t  t h e r e  i s  a smooth ene rgy  

dependence without bumps whose width i s  of the o r d e r  of a few hundred keV. 

Cer t a in ly  if  there  a r e  peaks and valleys with widths of the o r d e r  of a few 

hundred keV, t h e r e  a r e  ambigui t ies  i n  da t a  obtained in the neutron r e so -  

nance region a s  well a s  i n  a lot of other expe r imen t s .  

Although we do  not know whether  this  subs t ruc tu re  exis ts  i n  all 
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It has  genera l ly  been accepted  that all s t rong  y r a y s  f r o m  

neut ron  cap tu re  in heavy nuclei  a r e  of the e lec t r ic -d ipole  type. 

of the y - r a y  s p e c t r a  based  on the s t a t i s t i ca l  model  and a s s u m i n g  the 

t rans i t ion  probabi l i ty  to be propor t iona l  to the cube of the photon energy  

have given r e s u l t s  which differ  cons iderably  f r o m  the m e a s u r e d  s p e c t r a  

in the m a s s  regions 110 < A < 140 and  180 < A < 200. The  purpose of 

this pape r  i s  to sugges t  that magnetic-dipole t rans i t ions  in the nuclei  in  

these m a s s  reg ions  m a y  compete  successfu l ly  with the El t rans i t ions  

because of the effect  of a n  M1 giant resonance  predic ted  by Mottelson. 

Calculations 

1 

F i g u r e  1 shows the g r o s s  s t r u c t u r e  of y - r a y  s p e c t r a  f r o m  

neut ron  cap tu re  in some of the e lements  in the two m a s s  regions 

mentioned. 

a s  the c losed  neut ron  she l l s  126 and 82 a r e  approached.  

a r e  s p e c t r a  ca lcu la ted  acco rd ing  to the s ta t i s t ica l  model.  Th i s  ca lcu la-  

tion depends on the l eve l  dens i ty  and  the t ransi t ion probabili ty.  

2 
The  high-energy p a r t  of the spec t rum becomes  m o r e  intense 

A l s o  shown 

F o r  the s p e c t r a  in Fig.  1 ,  the leve l -dens i ty  fo rmula  of 

Newton was  used  and  the leve l  density f o r  s t a t e s  of spin J was  a s s u m e d  to 

be propor t iona l  to ( 2 5  t 1) .  However,  S ta r fe l t  has  shown that the spec t rum 

changes v e r y  l i t t le  when different  e s t ima tes  of the leve l  dens i ty  a r e  used. 

3 

.I< -I- 

P r e s e n t e d  by I. Bergqvis t .  
1 

B. R. Mottelson, P roceed ings  of the Internat ional  Conference on Nuclear  
S t ruc ture ,  Kingston, edi ted by D. A. Bromley  and E. W. Vogt (Univers i ty  
of Toronto P r e s s ,  Toronto,  1960), p. 525. 

2 
I. Bergqvis t  and N. S ta r fe l t ,  Nucl. Phys.  - 39, 353 and  529 (1963). 

N. S ta r fe l t  ( to  be published).  
3 
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e One m u s t  in f a c t  a s s u m e  a v e r y  high concentrat ion of leve ls  a t  1 - 2 M e V  

exci ta t ion ene rgy  in Au i n  o r d e r  to obtain a g r e e m e n t  with exper iments .  

T h e  p a r t i a l  radiat ion width r f o r  dipole t rans i t ions  is given 
Y i  

by 

where  E 

ing s t a t e )  f o r  leve ls  of the s a m e  sp in  and  pa r i ty  as  the captur ing  s ta te .  

f a c t o r  f, which could be ca l led  the reduced  y - r a y  s t r eng th  function, is in 

e a r l i e r  calculat ions often a s s u m e d  to be a constant .  

f o r  example ,  f o r  the ca lcu la ted  s p e c t r a  in Fig.  1. However,  i t  is  

poss ib le  to obtain information about  the y - r a y  s t r eng th  function f r o m  

y-absorp t ion  m e a s u r e m e n t s .  

p rocedure .  

only t r ans i t i ons  f r o m  the ground s t a t e  a r e  studied. 

a s sumpt ions  r ega rd ing  exc i ted  s t a t e s ;  in the following we wil l  a s s u m e  that 

f o r  each  exc i ted  s t a t e  t h e r e  ex i s t s  a g i an t  resonance  of the s a m e  shape 

and  of the s a m e  effective ene rgy  as that cor responding  to the ground s ta te .  

The  second difficulty is  connected with extrapolat ion of the giant r e s o n -  

ance  f r o m  higher  ene rg ie s ,  where  the re  ex i s t  

such  as (y ,  n)  r eac t ions ,  towards  lower  ene rg ie s ,  which a r e  of impor t ance  

in the cap tu re  y - r a y  spec t r a .  Two ana ly t ica l  expres s ions  have been used: 

one by F u l l e r  and  Hayward  and a l s o  by Axel  

of the resonance ,  the o ther  h a s  been  used  by Lane and  Lynn f o r  ca lcu la-  

is the photon energy  and  D is the leve l  spacing ( n e a r  the cap tu r -  
Y 

The 

Th i s  was  the case ,  

T h e r e  a re  two main l imi ta t ions  to such a 

The f i r s t  is due to the f a c t  that  in y-absorp t ion  expe r imen t s  

We have to m a k e  

good da ta  f r o m  expe r imen t s  

4 5 
is the Lorentz  l ine shape 

6 

4- 
E, G. F u l l e r  and Evans  Hayward, Nuclear  React ions,  edi ted by Endt, 

D e m e u r ,  and  Smi th  (Nor th  Holland Publ ishing Co. ,  A m s t e r d a m ,  1962), 
VOl. 11. 

5 
P. Axel,  Phys .  Rev. - 126, 671  (1962). 

A. M. Lane and  J. E. Lynn, Nucl. Phys .  - 11, 646 (1959). 
6 
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tion of cap tu re  c r o s s  sect ions,  

some  detail .  

p re s s ions  a r e  shown in F ig .  2. 

suffice to explain the exper iments  f o r  C s  and  Au, f o r  example,  but pos-  

s ibly do f o r  Ag and  Ta. 

Both of them are  discussed in Ref, 3 in 

Resul t s  of a y - r a y  calculation for  A u  by use  of these  ex- 

It is obvious that these  r e su l t s  do not 

F ig .  2. G a m m a - r a y  s p e c t r a  fo r  Au 
calculated taking into account the 
E l  giant resonance .  The dashed 
cu rve  r e p r e s e n t s  the calculation 
using the Lorentz  l ine-shape 
express ion  (Refs. 4 and 5 )  and the 
dot-dashed curves using the shape  
by Lane and Lynn (Ref.  6 ) .  F o r  
comparison, the  spec t rum ca l -  
culated a s suming  the y - r a y  
s t rength  function to  be  constant i s  
also shown (so l id  l ine) .  
t e m p e r a t u r e  T=O. 7 MeV was  used 
fo r  calculat ing the s p e c t r u m  
giving the highest  intensi ty  of the 
high-energy y r a y s .  In the other  
t h r e e  s p e c t r a ,  Newton's formula  
was employed. 

A nuclear  

It would then be reasonable  to explore  the effect  on the 

capture  y - r a y  spec t rum of the M i  giant resonance  predic ted  by 

Mottelson. 

orb i t  splitting in  the g, h, and i shel ls .  The neutron subshel ls  i 

The posit ion of this resonance should be given by the spin- 

1312 and 
a r e  f i l led n e a r  Pb. M i  t ransi t ions c a n  take place 

1112 
the proton she l l  h 

and h and the spin-orbi t  spli t t ing is 
1112 9 1 2  

to the empty  subshel ls  i 

1112 about 5. 5 MeV. Close to the c losed  neutron she l l  82, the subshel ls  h 

and  g a r e  f i l led and the M i  resonance should be due to t rans i t ions  to 

respect ively.  In this c a s e  a l so ,  the the empty subshel ls  h 

spli t t ing is expected to be about 5. 5 MeV. In the calculat ions (F ig .  3 )  , 
the M i  giant resonance  a t  5. 5 MeV was  a s s u m e d  to have the s a m e  shape 

as  the E1 resonance.  

s t rength  1% of the E l  giant resonance ,  in a g r e e m e n t  with the e s t ima te  of 

9 1 2  

712' 3 
and  g 

9 1 2  

The width w a s  a s s u m e d  to  be 1. 5 MeV and the 
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Fig .  3. Gamma- ray  spec t r a  f o r  Au 
calculated taking into account the  
E l  and MI  giant resonances .  The  
shape of the giant resonance  as 
given by Lane and Lynn (Ref.  6) 
was used .  
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7 
Blatt  and  Weiskopf. 

resonance  a t  the expected resonance  energy  and  with the expected s t rength 

is  suff ic ient  to obtain ag reemen t  with exper iments .  F u r t h e r m o r e ,  the 

var ia t ions  with m a s s  number  of the s t r eng ths  of the resonances  dictated 

It  m u s t  be concluded that the inclusion of the M i  

and  i subshel ls  a r e  in a g r e e -  
912’ 112 ’  1312 

by the population of the g 

men t  with the sys t ema t i c  var ia t ion of the exper imenta l  y - r a y  spec t r a ,  

Recent  exper iments  at high neut ron  energ ies  s e e m  to 

support  the in te rpre ta t ion  in t e r m s  of a peak in  the y - r a y  s t rength  

function a t  5. 5 MeV. 

1 MeV and 3 .2  MeV in  T a  and A u  w e r e  m e a s u r e d  (F ig .  4). 

tion that the high intensi ty  of the high-energy y r a y s  is due to a concen-  

t ra t ion of levels  a t  a n  excitation energy  of 1 -2 MeV, the bump in the 

spec t rum should move with the neutron energy ,  Similar ly ,  if the effect  

is due to the ta i l  of the El  giant resonance,  the bump should a l s o  v a r y  

with the excitation energy  and possibly the bump would be m o r e  p r o -  

nounced s ince the excitation energy i s  c l o s e r  to the El  giant-resonance 

energy.  

changes with neutron energy.  

The y - r a y  s p e c t r a  f r o m  the capture  of neutrons at 

On the a s s u m p -  

It  is obvious f r o m  Fig .  4 that the shape of the spec t rum s c a r c e l y  

The higher excitation energy only c a u s e s  

J .  M. Blatt  and V.  F. Weisskopf, Theore t ica l  Nuclear  Phys ic s  (John 
Wiley and Sons, New York, 1952). 
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the s p e c t r a  to ta i l  off a t  a higher  photon energy.  

conclusion so far is that the anomalous y - r a y  s p e c t r a  a r e  due to a peak  

in the y - r a y  s t r eng th  function a t  a n  energy  of about  5. 5 MeV. 

Thus,  the only reasonable  

a 
The expe r imen ta l  results of Harvey  e t  al, on y-ray -- 

s p e c t r a  f r o m  resonance  capture  in  Sn isotopes show that M I  t rans i t ions  

cor responding  to photon ene rg ie s  of about 6 MeV m a y  well  dominate in the 

spec t rum.  

r e  sonance. 

Th i s  suppor ts  the in te rpre ta t ion  in  t e r m s  of a n  M i  giant 

a 
J. A. Harvey,  G. G. Slaughter ,  J. R. Bi rd ,  a n d G .  T. Chapman, 

pape r  111-4 of this conference.  

J. J U L I E N ,  Cen t re  d 'E tudes  Nuclea i res  de Saclay: We have in-  

ves t iga ted  the y - r a y  spec t rum of gold f r o m  neutron resonance  capture .  

About 20 neutron r e sonances  w e r e  studied,, 

y r a y s  v a r i e s  f r o m  resonance  to resonance.  

The intensi ty  of the high-energy 

BERGQVIST: We have observed  a difference between the spec t rum 

f r o m  the rma l -neu t ron  capture  and that  f r o m  15-keV cap tu re  which p r e -  

sumably  r e p r e s e n t s  a v e r a g e  s-wave capture .  

be a t t r ibu ted  to a d e c r e a s e  of the intensi ty  of the s t rong  l ines  c lose  to 

6. 25 MeV. 

Most  of the difference could 

G. A. BARTHOLOMEW, Chalk R ive r  Nuclear  Labora tory :  In 

those r e su l t s  f r o m  thermal -neut ron  cap tu re  where  the sp ins  and  pa r i t i e s  

a r e  es tabl ished,  no s t rong  t rans i t ions  with known mul t ipo lar i t ies  have 

been identified as  M i .  

BERGQVIST: The only s t rong  identified M i  t rans i t ions  in these  

m a s s  regions a r e  those in  tin isotopes that wil l  be r epor t ed  by J. Harvey  

and  co l l abora to r s  in  the next pape r  ( p a p e r  111-4)* 

nuclei ,  we don ' t  know whether  the s t rong  y r a y s  a t  about 5. 5 MeV a r e  of 

F o r  all the other 
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El  o r  M i  type. The bump in gold, f o r  example,  r e p r e s e n t s  t ransi t ions 

to leve ls  a t  about  1 MeV excitation energy  of unknown sp ins  a n d  pa r i t i e s .  

P. AXEL, Universi ty  of I l l inois:  T h e r e  i s  one thing about the cu rve  

that  was  ju s t  shown which I do not understand.  The curve  m a k e s  i t  s e e m  

as  though the re  is a s t rong  5-MeV gamma ray ;  and  i f  t he re  w e r e  one, 

m y  guess  would be that i t  i s  M i .  

f r o m  neutron capture  in  the nucleus ? 

that  we s e e  when we do gamma reac t ions ,  t he re  m u s t  be cor responding  

gammas  in cap tu re  exper iments .  

does  not show any of ,these. 

But, where  a r e  the El  t rans i t ions  

Sure ly ,  f r o m  the g a m m a - r a y  s t r eng ths  

I do not unders tand  why your expe r imen t  

BERGQVIST: In F ig .  2,1 showed the r e su l t s  f r o m  the calculat ion 

of y - r a y  s p e c t r a  by use of the Lorentz  line shape of the E l  giant resonance .  

The  s p e c t r u m  h a s  a maximum a t  2 - 3 MeV and i s  ta i l ing off towards 

h igher  energy.  

expect  that a s i m i l a r  calculat ion will  show the s a m e  gene ra l  shape of the 

y - r a y  spec t rum.  

energy.  I think this i s  a l s o  the c a s e  experimental ly .  In F ig .  4, the 

y - r a y  s p e c t r a  extend up to about  10 MeV, but the high-energy y r a y s  a r e  

not v e r y  intense.  

When the exci ta t ion ene rgy  i s  r a i s e d  to 9 - 10 MeV, I 

Of c o u r s e  the tail will  extend up to the max imum photon 

AXEL: 

in which you c a n  excite 8-MeV s t a t e s .  

8-MeV gamma r a y s  ? 

BERGQVIST: 

A X E L :  

But I was  ask ing  about  your data  us ing  3-MeV neut rons  

Why don ' t  you s e e  the cor responding  

We do s e e  them;  but they a r e  weak. 

The E l  s t rength  that has  been shown to be a t  8 MeV is 

s t r o n g e r  than your  p roposed  M i  giant resonance .  

BERGQVIST: That  does  not  m e a n  the magnet ic  giant resonance  

does not exis t ,  but i t  does  m e a n  the E l  s t r eng th  a t  8 MeV is bigger.  

Those  points  show there  is some .  

AXEL: Yes, t he re  is something,  but not enough. The  e s t ima tes  

indicate that  the e lec t r ic -d ipole  s t r eng th  n e a r  8 MeV is a few pe rcen t  

of the e lec t r ic -d ipole  giant resonance .  The magnet ic-dipole  giant 
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resonance  you suggest  is  only about 1% of the giant e l ec t r i c  dipole. 

f igures  imply  that there  should be a few t imes  the s t rength  of the 

magnet ic  dipole appear ing  as El t rans i t ions  n e a r  8 MeV. T h e r e  is no 

such  s t rength  n e a r  8 MeV on your  figure. Thus,  t h e r e  a r e  two puzzles  

in  that figure: What i s  a t  5 MeV, a n d  why i sn ’ t  t he re  something at 8 MeV?  

These  

BERGQVIST: I do not think the re  is any  contradict ion here ,  The 

quantity of impor tance  in spec t rum calculat ions is the product  of 

t rans i t ion  probabi l i ty  and  densi ty  of f ina l  s t a t e s  - not  the t ransi t ion 

probabi l i ty  a lone.  In o r d e r  to f i t  the exper imenta l  data  in gold, fo r  in-  

s tance,  you have to a s s u m e  another  peak  in the y - r a y  s t r eng th  function 

a t  about 5. 5 MeV with a width of 1- 2 MeV and a n  in tegra ted  s t rength  of 

1 - 2% of the known E l  g ian t - resonance  s t rength ,  

R.  T. CARPENTER, State Universi ty  of Iowa, Iowa City: In the 

f i r s t  place,  I do not think t h e r e  is n e c e s s a r i l y  a few p e r c e n t  of the total  

E l  s t r eng th  left  a f t e r  you get out of the giant resonance  a t  about 15 MeV. 

I do not think there  is  quite that  much left  below, say ,  7 MeV. 

AXEL: A r e  you arguing  that  I do not know how to ex t rapola te  

the resonance  ? 

e s t i m a t e s ,  r e p r e s e n t  ( n e a r  8 MeV) a few pe rcen t  of the total  giant 

resonance.  

Your expe r imen ta l  numbers ,  which a g r e e  wel l  with m y  

CARPENTER: That  m a y  be. On the o ther  hand, m y  n u m b e r s  a r e  

in  fair ag reemen t  with the a v e r a g e  s p e c t r a  that  you get by a calculat ion 

of the f i r s t  type he mentioned - the s t a t i s t i ca l  kind of calculation. 

P r e s u m a b l y  this is the calculat ion which a g r e e s  with the s p e c t r a  shown 

in the f igure  except  for  this  M i  bump. 

AXEL: I hate  to be cont rovers ia l .  I think that you a r e  not 

n e c e s s a r i l y  going to throw light on the question of whether  you a r e  see ing  

M i  or El  in the 5-MeV p a r t  of the spec t rum by adjust ing E l  t rans i t ion  

r a t e s  to a g r e e  with the obse rved  1-MeV gamma r a y s .  

impl ies  a conviction that  E l  t rans i t ions  can  be f i t t ed  with a smooth,  

This  ad jus tmen t  
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known, monotonic energy  dependence f r o m  the giant resonance  to 1 MeV. 

Nobody knows how to d e s c r i b e  the 1 -MeV g a m m a - r a y  t rans i t ions .  When 

you ca lcu la te  the g a m m a - r a y  spec t rum,  you a s s u m e  that you know how 

1-MeV and 2-MeV t rans i t ions  behave. 

culat ions by ignoring what is known about 8-MeV gamma r a y s  and E l  

t rans i t ions  a t  neighboring ene rg ie s  in o rde r  to f i t  the lower ene rgy  gamma 

rays .  

ou r  know le  dg e ~ 

I think that you end up in those c a l -  

This  is a v e r y  dangerous  p rocedure  consider ing the p r e s e n t  s ta te  of 

D. M. BRINK, Clarendon Labora tory ,  Oxford: If I r e m e m b e r  

co r rec t ly ,  the pred ic t ions  of the Axel  fo rmula  

a r e  a l m o s t  the s a m e  f o r  e lec t r ic -d ipole  t rans i t ions  with a n  ene rgy  of 

7 MeV o r  so. 

f o r  the magnet ic  dipole. According to m y  calculat ions,  the magnet ic  

dipoles a r e  enhanced by a fac tor  of, 

hundred.  

should be ju s t  about  the same  o r d e r  of magnitude a s  the e lec t r ic -d ipole  

t rans i t ion  s t rength,  I m e a n  pa r t i a l  radiat ion width. 

and  of the Weisskopf fo rmula  

A x e l ' s  e s t ima te  is about 1 0 0  t imes  the Weisskopf e s t ima te  

say, 40  o r  80 o r  S O  - maybe even a 

I would have thought that  the magnetic-dipole t ransi t ion s t rengths  
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Oak Ridge National Labora tory ,  Oak Ridge, Tennessee  

The g a m m a - r a y  spec t r a  f r o m  neutron capture  i n  individual 

resonances  i n  samples  enr iched in the var ious  t in  isotopes have been 

studied with a l a rge  sodium iodide c rys t a l .  

S n i i 6  to  Sn 

weighed about 35 g .  Only 1-3 g of the isotopes Sn , S n  , and Sn 

w e r e  avai lable  with isotopic enr ichments  f r o m  30- 7 w 0 0 .  

t in isotopes w e r e  a l l  in the meta l l ic  f o r m .  

with the ( 'fast chopperPt spec t romete r  a t  the ORR, resul t ing i n  a neutron 

ene rgy  resolut ion width of about 1570 up to 200 eV. This resolut ion i s  

sufficient to  reso lve  mos t  of the resonances  i n  these  enriched samples  up 

t o  about 400 eV. The 9 X 12-in. NaI c r y s t a l  was  shielded with 16 tons of 

lead  and 2 tons of LiH to reduce the background. 

The seven abundant isotopes 

had isotopic enr ichments  f r o m  90 to  9870 and each  sample  
124 

112 114 115 

The enriched 

A 5-m flight path w a s  used 

124 
The t ime-of-fl ight spec t rum for  g a m m a  r a y s  f r o m  the  Sn 

sample  producing pulses  in a pulse-height ga te  f r o m  channels  7 4  to  87 

( i .  e . ,  f r o m  about 4 .9  to 5 . 9  MeV) i s  shown i n  the left-hand s ide  of F ig .  

The peak a t  channel 29 is the zero- t ime peak and the  one at channel 7 3  

co r re sponds  t o  the  62-eV resonance .  

i n  the t i m e  in te rva l  f rom 68-78 p s e c  ( i .  e .  

shown in the right-hand s ide of F i g .  i .  

been  c o r r e c t e d  for  background, which was taken with a B 

t r a n s m i s s i o n  of 27'0 a t  6 2  eV. 

a t  channel 83. 

sou rces ,  the 4.4-MeV g a m m a  ray  f r o m  a P o B e  source,  and thermal -neut ron-  

cap tu re  g a m m a  r a y s  f r o m  Pb ,  F e ,  and N. 

1. 

The pulse-height spec t rum produced 

the 62-eV resonance)  i s  

The pulse-height spec t rum has 
10 

f i l t e r  with a 

The background was about lwo of the  peak 

The N a I  c r y s t a l  was ca l ibra ted  with low-energy radioact ive 

.L -4. 

P r e s e n t e d  by J. A, Harvey  

tV i s i to r  f r o m  A E R E ,  Harwel l ,  England. 
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Fig. 1. Gamma rays f r o m  neu t ron  capture  i n  the 62.0-eV resonance  of 
S n 1 2 4  . Left-hand graph:  t ime-of-fl ight spec t rum with the pulse-  
height gate f r o m  about 4 . 9  to  5 .  9 MeV.  Right-hand graph:  P u l s e -  
height spec t rum produced in the t ime interval  f r o m  6 8  to  7 8  p s e c  ( the 
62-eV resonance) .  

The relat ive s t rengths  [r (E )/r ] of the high-energy 
Y Y  Y 

t rans i t ions  f r o m  the tin resonances  can be de te rmined  f r o m  the observed 

pulse-height dis t r ibut ion if the response  m a t r i x  is  k n o w n  fo r  the c rys t a l  

(including the effect  on the g a m m a  rays  of the fas t -neut ron  shielding 

between the tin samples  and the c r y s t a l ) .  A n  approximate technique 

( accu ra t e  to  within a fac tor  of 2 )  was used to  e s t ima te  the relat ive s t rengths  

of the high-energy t ransi t ions f r o m  the pulse-height s p e c t r a  s ince a de -  

tailed unfolding p rogram was not avai lable .  

the resonances  which showed s t rong high-energy gamma r a y s  i s  given in  

Table I .  

cap ture  spec t r a .  

A s u m m a r y  of the resu l t s  on 

Some  of these  s t rong g a m m a  r a p  c o m p r i s e  about 50% of the 

The g a m m a - r a y  energ ies  a r e  a c c u r a t e  to  about 0 .  1 MeV. 
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TABLE I. S u m m a r y  of s t rong  M1 transi t ions f r o m  resonances  i n  t i n .  

r (E I k w i )  P a r i t y  
of cap-  Y Y  

E (M i ’ skw turing r n v =  Isotope D E E 

Y Y Y 
(eV)  (MeV) (eV) 

s t a t e  

Sn 400 5 .65  6 2  0.50 540 - 124 

5 .46  6 2  0 .  15 180 - 
40 0 5 . 8 1  107 0 . 5 0  500 - o r  -t 

26 0 0.  19 190 - o r  -I- 

122 
Sn 

200 6 .  05 427 0. 13 140 probably+ 

180 6 .48  46 0.  36 570 pr  ob ab 1 y 3- 
36 0 0. 25 400 t 

180 6.86 11 1 0.023 31 t 

25 9. 3 39 -0.003 -11 f 
8. 0 39 0 . 0 9  5 0 0  + 

0 .  05 20 0 probably t 
9’ 0 .04  25 0 p r  obabl y -t 8. 0 

120 

118 
Sn 

Sn 

116 
Sn 

148 0 .22  29 0 probably t 
117 

Sn 

25 

1 
The average  level  spacings D were  taken f r o m  Fuketa  e t  al.  

f r o m  resonance  capture  i n  t he  t a rge t  nuclide Sn did not show strong 

high-energy g a m m a  r a y s .  The  Sn Sn I and Sn samples  were  

The spec t r a  -- 
119 

112 114 1 15 

too s m a l l  fo r  us to  obtain significant resonance-capture  data .  
117 

The low-lying excited s ta tes  of the odd-A tin nuclides Sn 

f r o m  
11- 

and - 
2 m 2 ’ 2 ’  - 

125 if 3f 
to  Sn a r e  known to  have the  spins  and pa r i t i e s  - - 

‘= 3 
t h e  work of Kiss l inger  and Sorensen  and f r o m  (d ,p )  measu remen t s .  

1 
T.  Fuketa ,  F. A .  Khan, and J. A. Harvey,  Oak Ridge National 

Labora to ry  Report ,  ORNL-3425. 
2 

L. S .  Kissl inger  and R .  A. Sorensen,  Kgl. Danske Videnskab. 
Selskab, Mat.  -fys. Medd. I No. 9 (1960). 

3 
B. L. Cohen and R .  E .  P r i c e ,  Phys .  Rev. 121, 1441 (1961). 



S n i i 7  i s  enhanced by a f a c t o r  of 110 and by about a f a c t o r  of 15 f o r  the 

other  isotopes . 
Enhanced M i  t rans i t ions  i n  this  m a s s  region have been  

5 
postulated by Bergqvis t  -- e t  a l .  

this m a s s  region.  

to  account  f o r  the g a m m a - r a y  s p e c t r a  i n  

An M i  giant resonance  with a resonance  ene rgy  of 

I11 - 4 2 3 3  

4- 
In S n i i 8  t h e r e  i s  a 2 exci ted s ta te  a t  1. 22 MeV. 

ene rgy  neutron resonances  m e a s u r e d  a r e  much too s t rong  to b e  p-wave 

r e sonances ,  the captur ing s ta te  f o r  the even-A t a rge t  nuclides m u s t  be  

- ; hence the high-energy t rans i t ions  mus t  be M i ,  E2 ,  o r  of higher  2 
multipolarity, 

puted f r o m  the fo rmula  

Since most  of the low- 

l+ 

The s t rengths  of the t rans i t ions  (assuming M i )  a r e  c o m -  

E (D X io-")  
Y 

where  v = I? (E )/r r = 0. i l  eV, E i s  i n  MeV, and D i s  i n  eV. 
Y Y Y  Y ' Y  Y 

The theoret ical  e s t i m a t e  of Bia t t  and Weisskopf a s  given 
4 

by Bartholomew is 

- 3  0.021 - = 1.40 X 10 - - 
k("l)B&W DO 

f o r  Do  = 15 MeV. 

The  s t rengths  of these  M i  t rans i t ions  (Table  I )  a r e  hundreds of t i m e s  

l a r g e r  than the theore t ica l  e s t ima te  of Bla t t  and Weisskopf and  m o r e  than 

ten  t i m e s  a s  l a r g e  a s  the s t ronges t  M1 t rans i t ions  

i n  this  m a s s  region.  

4 
previous ly  m e a s u r e d  

The g a m m a - r a y  s p e c t r a  f r o m  the rma i -neu t ron  cap tu re  

On the assumpt ion  that t he rn ia l  capture  is have  a l s o  been m e a s u r e d .  

due to  s-wave neutrons,  t he  M i  ground-s ta te  t r ans i t i on  f r o m  capture  i n  

4 

5 
G. A. Bartholomew, Ann. Rev. Nucl. Sci .  11, 259 (1961). 

I. Bergqvis t ,  B. Lundberg,  and N .  S ta r fe l t ,  paper  111-3 of this  

- 

conference .  
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about  5 .5  MeV and 1.5 MeV wide, as predic ted  by Mottelson, gave good 

a g r e e m e n t  with t h e i r  da ta .  This  M I  giant resonance  should occur  at a n  

ene rgy  corresponding to  the spin-orbi t  coupling energy ,  which i n  the  

m a s s  region of t in is  the difference between the n e a r l y  fi l led g 

and t h e  empty g shel l .  

she l l  
9 /  2 

7 1  2 

I. BERGQVIST, R e s e a r c h  Insti tute of National Defense,  Stockholm: 

Did you a l s o  m e a s u r e  the radiat ion widths fo r  t hese  r e sonances?  

HARVEY: Thank you f o r  the quest ion.  We have t r a n s m i s s i o n  

d a t a  on the enr iched  samples  and have  analyzed the 39-,  the 45-, and 

the 62-eV resonances .  A value of about 110 X 10 eV was  obtained. 

This  value, which  I would say is good within about a f a c t o r  of 2 ,  i s  the 

one we used i n  the ca lcu la t ions .  

- 3  

BERGQVIST: Yes.  The total  radiation widths c a n  f luctuate  v e r y  

much f r o m  resonance  to  resonance .  

HARVEY: Right. When we get the samples  back  f rom Harwel l ,  

we w i l l  t r y  to  m e a s u r e  the  rad ia t ion  widths f o r  all the  r e sonances  l i s t ed  

in  the table .  

P. AXEL, Univers i ty  of Il l inois:  I would l ike to  a s k  a quest ion of 

D r .  B e r g q v i s t  o r  the s p e a k e r  about  th i s .  

re t ic ians  that maybe  1% of the e l e c t r i c  dipole is a n  M I  giant  resonance.  

D r .  Bergqvis t  told us  that he h a s  evidence f o r  that  resonance  being a t  

5 MeV, and now you have evidence f o r  i t  being a t  9 MeV. 

We have  been  told by  theo-  

HARVEY: F o r  the even-A isotopes,  the g a m m a  r a y s  a r e  f rom 
117  

5 . 5  t o  6 . 5  MeV. Only Sn showed the 9-MeV g a m m a  r a y .  

AXEL: But  i n  th i s  one c a s e  i t  w a s  100 t i m e s  the s ing le-par t ic le  

M i  e s t ima te ,  i t  a n  M I ,  and i t  i s  a t  9 MeV. 

HARVEY: Right.  But all the s t rong  M 1  gamma r a y s  a r e  a lways  

5.5-6.5 MeV. 

I would a l s o  l ike to  comment  on Carpen te r ’ s  s t a t emen t  

concerning the P o r t e r - T h o m a s  d is t r ibu t ion .  S m a l l  values  f r o m  the 
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d is t r ibu t ion  are  qui te  probable  but the chance  of gett ing a value 5 o r  10 

t i m e s  the ave rage  is p re t ty  sma l l .  

R .  T. CARPENTER,  State Universi ty  of Iowa, Iowa Ci ty :  If the 
124 

r e sonance  i n  Sn 

l a r g e  reduced neutron width. 

is a p-wave resonance,  it must  have a n  ex t r eme ly  

HARVEY: If we a s s u m e  that the p-wave leve l  spacing i s  the same 
-4 

as the s -wave ,  i t  would give a p-wave s t rength  function of 360 X 10 

which is r a t h e r  la rge .  

CARPENTER: You have one anomaly  o r  another .  

HARVEY: Y e s ,  that  is r ight .  

, 
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111-5. THER MAL NEUTRON CAPTURE IN D AND 0 1 6 ::: t 
c_ -- -.." __-.-I- --=-.*I ---p 2. L'*_1_.,".. *_. " -". 

E .  T .  Ju rney  and H.  T. Motz 

Los  Alamo s Scientific Labora tory ,  Los  Alamo s ,  New Mexico 
L' 

Thermal -neut ron-capture  c r o s s  sect ions of s e v e r a l  low-Z 

t a rge t  nuclei  have recent ly  been de termined  by d i r e c t  observat ion of the 

cap tu re -gamma- ray  spec t r a .  I n  par t icu lar ,  0 and D have been  examined, 

and detai led resu l t s  w i l l  b e  given. 

f o r  other  nuclei  wi l l  be given i n  tabular  f o r m .  

16 

Capture-cross-sec t ion  measu remen t s  

F ig .  1. Exper imenta l  a r r angemen t  a t  the Omega West r e a c t o r ,  Note 
the d is tor ted  sca le .  Targe t  conta iners  a r e  placed a t  position T. 

F igu re  1 shows the exper imenta l  a r r angemen t  (note d i s -  

A 3 i  -in. s q u a r e  c r o s s  sect ion bismuth channel, with a tor ted  sca l e ) .  
12 1 - in .  por t  along i t s  long axis, has  been instal led t r a n s v e r s e l y  through 

the t h e r m a l  column of the Los  Alamos  Omega West r eac to r ,  extending 

into the r e a c t o r  shield a t  the f a r  end, and joining to  a y - r a y  co l l imator  

4- -,- 
Work per formed under the auspices  of the U.S. Atomic Energy  

C om mi s s io n. 

t P r e s e n t e d  by E. T. Jurney .  



2 37 111 - 5 

at the near  end. 

of t a r g e t s  to  the  posit ion T at the center  line of the t h e r m a l  column,  where  

the  t h e r m a l  neutron flux is  about 2 X 10 neu t rons / cm - sec .  Neutrons 

a r e  excluded f r o m  the y - r a y  beam by LiF and Li F f i l t e r s ,  

t h e  co l l imator  i s  f i t ted with a 0.005-in.  Be window and a n  O-r ing sea l  

so that  the channel can  be evacuated to  remove the substant ia l  N 

s o u r c e  of background f r o m  air ,  o r  can be  f i l led with g a s  t o  s e r v e  a s  a gas  

t a r g e t .  

a NaI c r y s t a l  6 - i n .  long by  2, - in .  i n  d iam,  placed inside a n  N a l  annulus 

(12-in.  long by 8-in.  i n  d i a m e t e r )  opera ted  inant icoincidence.  

effectively s u p p r e s s e s  e scape  pulses  f r o m  the detecting c rys t a l .  

grounds a r e  low enough to p e r m i t  detection of t rans i t ions  corresponding to 

about 0.  1 m b  of capture  i n  gas  t a rge t s  a t  1 a tm.  

The co l l imator  i s  removable  to allow f o r  e a s y  inser t ion  

11 2 

6 The end of 

14 
( n , y )  

After fu r the r  coll imation, the y - r a y  beam is de tec ted  with 
1 

The l a t t e r  

Back-  
1 

In  o rde r  to get  accu ra t e  re la t ive l ine  intensi t ies  and e n e r -  

g i e s  f r o m  a spec t rum,  a l e a s t - s q u a r e s  fitting ana lys i s  is made  with a n  

IBM-7090 computer .  

(I) A Gauss ian  component co r re sponds  to  the fu l l -energy  peak;  above about 

3 MeV a n  exponential  t’tail” is  smoothed onto the low-energy  s ide of the 

Gauss ian .  

s tant  t e r m  to f i t  the background continuum. 

to be extended frequent ly  to background-count ing-rate  ranges g r e a t e r  than 

a decade.  

The fi t ted function i s  composed of two ma in  p a r t s :  

( 2 )  One o r  m o r e  exponential  t e r m s  can be combined with a con- 

This  combination allows fi ts  

Two t a r g e t s  of D 0 having substant ia l ly  different O i 7  and 
16 2 

O i8  enr ichments  were  e x a m i n e d f o r  l ines  f r o m  0 capture .  The s p e c t r a  

f r o m  the two t a r g e t s  w e r e  prac t ica l ly  ident ical ;  one of them i s  shown i n  

F ig .  2. The  t h r e e  l ines  a t t r ibutable  to  0 capture  a g r e e  w e l l  i n  ene rgy  

wi th  t h r e e  of the four  expected f r o m  the known level  s c h e m e  of 0 

fourth is  masked  by a contaminating H (n ,  y )  line. 

16 

17 
a The 

1 Contr ibut ion f r o m  

1 
C .  C .  T r a i l  and S. Raboy, Rev.  Sci .  I n s t r .  - 30, 425 (1959). 
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F i g .  2. Cap tu re -gamma spec t rum f r o m  a D,O t a rge t .  The s t rong hydro-  
gen l ine i s  f rom about 200 ppm ord inary  water  contamination. 

thermal -co lumn background and f r o m  the sou rce  container  have been 

subt rac ted .  

I n  o r d e r  to confirm the exis tence of the miss ing  l ine,  

expected a t  about 2185 keV, a t a rge t  of 1300 m m  Hg of spec t roscopica l ly  

p u r e  oxygen gas  w a s  introduced into the channel.  F i g u r e  3 shows the re- 

sulting spec t rum.  

background evidently produced the dips  in the  wings of the 2185-keV line. 

A s l ight  m i s m a t c h  in  subtract ing the thermal -co lumn 

I I I I I I 

F i g .  3. Spec t rum of O l S ( n , y ) .  The  t a r g e t  was  about 0 . 0 3  moles  of 0, gas  
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The ene rg ie s  and intensi t ies  observed  a r e  cons is ten t  with 
17 

the  decay  scheme  f o r  0 shown i n  the f igu re .  Although the  r a t io  of the 

reduced  t rans i t ion  probabi l i t ies  f o r  the 1090-  and 3270-keV lines (E  l / M l )  

i s  somewhat  high a t  about 120, the in tens i t ies  cannot  be taken  to be i n -  

consis tent  with the accepted spin ass ignments  

Ext rac t ion  of c r o s s  -sect ion information f r o m  these da ta  

h a s  been  done i n  the following way. 

the  33-ml total  of t a rge t  m a t e r i a l  was rep laced  with o rd ina ry  water  a n d  

t h e  net i n c r e a s e  i n  the intensi ty  of the hydrogen l ine was measu red .  

gave  the intensi ty  f r o m  a known amount of “standard!’ i n  a counting geo- 

m e t r y  ident ical  with that of the undiluted D 0 t a r g e t s ,  which, with a c u r v e  

of de tec tor  sensi t ivi ty  vs energy ,  permi t ted  calculat ion of the pa r t i a l  

cap ture  c r o s s  sections for  each  t r ans i t i on  i n  the unknown s p e c t r u m .  

F o r  gas  t a r g e t s ,  the sens i t iv i ty  curve  has  been  normal ized  to  the hydrogen 

l ine  (by use of a CH t a r g e t )  to give par t ia l  cap ture  c r o s s  sect ions d i r ec t ly  

fo r  a known t a rge t  p r e s s u r e .  

sect ions f o r  the th ree  t a r g e t s  i s  178 * 25 pb. 

F o r  the liquid D 0 ta rge t s ,  1 m l  of 2 

This  

2 

16 
4 

The weighted mean of 0 cap tu re  c r o s s  

Much of the e r r o r  i n  these  m e a s u r e m e n t s  comes  f r o m  a n  

insufficiently a c c u r a t e  detector  -sensi t ivi ty  curve .  

deu te r ium,  P b  capture  gives a more  sui table  s tandard  than H capture ,  

s ince  the sensi t ivi ty  diffe-rence b e t w e e n  the 6260-keV D(n, y )  t ransi t ion 

a n d  the 7370-keV Pb 

P b  

Thus ~ fo r  the c a s e  of 
20 7 1 

20 8 ground-s ta te  t rans i t ion  is  s m a l l ,  and s ince  the 

F i g u r e  4 shows the re la t ive  in tens i ty  
2 

c r o s s  section i s  known well .  
20 7 

207 
of the D(n,  y )  trans-ition and the P b  (n, y) ground-s ta te  t ransi t ion,  f r o m  

2 2 
a t a rge t  containing 6 .  1 g / c m  of D,O and 1 . 4  g / c m  of na tura l  lead.  Part 

L. 

of what appea r s  t o .be  a n  abnorma l ly  l a r g e  1-quantum-escape peak below 

2 7 

D. Jowett ,  S. K. Pat tenden,  H.  Rose ,  V. G. Small ,  and R .  B o  
Ta t t e r sa l l ,  i n  AERE R / R  2516, have m e a s u r e d  the na tu ra l  P b  capture  
c r o s s  sect ion a s  171 f 2 mb .  Our  r e su l t s  show LT (Pb204 ) = (0 .94  xt 0 . 0 7 )  
u ( P b  2 0 7  ), and u ( P b  2 0 6  ) = (0 .043  f 0 . 0 0 1 ) ~  (P6 2 0 7  ) -  
data  gives  a value of u ( P b 2 0 7  ) = 709 f 10 mb.  

Combining these  
C C C 

C 



240 I11 - 5 

I I I I I 

- 
* .  

20 - D20 + Pb 

1 5 -  
a .  

- 

.. 
- 1 0 -  . .  > 

w 
X 

E - 

- 

. * * I  
i. 

. .  ... . .  . .  f07 - 

2 . . .  0 

.. ... 
- 

Lo$ Alornos S c ~ e n f ~ f ~ c  Laborotai 
Ssplernber 25. 1963 

I I I , \  

05 . .  - 

a.. .. .**** ' .* .; . .. -* . .. . .. 
o 3  <.+.-.*--'. 

50 5 5  60 65 70 75 

Fig .  4. Capture gamma-  
ray spectrum from a 
mixed t a rge t  of D 2 0  
and Pb. The  peak at 
about 6 . 8  MeV includes 
both a one -quantum - 
escape peak f r o m  the 
7 .  37-MeV P b 2 m  line 
and the 6 .735  -MeV 
ground - s ta te  transi- 
tion in Pbzo 7. 

206 
the P b  l ine is  the  ground-state  t ransi t ion f r o m  P b  

recting for the small difference in detector  sensi t ivi ty ,  the r a t io  of line 

intensi t ies  f r o m  P b  and D 0 .05  m b  for  

deuter ium capture .  

( n , y ) .  After c o r -  

capture  yields a value of 0 .  60 
2 

The  total  capture  c r o s s  section can a l s o  be  deduced by 

summing the product of line energy  t imes  par t ia l  capture  c r o s s  sect ion 

over the en t i re  spec t rum and dividing the s u m - b y  the neutron binding 

energy.  

scheme of the capturing nucleus i s  n e c e s s a r y ,  but it a s s u m e s  that  no line 

of the spec t rum i s  m i s s e d  ( e . g . ,  through electron capture)  and that con- 

taminating l ines  a r e  not p re sen t  in the spec t rum.  

sect ions (marked  with a n  a s t e r i s k  in Table I)  have been a r r i v e d  at in  this  

way. 

This  approach  has  the advantage that no knowledge of the decay 

Some of the c r o s s  

S. RABOY, Argonne National Labora tory :  I would like to  make  

I would like to know if two r e m a r k s ,  one of which is  in question fo rm.  

you calculated the c r o s s  section fo r  your D(n ,y)T react ion in  t e r m s  of 

the H(n,y}D react ion.  

counter for  these  gamma pays can be obtained by a Monte Car lo  technique. 

I would be in te res ted  to  s e e  how this  compares  with your r e su l t  r e f e r r e d  

The relevant  eff ic iencies  of your scinti l lat ion 
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TABLE I. The rma l -neu t ron -cap tu re  c r o s s  sec t ions  f r o m  
the d i r ec t  observa t ion  of c a p t u r e - g a m m a - r a y  s p e c t r a .  
- 

u (mi l l i ba rns )  
T a r g e t  nucleus C 

LASL B N L -  325 
(2nd edit ion) 

0 . 6 0  * 0 .05  0.57 k 0 . 0 1  
2 

D 

Be 

0 

C 

b 
9 . 2  +_ 1.5a 1 0 . 0  +_ 1 9 

16 

12 
0.178 k 0.025 < o .  2 

3 .8  2 0 . 4  3 .73  2 0 . 0 2  
a 

(CH4 g a s )  

80 2 20  
a 

75.0 f 7 . 5  
14 

N 

a 

b 
Values  not based  on knowledge of the decay  scheme .  

IJ = 7.5  2 1 [ J a r c z y k  e t  a l . ,  Helv.  P h y s .  Acta  34, 483 (1961) l ;  - -  - 
u < 9  [ D .  Jowett  - -  e t  a l . ,  Re f ,  2 . 1  

208 
to  the c r o s s  sect ion of P b  . 

My second r e m a r k  i s  with r e f e r e n c e  to  your  D(n ,y)T 
208 

m e a s u r e m e n t  r e f e r r e d  t o  P b  

of sys t ema t i c  e r r o r  in  your m e a s u r e m e n t .  

D 0 in  your  sample .  T h e  bulk of the cap tu res  in  D 0 come  a f t e r  mult iple  

s ca t t e r ing  in  the D 0, s o  tha t  the neut ron  flux s e e n  by the D 0 is d i f fe r -  

en t  f r o m  the flux seen  by  your p la tes  of lead.  

this i s  a s o u r c e  of s y s t e m a t i c  e r r o r  and ,  of c o u r s e ,  it m a k e s  your  

m e a s u r e d  c r o s s  sect ion too l a rge .  

of about 0 .5  m b  competes  with the sca t te r ing  c r o s s  sec t ion  of about  1 0  b .  

. I would l ike to  sugges t  a poss ib le  s o u r c e  

I think you had about  30 g of 

2 2 

2 2 
I would l ike to  sugges t  tha t  

Af te r  all, the capture  c r o s s  sect ion 

J U R N E Y :  First of all, we have r e f e r r e d  the  capture  c r o s s  sect ion 

of deu te r ium t o  hydrogen in m u c h  the s a m e  way as  fo r  the oxygen. 

a g r e e m e n t  i s  not as  good as  we would l ike,  but we would like to  b l ame  

this on the fact  that  we do not know the sensi t ivi ty  co r rec t ion  quite wel l  

The  
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enol h t o  do th i s .  It i s  a v e r y  broad energy  region f r o m  2 . 2  to  6 . 2  MeV. 

The  co r rec t ion ,  we think, is a m a t t e r  of a fac tor  of 2 ;  tha t  i s ,  the  sen -  

si t ivity i s  different by a fac tor  of 2.  

H. MOTZ, Los Alamos  Scientific Labora tory :  I think tha t  the 

p i le -osc i l la tor  m e a s u r e m e n t s  which c o r r e c t  for  mult iple  sca t te r ing  would 

indicate  tha t  with our s i ze  of sample  the co r rec t ion  i s  not comparable  t o  

the 10% e r r o r  that  w e  ass igned  to the c r o s s  section. 

Q 

111-6. Withdrawn at the r eques t  of the au thors .  

e 
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4 8 t f  111-7. STUDY O F  THE NEUTRON-CAPTURE GAMMA RAYS IN C a  

-rrs-ruurrme-+=- - - - -x_.  

Sol Raboy and C .  C .  T r a i l  

Argonne National Labora tory ,  Argonne, Illinois 

We have a facil i ty a t  Argonne f o r  tile study of the g a m m a  

rays  that  r e su l t  f rom absorpt ion of neutrons by  var ious nuclei  with v e r y  

low c r o s s  sect ion a n d / o r  by samples  containing only s m a l l  numbers  of 

the a t o m s  of i n t e re s t  

6 
/L i 2  CO, 

- 
- 

E T  

C A R R I A G E  

243 

L 2 

D R I V E  
MOTOR 

Fig. 1 .  Counter  a r r angemen t  and sh ie ld  f o r  neutron-capture  work .  

F igu re  1 shows our  detecting a r r a n g e m e n t .  It cons is t s  of 

a cyl inder  of sodium iodide ( 2 . 5  in .  i n  d i ame te r  and 6 in .  long) within an  

annulus of sodium iodide ( 1 2  i n .  long and 8 in .  i n  d i ame te r ) ,  and the nec-  

e s s a r y  photomultiplier tubes.  

They a r e  enclosed i n  the 13-ton shield.  

T h e r e  a r e  two such counters  i n  our  s y s t e m .  

I think we a r e  outclassed b y  the 

tWork per formed under the auspices  of the U . S .  Atomic Ene rgy  

f P r e s e n t e d  by Sol Raboy. 
Commiss ion .  
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Oak Ridge shield shown e a r l i e r .  

which our  neutrons pas s .  

cen ter  of this  s lot  so  i t  can  b e  seen  by the two counters .  

We have a s lot  in  this shield through 

The spec imen to be studied is  placed i n  the 

We have a homemade 2D coincidence sys tem in which the 

output of one counter  feeds  into a n  analyzer  with four  channels of var iable  

width; and the spectrum in coincidence with each  of these channels i s  r e -  

corded in one of four  banks of 128 channels i n  a 512-channel analyzer .  

The output of the second counter  goes into the 512-channel analyzer  when 

in coincidence with the output of any of the four  var iable  windows. 

We have s t a r t ed  with 1 g of Ca48, which i s  about 9Wo abund- 

ant in  this  sample .  

sect ions of the other calcium isotopes that 670 of our captures  in this 

spec imen a r e  f rom Ca4' and about 670 in C a  

s m al l  e r  . 

We es t ima te  f rom the abundance and f rom the c r o s s  

42 
; everything e l se  i s  much 

The neutron beam is  v e r y  clean-free of y - r ay  background- 

by vir tue of being ref lected f r o m  a 40-in. cobalt m i r r o r  borrowed f rom G .  

R .  Ringo. The neutrons a r e  a lmost  en t i re ly  subthermal .  

48 
F igu re  2 p re sen t s  the s ingles  spec t rum of Ca , The y r a y  

40 at about 5 . 6  MeV rep resen t s  the t rans i t ion  in  Ca . The ful l -energy 

IO' 

5.1 MeV 
/?. . .  . .  3 
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cbe(",y)Ca40 
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- - Fig .  5 .  Spec t rum of all coin- 

- 2 . 0 3  MeV. 
cidences w i t h  the y r a y  at 

- 
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Figure  5 shows the spec t rum in coincidence with the 2. 1- 

MeV peak. 

r e m e m b e r  f rom Fig .  2, t he re  w a s  a suggestion of something a t  2 .2  MeV. 

We ge t  the 3. 1-MeV peak and something a t  2. 2 MeV. If you 

100 I I I I I I 

COINCIDENCE WITH 
2.1 MeV 

'..'. . .- 
, . . I"P.**..L I 

. 0 .  *'..*.:% - 
0 
0 20 40 60 '- 

CHANNEL NUMBER 

At this  t i m e  we think that p a r t s  of both the 2. 1 -  and the 2. 2-MeV peaks 

come f r o m  the C a  (n ,y )Ca  . W e  a re  not su re  of this  yet. W e  have to 

study the o ther  calcium isotopes to  s e e  what they look l ike s o  that w e  c a n  

make m o r e  s e n s e  out of th i s .  U s i n g  our  computer  p r o g r a m ,  w e  can say  

a t  this t i m e  that the ra t io  of the 5. I-MeV intensi ty  to  the 3. 1-MeV intensity 

i s  somewhere  around 3.5: l .  

40 41 
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111-8. NEUTRON CAPTURE BY DEUTERIUM" t 
--.. - - *  .-._ 

-SI-.---. - - 4 - 

C .  C .  T r a i l  and S .  Raboy 

Some t i m e  ago it was  pointed out by  Blin-Stoyle and 
I 

F e s h b a c h  

t ive  one for studying par i ty  nonconservat ion in  the s t rong  in te rac t ions .  

They  e s t ima te  that  f r o m  th is  reac t ion  one ge ts  a n  enhancement  fac tor  of 

roughly 100. T h e  type of expe r imen t  that  they  sugges t  i s  t o  m e a s u r e  the 

yield of the capture  g a m m a  r a y s  as a function of the polar izat ion of the 

incident neut ron .  

we decided to  look to  s e e  i f  th i s  reac t ion  was  avai lable  to  the expe r i -  

men ta l i s t ,  even though the c r o s s  sect ion is  v e r y  sma l l .  

Here tofore  the gamma r a y  h a s  been  seen  

the modera t ing  water  of the r e a c t o r ;  no b e a m  work  h a s  been r epor t ed .  

a p r e l i m i n a r y  invest igat ion with our sens i t ive  g a m m a - r a y  s p e c t r o m e t e r ,  

our  efficient sh ie ld ,  and our intense p o l a r i z e d  b e a m ,  we would l ike to  

r e p o r t  on the capture  c r o s s  sect ion and the energy  of the g a m m a  r a y  

from th i s  r eac t ion .  

that  the neut ron-deuter ium reac t ion  w a s  a pa r t i cu la r ly  s e n s i -  

Since we have an  intense b e a m  of polar ized neu t rons ,  

2 
f r o m  capture  in 

A s  

4, -0- 

Work pe r fo rmed  under  the ausp ices  of the U .  S .  Atomic  Energy  
Commiss ion .  

t P r e s e n t e d  by C. C ,  T r a i l .  
I 

R .  J .  Blin-Stoyle and H e r m a n  Feshbach ,  Nucl.  P h y s .  - 2 7 ,  395 (1961) .  

B. B .  Kinsey  and G .  A. Bartholomew, Phys .  Rev,  I 80 ,  918 (1950).  
2 
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We m e a s u r e d  the energy  of the neutrons r a t h e r  crudely by 

a gold t r ansmiss ion  technique, and found the energy  of the neutrons to  be  

0 . 0 1  eV. 

F igu re  1 shows the spec t rum we get  f r o m  about 120 ml of 

heavy wa te r  with about 370 impur i ty  of light water  in a Teflon container .  

.. . -.. . 

I' 1 ' 0  21.0 3:o 4.0 d.0 6.0 71.0 8.0 9.0 Ib.0 
ENERGY (MeV) 

Fig .  1 .  The  g a m m a - r a y  spec t rum 
f r o m  neut rons  incident on heavy 
water  containing about 370 l ight  
wa te r ,  

i 
1 

At 7 . 6  MeV we see  a n  i ron  g a m m a  r a y  f r o m  neutron capture  by the shield-  

ing.  A g a m m a  r a y  at 6 . 8  MeV 

is always i n  our  background and is  somehow re la ted  to  the fas t -neut ron  

contamination in the b e a m .  The  l ight-water gamma r a y  is  at 2 .2  MeV. 

The  g a m m a  r a y  of i n t e r e s t  i s  at 6 . 2  MeV. 

Our procedure  i s  t o  take a background f r o m  light water  and 

no rma l i ze  it to  the g a m m a  r a y s  f r o m  F e ,  sub t r ac t  it f r o m  the heavy- 

wa te r  s p e c t r u m ,  and m a k e  a l e a s t - s q u a r e s  fit t o  a Gauss ian  t o  ge t  the 

p a r a m e t e r s  for  the Gaussian descr ibing the 6.2-MeV peak. We use  a 

similar procedure  with a sample  of pure heavy water  to ge t  the p a r a m e t e r s  

f o r  the peak at 2 .2  MeV. The r e su l t s  f o r  a typical run  a r e  shown in 
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Table  I. F o r  the two g a m m a  r a y s  it l i s t s  the ampl i tudes  of the 

Gauss ians ,  the i r  peak posit ions,  t he i r  widths,  any  r e s idua l  backgrounds 

( a s s u m e d  constant over  the region of the f i t) ,  the calculated x 
x 
used .  

i nc reased .  

2 
and the 

2 
expected f r o m  the number of p a r a m e t e r s ,  and the number of channels 

2 
Whenever x was l a r g e r  than expected,  the e r r o r s  have been 

Table  I1 gives  the r a t io  of a a, 
1 3  f o r  the g a m m a  r a y  f rom 

TABLE 11. Rat ios  of the a r e a s  of the photopeaks of the gamma 
r a y s  f rom neutron capture  by hydrogen and deuter ium.  
in  the weighted ave rage  includes an  e s t ima te  of the sys t ema t i c  e r r o r  
in  the de te rmina t ion  of t he  r a t io .  

The uncertainty 

Run No. 

-2 425 (1.82 If: 0 .  18) X 10 

42 6 

427 

428 

82.5 

826 

827 

828 

- 2  
(1 .63  f: 0.  11) X 10 

( 1 . 6 0  5 0 . 1 0 )  X 

(1 .62 i 0.12) X 

(1 .65  rt: 0 .  16)  X f O-' 

(1 .59  * 0.081 X l o - '  
(1 .56  ? 0.06)  X l o - '  

- 2  (1 .71  2 0.13)  X 10 

Weighted ave rage  - - (1 .61  2 0 . 1 1 )  X 
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deuter ium to that f r o m  hydrogen for each  of 8 runs .  

i s  proport ional  t o  the a r e a  under the Gauss ian .  

The  product  ala3 

The weighted ave rage  
- 2  

of these  r a t i o s  i s  1 .  61 X 1 0  T o  get  the r a t io  of capture  c r o s s  s e c -  

t ions ,  we have to c o r r e c t  for the attenuation of the gamma r a y s  by the 

neutron shielding and s a m p l e ,  the re la t ive  abundances of the capturing 

nuclei ,  and the photoefficiency of the counter .  

A Monte Car lo  calculation showed tha t  the r a t io  of the 

photoefficiencies was about 2 . 2 6  k 0 .11 .  The  e r r o r  includes an  e s t i -  

m a t e  of the possible  sys t ema t i c  e r r o r  of the Monte Car lo  calculat ion,  

a n  e r r o r  tha t  i s  p re t ty  hard  to evaluate .  

to  check the Monte Car lo  calculation by looking at cascade  gamma 

r a y s  which a r e  known to  be in  a 1: 1 r a t io ,  but we have not been 

ab le  t o  check this  out a s  high a s  6 MeV. 

We have made  some effor t  

Before and af te r  the neut ron-capture  expe r imen t ,  the 

re la t ive  abundance of D and H was de te rmined  with a n  in f r a red  

s p e c t r o m e t e r .  

was  found to  be  (3 .52  k 0.03)70. 

sample  of heavy water  used  for  background subt rac t ion  was  ( 0 . 4 0  k 0.01)7’0 

The isotopic  abundance of light hydrogen in  the sample  

The amount  of light water  in  the 

The  e r r o r s  a s soc ia t ed  with the de te rmina t ion  of the 

r a t i o s  of the a r e a s  of the photopeaks,  t r ea t ed  a s  sys t ema t i c  e r r o r s ,  

amount  to 770- In addition, t h e r e  i s  a 370 uncer ta in ty  in the relative 

attenuation of the gamma r a y s ,  1% in the re la t ive  isotopic  abundances,  

and 570 f r o m  the Monte Car lo  calculation. 

e r r o r s  yields  a n  uncer ta in ty  of about 10% in  the r a t i o  of c r o s s  sec t ions .  

The combination of t hese  

Our  r e s u l t  for  the r a t i o  of capture  c r o s s  sec t ions  i s  

If we a s s u m e  tha t  the capture  c r o s s  
- 3  

= (1 .06  +_ 0 . 1 1 )  X 10 . uD ’ uH 
sec t ions  of both i so topes  have the s a m e  ene rgy  dependence below t h e r m a l  

3 
= 3 3 2  k 2 m b ,  then we find u = 353 2 35 pb. 

uH D 
neut ron  a n e r g y  and u s e  

3 
S .  P. H a r r i s ,  C. 0. Muehlhause,  D .  Rose ,  H. P.  S c h r o e d e r ,  

G .  E.  T h o m a s ,  Jr., a n d S .  Wexler ,  Phys .  Rev.  91, 125 (1953).  - 
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IO6,,  I I , ,  I I I 1  I I I I t I 1 1  1 ' :  - 

H'(n,7)  
CD,(n, y )  : Lo 2.2yV ' .  \. ~ - - - 

Id r 
t' .. C?n. 7 )  

4.95 MeV 
3.68.MeV - 

v) 

- .*' tI2(n,T) 
F 

5 Id, 6.2 MOV Fe(n.7) 1 0 
V 
J ./ .6.8MeV ., a 

a 

i&. f. 1.: MeV 1 - . z .  3 

V I- .? .& . - * \ .  - 

lo3 - 

50 100 150 200 
IOZ " ' 1- I " I " " ' 
0 

T o  m e a s u r e  the energy  of the gamma r a y ,  we used a sam- 

F ig .  2 .  The g a m m a - r a y  spec t rum 
f r o m  neutrons incident on deu- 
t e r a t ed  polyethylene which has  
a small impuri ty  of m a s s  - 1 
hydrogen and has  a n  i ron  wire  
embedded i n  it 

ple of deuterated polyethylene with some light hydrogen as  a contaminant. 

The two lines f r o m  neutron capture  in graphi te  were  a l s o  used for the 

energy calibration. Also,  some  i r o n  w i r e  w a s  embedded in  the sample 

of deuterated polyethylene to enhance the 7.6-MeV i ron  gamma r a y  so 

that  it could be  used as  a s tandard .  F igu re  2 shows the gamma- ray  

4 
spec t rum f r o m  the sample .  The i ron  gamma r a y  i s  known to about 4 keV. 

The l ines  f r o m  graphi te  a r e  each  known t o  7 o r  8 keV, and the energy 

of the gamma r a y  f rom capture  by the photon is  known 
5 

to approximately 

2 keV. Other determinat ions of the deuteron binding energy a r e  in d i s -  

agreement  with the value of R e f .  5,  but w e  have found that  our  m e a s u r e -  

men t s  repor ted  h e r e  a r e  insensi t ive to  the value used for the  deuteron 

binding energy . 

4 
€3. B. Kinsey and G .  A. Bartholomew, Phys .  Rev. 89 ,  375 (1953) .  

J .  E.  Monahan, S. Raboy, and C. C.  T r a i l ,  Nucl. Phys .  24, 400 (1961) .  
- 

5 

- 
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F i g .  3 .  The g a m m a - r a y  
s p e c t r u m  f r o m  neutron 
capture  b x r  i r on .  

25 3 

50 100 150 200 
1021 I '  I " " " ' I ' t '  I ) ' ' I  
0 

CHANNEL NUMBER 

F i g u r e  3 shows the i ron  spec t rum with the prominent  

7.6-MeV l ine.  Another l ine in  the i ron  spec t rum o c c u r s  v e r y  c lose  to  the 

deuteron  capture  l ine.  

unblemished deuteron - capture  spec t rum . 
By subtract ing the i ron  spec t rum,  we get the 

Table  111 lists the r e su l t s  obtained when we use  two coun- 

TABLE 111. S u m m a r y  of the determinat ion of the energy  of the 
g a m m a  r a y  f r o m  neutron capture  by deuter ium.  

Run No.  Energy  of gamma r a y  (keV) 

406a 6246.4 * 4 . 4  

406b 6242.6 k 7 . 2  

408a 6250.0 2 2 . 2  

408b 6251.6 k 1 . 9  

Weighted ave rage :  

Recoi l  energy:  7 keV 

Binding energy  of neutron in  t r i ton:  
a 

M a s s  values:  6257.6 2 0 . 5  

6251 * 2 keV 

6258 t 2 keV 

a F r o m  Ever l ing ,  Kgnig, Mattauch, and Waps t r a ,  R e f .  6 .  
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t e r s  and spli t  the m e m o r y  of the 512-channel ana lyze r  into 2 banks of 

256, s o  that  the two r u n s  yielded four  de te rmina t ions .  

minations had a much s m a l l e r  e r r o r .  

of the r e s u l t s ,  the l a t t e r  numbers  pre t ty  wel l  dominate  the f inal  r e su l t .  

We obtain 6251 f. 2 keV for  the energy  of the g a m m a  r a y .  

The  la t te r  d e t e r -  

When we take  a weighted average  

If w e  add a 7-keV r e c o i l  ene rgy ,  we ge t  6258 & 2 keV for  the binding 

energy.  The m a s s  value i s  6257.6 k 0.5 keV. I t  is in te res t ing  to 

compare  th i s  r e su l t  with o ther  exper imenta l  numbers  tha t  can be 

combined t o  give th i s  binding energy.  

6 

Table IV i l l u s t r a t e s  how one can combine the Q value 

TABLE IV. A “comparison of binding ene rg ie s  of deuter ium 
[ B. E. ( D ) ]  and t r i t i um with the  Q value for  the  H 2(d,  p)H3 reac t ion .  

H 2 t H 2 - H  I t~ 3 t a  
1 2 

H t n  -H t B . E . ( D )  

2 3 
H t n  -H t Q t B . E . ( D )  

Q: 4044 +_ 5 keVa 

Calculated B .E . (D) :  2214 t 5 keV 

2219 k 2 keV (ANL)  

2224.52 k 0.20 keV (Knowles) b Measured  B.  E.  (D):  

a 
Ref.  7 .  

bRef. 8. 

6 
F. Ever l ing ,  L. A.  Konig, J .  H. E. Mattauch, and A.  H. Waps t ra ,  

Nucl. Phys .  15 ,  342 (1960).  - 
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2 3 
f o r  the H (d ,p )H  

get  the binding energy  of the neutron in  deuter ium.  

de te rmina t ion  of the Q value is  the one at Wisconsin 

obtained Q = 4044 k 5 keV.  

a deuteron  binding energy  of 2214 k 5 keV. 

reac t ion  with the binding energy of the  deuteron  to 

T h e  m o s t  r ecen t  
7 

where  they 

If we subt rac t  th i s  f r o m  6258, we ge t  

5 
Our m c a s u r e d  value is  2219 2 keV. The number  

of Chalk River i s  2224.52 k 0.20  keV.  Most  
8 

r epor t ed  by Knowles 

of the other  m e a s u r e m e n t s  actual ly  group about this  latter number .  

We find our  number  in  be t te r  ag reemen t  with the sys t ema t i c s  of 

light nuclei .  

L. M.  BOLLINGER, Argonne National Labora tory :  The  

f igures  that you jus t  saw remind  m e  to  make  a comment  to  s o m e  of 

you who m a y  be  s ta r t ing  work in  th i s  a r e a .  You notice the i r o n  line 

that  showed up. 

the m o r t a l  s in  because  it gives  t rouble  whenever it i s  used  in 

shielding in  the p re sence  of neutrons.  

h e r e  has  been to  some  extent like that .  

Th i s  i s  an  indication that one should avoid i r o n  as  

Al l  the work  tha t  I know of 

H. MOTZ, Los Alamos  Scientific Labora tory :  You mentioned 

that you added 3% light w a t e r  to  the heavy-water  sample .  

m e a s u r e  the dilution in the  heavy w a t e r  before  adding th i s  known 

amoun t?  

Did you 

TRAIL: Yes.  Th i s  was  done by a n  in f r a red  spec t roscopic  

m e a s u r e m e n t  on the init ial  s ample  of heavy wa te r .  

7 
R .  A.  Douglas,  J .  W .  B r o e r ,  Ren Chiba,  D .  F. Her r ing ,  and 

Edward  A.  S i lvers te in ,  Phys .  Rev .  104, 1059 (1956).  - 
8 
J .  W .  Knowles,  Can. J .  Phys .  - 40, 257 (1962).  



25 6 
I11 - 8 

MOTZ: It  was the net  amount  of hydrogen tha t  you added that 

was  compared  to D ( n , y ) ?  

TRAIL: Right.  

MOTZ: 

The  net  amount of light water  was (3 .  12  t 0 . 0 3 ) ~ 0 .  

I do not unders tand  the r e a s o n  for  the  d iscrepancy  in  the 

m e a s u r e m e n t s  of the  D(n ,y)  c r o s s  sect ion at th i s  t ime .  

ask about the binding-energy measu remen t .  

yourse l f !  

you c la im a p a r t  in 3000 at 6 . 2  MeV. 

th i s  2-keV e r r o r  f r o m  the deuter ium l ine?  

I do want to 

You a r e  su rpass ing  

Four y e a r s  ago  you claimed a p a r t  in 1000 at 2 . 2  MeV. Now 

W h a t  f rac t ion  of the line width i s  

TRAIL: The 2-keV uncertainty r e p r e s e n t s  about 1% of the full  

width at half max imum.  

MOTZ: We have looked at individual line shapes  with t h r e e  

cen t r a l  c r y s t a l s  over  a broad  r ange  of ene rg ie s ,  and  we find none 

of these  t h r e e  c r y s t a l s  gives  a pure ly  Gauss ian  r e sponse  at a l l  

ene rg ie s .  

s ide .  

the peak. 

high o r d e r .  

T h e r e  is always a sa te l l i t e ,  e i t he r  on the low or high 

One can s e e  at s o m e  ene rgy  range  that t h i s  might blend with 

Now you a r e  a s suming  a Gauss ian  r e sponse  t o  a v e r y  

2 
TRAIL: Not en t i re ly .  If x is l a r g e r  than one would expect ,  

the e r r o r s  a r e  sui tably inc reased .  

MOTZ: I do not  %hi.nk tha t  the number  of points you have on 

over  a broad  range  i s  r e a l l y  d e t e r -  
2 

a peak enable you to say  that x 
mining the sens i t iv i ty  of the f i t  to  the  peak i t s e l f .  

a r e  you f i t t ing? 

TRAIL: I would s a y  roughly tha t  it usual ly  i s  a round a fac tor  

How b road  a range  

of 10 t o  20 in in tens i ty  on each  s ide  of the peak. 

MOTZ: 

TRAIL: Something l ike tha t  

MOTZ: 

You m e a n  a fac tor  of 10 or 20 in ampl i tude?  

Well ,  I s t i l l  think the centroid can be moved by an  

amount  ce r t a in ly  comparable  to  2 keV due to  non-Gaussian shape .  
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TRAIL: If this  shif ts  the binding energy,  the shift in  the D(n ,y)  

l ine  mus t  be different  f r o m  that in the ca l ibra t ion  l ine.  We have no 

evidence f o r  such  a n  effect .  

MOTZ: That  i s  what I am saying.  The sa te l l i t e  can  come and 

go i f  you go i n  the energy  band from 2 to 6 MeV. 
J .  W .  KNOWLES, Chalk River  Nuclear  Labora tory :  

any sys t ema t i c  deviation between your two m e a s u r e m e n t s  of t hese  

Is t h e r e  

binding ene rg ie s  and the l a t e s t  measu remen t s  a t  o ther  l a b o r a t o r i e s ?  

A r e  you low by the s a m e  p e r  cent?  

TRAIL: Our deuter ium m e a s u r e m e n t  i s  2219 +_ 2 keV. We 

s e e m  t o  be about 5 keV lower than other  de te rmina t ions .  On the 

o ther  hand, our  measu remen t  of the  t r i t i u m  gamma ray  s e e m s  to  be 

about 7 keV higher  than that r epor t ed  by Bartholomew and Kinsey, 

but t hese  inves t iga tors  r epor t  t he i r  number  with about 8 keV u n c e r -  

ta inty.  

KNOWLES: The re  i s  no other  way you can  check the m e a s u r e -  

men t?  

TRAIL: I t  might be useful for  us  to  m e a s u r e  our deuteron 

number  aga in ,  but the ag reemen t  we get between our  m e a s u r e m e n t s  

and that  der ived  f r o m  the Q value of H ( d , p ) H  
2 3 gives us  additional 

confidence in our number .  

J .  J .  SCHMIDT, Kernforschungszent rum,  K a r l s r u h e :  What 

c r o s s  sect ion do you a s s u m e  a t  0 , O l  eV t o  get the cap tu re  c r o s s  

sec t ion?  

TRAIL: We actual ly  make  the assumpt ion  that the cap tu re  

c r o s s  sec t ions  f o r  both hydrogen and deuter ium va ry  in  the s a m e  way 

f r o m  t h e r m a l ,  and the number  tha t  we r epor t  i s  based  on the value of 

332 * 2 m b  for  the  cap tu re  c r o s s  sect ion of hydrogen. 

0. W .  B. SCHULT, Technischen Hochschule,  Munich: I 

should l ike to  put a question. What i s  the resolut ion for  this  l i ne?  

TRAIL: 

A VOICE: 30/0? You get an  energy  p rec i s ion  of 3 X 1 0  . This  

The resolut ion width i s  roughly 3%. 
-4 

m e a n s  you have t o  de t e rmine  the center  of the l ine t o  1%. 

the  counting r a t e  in  tha t ?  

What was 

What was the background? 
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The to ta l  number  in  the peak was of the o r d e r  of 6000 

to  8000,  a s  I r eca l l .  

SCHULT: Let  u s  a s s u m e  tha t  a l l  of the r e fe rence  l ines  a r e  

infinitely p r e c i s e  and  tha t  the mult ichannel  ana lyzer  i s  a c c u r a t e  to  

2 in  10 . 4 I a m  s u r p r i s e d  tha t  you can achieve th i s  p rec i s ion .  

TRAIL: I will  f a l l  back on the s t a t i s t i ca l  anal y s i s  of the  data.  

We u s e  four  l ines  to  ca l ib ra t e  the  analog-t o-digi ta l  conver te r  ~ 

used the peak posit ion of the l ines  t o  de t e rmine  the  p a r a m e t e r s  of a 

ca l ibra t ion  cu rve ;  and in  each  c a s e  we make  a xz t e s t  of the f i t .  

W e  

W.  JOHN, Lawrence  Radiation Labora tory :  I a m  one of the 

I would say  i n  h is  other  people who m e a s u r e d  th i s  binding energy .  

defense that  the  way he h a s  analyzed the da ta  looks reasonable  to  me. 

Probably  the d iscrepancy  is an  exper imenta l  e f f ec t ,  but I would look 

a t  a l l  t hese  numbers  in all these  expe r imen t s ,  and I would say  t h e r e  i s  

no possibi l i ty  the binding energy  of the deuteron  could be s o  low. 
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M. R .  Gunye and G. A. Bartholomew 

df’d.  Chalk River  Nuclear  Labora to r i e s  

c /. 
20-6 ~ 

Eveii-Z nuclei  i n  the  2plf she l l  tend to have neutron-  F’ 

cap tu re  y - r a y  decay  s c h e m e s  dominated by  a few v e r y  s t rong  cascades  

which lend themse lves  to  e a s y  m e a s u r e m e n t  with a y-y co r re l a t ion  a p -  

p a r a t u s ,  

been a quickening-of i n t e r e s t  i n  the appl icat ion of var ious  models  to  level 

s y s t e m s  i n  this p a r t  of the tab le .  C r  i s  amoilg the even-even nuclei  i n  

th is  region which m a y  be reached  eas i ly  by the ( n , y )  reac t ion .  Previous  

c a p t u r e - y - r a y  s tudies  with a sepa ra t ed  C r  t a r g e t  w e r e  made  ’; .; l i ane ,  

F i e b i g e r ,  and Fox who studied coincidences and by White who s tudied 

angular  co r re l a t ions  of y r a y s  i n  the C r  ( n , y ) C r  s p e c t r u m .  O a r  work 

paral le lsboth of these  and c a r r i e s  the spin m e a s u r e m e n t s  somewhat  

fu r the r  

As  a f u r t h e r  incentive to  studying th i s  region,  t he re  has lately 

51 

5 3  

L 2 

5 3  54 

In the p r e s e n t  experiment  the d e t e c t o r s  were  3 X 3-in. NaI 
53  . s p e c t r o m e t e r s .  enr iched  to  95. 2% in C r  

The e l ec t ron ic s  included a fas t - s low coincidence c i rcu i t ,  a pulse-adding 

c i r cu i t ,  and pulse-height  s t ab i l i ze r s  fo r  each  de tec to r .  With a neutron 

beam of about 10 neutrons c m  s e c  , typical  c o r r e l a t i o n  m e a s u r e m e n t s  

l a s t ed  one o r  two days  fo r  o r d i n a r y  coincidences and one  week o r  m o r e  f o r  

sum coincidenc e s 

The t a r g e t  w a s  4. 2 g of C r  0 
2 3  

6 - 2  - 1  

F i g u r e  1 shows a sum-coincidence spec t rum ( low-energy 

port ion)  obtained with the sum ga te  s e t  t o  s e l ec t  a l l  two-step t rans i t ions  

f r o m  the  captur ing s t a t e  t o  the ground s t a t e .  

9 . 4  < E < 9 .9  MeV. Angular co r re l a t ions  a t  the angles  90 and 180 w e r e  

m e a s u r e d  f o r  the y r a y s  at  0 .  84, 3.72, and 4. 86 MeV. 

The ga te  ene rgy  was 
0 0 

Most  of the  other  

r;‘ 

~~~ ~ ~ 

4, ‘8. 

P r e s e n t e d  by G. A,  Bartholomew. 

2 
D. H.  White, Phys .  Rev.  131, 777 (1963).  - 
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CHANNEL NUMBER 
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C P3'( n, y') c r5' I I 

1 0.84 c COINC. SPECTRUM 
GATE 9.72MeV 

COUNTERS AT 90° 
0 COUNTERS AT 180° 

3.72 a 

I, 

J 

z z 
I 

500- 
D 

a 

a 
n 
v) 300- 

0 ( 1  " 200- 

r5 

400- 
W < *  

I- z 
3 

3 

100- I )  

O O  I 2 3 4 5 
M eV 

Fig .  1. Low-energy portion of the sum-coincidence spec t rum obtained 
with the s u m  ga te  s e t  t o  se lec t  a l l  two-s tep  t rans i t ions  f r o m  the  
capturing s t a t e  to  the ground s ta te .  

weake r  peaks a r e  caused  by va r ious  spurious effects 

coincidence method, such as t r ip le  summat ions .  

inherent  i n  the sum 

F i g u r e  2 shows the sum-coincidence spec t rum f o r  two- 

s t e p  t rans i t ions  f rom the capturing s ta te  to the f i r s t  excited s ta te  of 

C r 5 4  a t  0 .84 MeV. 

i t  was possible  t o  m e a s u r e  the two cor re la t ions  at  1.78 and 2. 23 MeV. 

Rough co r re l a t ion  r e su l t s  were  a l so  obtained a t  1.98 and 4.44 MeV. 

0.84- and 3.72-MeV peaks a r e  spurious i n  this f igure.  

The s u m  ga te  was se t  at  8 .6  < E < 9 . 0  MeV. H e r e  

The 

F i g u r e  3 shows the ordinary coincidence spec t rum obtained 

with a gate  se t  to accept  pulses f r o m  p r i m a r y  y r a y s  i n  the range 

5 . 9  < E < 7.25 MeV. In analyzing th i s  spec t rum by the usua l  spec t rum-  
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CHANNEL NUMBER 
0 10 20 30 40 50 60 70 80 90 I (  

I I I 

2 COINC. SPECTRUM 
GATE 8 . 8 8 M e V  
0 COUNTERS AT 90° 
o COUNTERS AT 180° 

Fig .  2. Sum-coincidence spec t rum f o r  two-step t rans i t ions  f rom the 
captur ing s ta te  to the f i r s t  excited s ta te  of Cr54  at  0 .84  MeV. 

unfolding procedure ,  we made  use  of s t anda rd  y-ray peak shapes  measu red  

w i t h  the s a m e  experimental  a r r angemen t .  

fo r  secondary  y r ays  a t  3.  72, 2.58, 2. 23, and 1. 78 MeV. 

C o r r e l a t i o n s  w e r e  measured  

F igure  4 shows the spec t rum i n  coincidence with the 
0 

0.84-MeV g a m m a  r a y  a t  90 

a t  fou r  in te rmedia te  angles .  

0 .  78 < E < 0 . 9  MeV. A s i m i l a r  ga te ,  set  just  above the 0.84-MeV 

g a m m a  ray ,  was used to  de te rmine  the background caused by pulses  

f r o m  the ta i ls  of high-energy y r a y s  fall ing i n  the 0.84-MeV gate .  

F ig .  3, a spectrum-unfolding ana lys i s  w a s  c a r r i e d  out to de t e rmine  the 

co r re l a t ions  of the individual l ines .  

and 180°. 

The i n s e r t  shows the  posit ion of the ga t e  

Measuremen t s  w e r e  a l so  made  

As in 
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I 

3x1;- 

-1 w z z 
I 
0 

a 

a 
a W 

v) c- z 
3 
0 
0 

Fig .  

I 

CHANNEL NUMBER 
20 40 60 80 

I I I I I I I I 

I 

1. 84 ~r~~ (n,r) ~r~~ COIW. SPECTRUM 
GATE 5.9 e E < 7.25 MeV 

2.58 
A 

1.78 

R 

0 

3. Ord ina ry  coincidence spec t rum obtained with a gate  se t  to  accept  
pu lses  f rom p r i m a r y  gamma r a y s  i n  the r ange  5 . 9  < E < 7. 25 MeV. 

InTab le  I the r e su l t s  of the var ious cor re la t ions  a r e  ex- 

p r e s s e d  as coefficients A 

pansion. 

total absorption peaks were  f i r s t  c o r r e c t e d  for  the effect  of the finite 

d i a m e t e r  of the t a rge t  and f o r  absorpt ion i n  the ta rge t .  

4' counting ra tes  were  then used  to  deduce t t r a w ' t  values f o r  A 

These  values were  f inal ly  co r rec t ed  f o r  the finite length of the t a rge t  

and f o r  detector  solid angles  to  obtain the values l i s ted  i n  the table. 

and A 2 4 o€ the usual Legendre-polynomial  ex-  

In der iving these  r e su l t s ,  the observed  counting r a t e s  i n  the 

3 
The c o r r e c t e d  

and A 
2 

4 

~~ 

3 
D .  H. White, Nucl .  I n s t r .  and Methods 21, 209 (1963). 

A. M. Feingold and S. F ranke l ,  Phys .  Rev. 97, 1025 (1955). 
- 

4 

- 
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CHANNEL NUMBER 

I I 
IO I 20 30 40 50 60 70 80 90 

I I 

1.78 ~ r ' ~ ( n . 7 )  crS4 COI NC. SPECTRUM 
4 GATE 0.78 < E 0.90 M e V  
I I  

DIRECT SPECTRUM 
SHOWING GATE POSITION 

H'(n,y)  HZ 
2.225 

60 80 
CHANNEL NUMBER 

2.58 

2 6 3  

x) 

01 1 I I I I I I 1 I 
1.5 2.0 2.5 3.0 3.5 

M eV 

0 
F i g .  4. Spectrum i n  coincidence with the 0.84-MeV g a m m a  ray  a t  90 

a n d  180°. 

53 
TABLE I .  Cr (n,  y ) C r 5 4  Measured Correlations .. 

Angles 
A2 A4 Cascade MeV Experiment 

1.78  - 0.84 

1. 98 - 0. 84 

2. 23  - 0. 84 

2 .58  - 0. 84 

8 . 8 8  - 0. 84 

7 . 1 0  - 1. 78 
6 .64  - 2.23 
6. 3 1  - 2.58 
6 .00  - 3. 72 
4 .86  - 4.86 
4 .44  - 4 .44  

Present 
White 

Present 
White 

Present 
White 

Present 
{White 

Present 
I I  

I1 

II 

II 

I1 

0.39  f 0.06  - 0 . 0 2  f 0.07 
0. 500 f 0.030 

0 .45  f 0.15 0.47 f 0.25 
1.107 f 0. 22 0.299 f 0.110 

0.17 f 0.05  0.06 f 0.08 
0. 178 f 0.030 

0 .28  f 0.10 - 0 . 1 2  f 0 . 2 0  
0.182 f 0.080 

0. 008 f 0.060 

0 . 0 7 3  f 0 . 0 6 8  

-0 .035 f 0.180 

- 0 . 2 2  f 0.01 
-0. 252 f 0.006 

- 0 . 0 2  lk 0.02  
- 0 . 1 8  f 0.02  
0. 15 f 0 . 0 5  

- 0 . 0 9  f 0 . 0 2  
- 0 . 3 1  f 0.05 
- 0 . 2 1  f 0.03 

-0.007 f 0.015 

6 
3 

6 
3 

6 
3 

6 
3 

2 
3 

2 
2 
2 
2 
2 
2 



264 I11 - 9 

The  e r r o r s  shown include s ta t i s t ica l  e r r o r s  and a l s o  e s t ima tes  of sys temat ic  

e r r o r s  which m a y  a r i s e  pr incipal ly  in the background subtract ion.  

number  of angles used  to  obtain each  m e a s u r e m e n t  is given i n  the l a s t  

column.  

The 

The f i r s t  f ive co r re l a t ions  i n  the tab le  m a y  be compared  
2 

with the r e su l t s  of Whi te .  The a g r e e m e n t  i s ,  i n  gene ra l ,  sa t i s fac tory .  

However,  f o r  the 1.98-0.84-MeV cor re l a t ion  ou r  value of A is con- 

s iderably  s m a l l e r  than White's. 

2 

4 

The values  of A fo r  t he  l a s t  seven  co r re l a t ions  l i s ted  i n  

Table  I were  obtained with the assumpt ion  that M2  admix tu res  in E l  

p r i m a r y  capture  1 r a y s  m a y  be neglected. 

b y  the observa t ion  that  the ra t ios  of reduced widths of p r i m a r y  y r ays  

c o n f o r m  roughly to the Weisskopf e s t ima tes  f o r  E 1, M i ,  and E2 radiat ions.  

On this b a s i s  the M 2 / E 1  intensi ty  r a t io  should be of the o r d e r  of 10 

y r a y s  n e a r  7 MeV. 

that  the leve ls  fed by the y r a y s  a t  8.88, 7. 10, 6.64, and 6 . 0 0  MeV all 

have even pa r i ty  and the re fo re ,  s ince the captur ing  s t a t e  i s  odd, these  

r a y s  mus t  a11 be E l .  

has  been  in fe r r ed  f r o m  the  y - r a y  intensi t ies  and the sys t ema t i c s  of E l  and 

M 1 y - r a y  radiat ion s t rengths  

The assumpt ion  i s  supported 

5 

-5 
for  

It m a y  be  deduced f r o m  ( d , p )  s t r ipping m e a s u r e m e n t s  

F o r  the  6 .  31- and 4.86-MeV y r a y s ,  E i mul t ipo lar i ty  

5 

F i g u r e  5 shows  a compar i son  of the obse rved  coefficients 

with the theore t ica l  predict ions fo r  va r ious  spin possibi l i t ies  fo r  the  

2.62-MeV level.  

and the var ious  spin combinat ions a r e  shown at the top  of the f igure.  

C r  i s  - 
2 

f i r s t  excited s t a t e  i s  known to  be 2 f r o m  Coulomb excitation. The  7. 10- 

1.78-MeV corre la t ion  i s  compared  with theory  i n  the upper  row of d i a g r a m s  

and the 1. 78--0.84-MeV cor re l a t ion  i n  the lower row. The coefficients 

The y r a y s  involved i n  the two co r re l a t ions  m e a s u r e d  

Since 

, the capturing s t a t e  is  1- o r  2- o r  a mixture  of both. The 
53  3- 

f 

5 
G. L4. Bartholomew, Ann, Rev. Nucl. Sci.  11, 259 (1961). - 
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a r e  plotted a s  functions of 6 f o r  the 1. 78-MeV g a m m a  ray .  (Note that 

by revers ing  the 6 axis  f o r  the lower row of d i a g r a m s  we have allowed 

f o r  the s ign  change that  depends on the  o r d e r  of the  y r a y s  i n  the 

c a s c a d e . )  F o r  the 7. 1C-1.78-MeV corre la t ion ,  a la rge  range of 

va lues  of 6 i s  allowed fo r  the sp in-1  and spin-2 possibi l i t ies  because 

of the ex t r a  d e g r e e  of f reedom provided by the unknown sp in  mixture  of 

the captur ing s t a t e .  It i s  c l e a r ,  however,  that  spin 2 with 6 = 0. 25 f 0. 10 

i s  the only spin cons is ten t  with all measu remen t s .  

6 

F i g u r e  6 gives  a s i m i l a r  ana lys i s  fo r  the 1.98-0. 84-MeV 

corre la t ion .  The plots of A and A convincingly exclude the spin-1 and 

sp in-3  possibi l i t ies .  

The compar i son  f o r  spin 0 i s  shown by the angular -cor re la t ion  plot a t  the 

bottom of the f igure.  

A = 0.45 f 0. 15 and A = 0.47 f 0. 25, a s  a l r e a d y  mentioned. The value 

of A i s  i n  poor  ag reemen t  with the theore t ica l  value f o r  a (0 ,  2, 0) c o r r e -  

lation, viz. A = 1. 134. However a superposi t ion of the theore t ica l  c u r v e  

f o r  (0, 2, 0)  on the observed  co r re l a t ion  sugges ts  that  much b e t t e r  a g r e e -  

ment  could r e s u l t  f rom only minor  a l te ra t ions  in the posit ions of s o m e  of 

t h e  points.  

1. 98-MeV cor re l a t ion  i s  apparent ly  i so t ropic ,  

cannot  definitely exclude the spin-0 possibi l i ty .  F u r t h e r  m e a s u r e m e n t s  

with be t t e r  resolut ion would a p p e a r  to  be  r equ i r ed  to se t t le  this  point. 

2 4 
A solution is jus t  possible  f o r  spin 2 with 6 z 2. 

The l eas t - squa res  fit to the observed  points g ives  

2 4 

4 

4 

When th is  f a c t  i s  coupled with the observa t ion  that the 6 -88-  
I 7 

i t  would s e e m  that  we 

Table  I1 s u m m a r i z e s  a l l  of the conclusions concerning spins  

a n d  multipole mix tu res .  The 0.84-MeV level i s  known to  be spin 2 and 

the r e f o r e  the  f i r s t  e n t r y  adds  no new information except possibly i n  the 

l a s t  column. 

ment  with those of White. 

The r e s u l t s  for  the next four  leve ls  a r e  essent ia l ly  i n  a g r e e -  

He concluded the sp in  of the 2.62-MeV level 

6 
S .  Ofer ,  Phys .  Rev.  114, 870 (1959). 

This  co r re l a t ion  was only m e a s u r e d  roughly and is not r eco rded  i n  

- 
7 

Table I. 
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0 2  0.2 

0 0 

1.98-0.84 

EX PER I MENTAL 

w (8) = I *  

5 
(0,2,0 1 

SOLUTION: 

MeV CORRELATION 

RESULTS: 

(0.45* 0.15) Pp (cose)+(O.47 f 0.25) 
(cos e, 

OR ( 2.2.0) WITH 6 e 2 

A 

o’2 16, 2’82 

2 +. 0.84 

0.84 

10.2.0) 0-0 

w(e).+0.355 pZ 
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0 
0 0.2 0.4 0.6 0.8 1.0 

coI e 

Fig. 6. Compar ison  of the observed  coefficients with the theo re t i ca l  predictions for  var ious  spin 
possibi l i t ies  fo r  the  1.98-0.84-MeV corre la t ion .  
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TABLE 11. C r  ( n .  v)Cr54 Resul ts  

Capturing 
State Spin 6 Y -Ray 

MeV J Correlat ions Level 
M e V  MeV 

8. 88  - 0. 84  

1. 7 8  - 0. 84 
7. 10 - 1. 78 

1. 9 8  - 0. 84 
6 . 8 8  - 1 . 9 8  

2. 23  - 0. 84 
6 .44  - 2. 23  

6. 3 1  - 2 . 5 8  

6 .00  - 3. 72 

4 . 8 6  - 4 .86  

4 .44  - 4 .44  

0. 84 

2. 62 

2. 82 

3. 07  

3. 4 1  

3. 72 

4. 86 

5. 28 

1.2 mostly 1 

2 1. 78 0. 25 f 0.10 both 1 and 2 

o s 2  1. 98 both 1 and 2 

2 

1 , 2  

1 .2  

> o  

2. 58  0.00 f 0. 15  mostly 2 

mostly 1 

was  0 and  not 2 and that  that of tne 3.41-MeV level was 1, 2, o r  3. 

r e su l t s  i n  the l a s t  column show tha t  both sp in-1  and sp in-2  resonances 

contribute apprec iab ly  to  thermal  capture  and, a s  expected, the relat ive 

amounts  va ry  with the p r i m a r y  t rans i t ion .  As mentioned above, our  

ass ignments  f o r  the 3.41- and 4.86-MeV levels  depend on the assumpt ion  

of E l  p r i m a r y  t ransi t ions and to th i s  ex ten t these  ass ignments  a r e  tenta-  

t ive .  

Our  

5 4  I n  F ig .  7 we show the C r  cap tu re -y - ray  decay scheme 

with ou r  spin ass ignments  on t he  f a r  le f t .  

tion i s  a l s o  given on this  d i ag ram.  

Some branching-ratio informa-  
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M e V  

1.2- 9.72 

> O  5.28 

12 4.86 

4.04 

I * 2  3.72 
2 3.41 

2,3 3.07 

2 2.62 
0-2 2.82 

I .  83 

0.835 

Fig .  7 .  C a p t u r e - g a m m a - r a y  decay  scheme of Cr54.  Spin a s s ignmen t s  
a re  shown on the far left. 

e 
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111-10. GAMMA-RAY ANGULAR CORRELATIONS IN 
l-.l__ - - _.. ----- 

63 t 45 55 61 
Ca , F e  , Ni59, Ni , a n d N i  . . -  
i---.._ _- ~ 

R .  E .  Cot&, H. E. Jackson ,  J r . ,  

L. L. L e e ,  J r . ,  and J .  P. Schiffer 

Argonne National Labora to rv  , Areonne , Il l inois 

111- i o  

1 
The e a r l i e r  m e a s u r e m e n t s  on the angular  c o r r e -  

59 61 
lations of cascade  g a m m a  r a y s  in  Ni and Ni have been  extended - 

to  include a to ta l  of nine leve ls  in  Ca45, Ni59, Nib' , and 
63 

Ni 

a s s ignmen t  of J = - 
levels  at  2 .24 MeV in C a 4 j ,  0 .880  MeV in Ni 

0.528 MeV in  Ni 

0.470 MeV in  Ni 

within the s t a t i s t i ca l  e r r o r s  of l e s s  than 1 570, a r e s u l t  tha t  i s  

consis tent  with a n  a s s ignmen t  of J = fo r  t hese  leve ls .  The  leve ls  

The  observat ion of l a rge  an iso t ropies  a l lows a n  unambiguous 

t o  be  made  for the we l l  es tab l i shed  1 = 1 . rr 3 -  

59 
2 

, and 0 ,158  and  ' 

63 55 

59  61 . , and 0.282 MeV in Ni 

T h e  da ta  for  the leve ls  at 0 .418 MeV in  F e  , 
indicate  i so t ropy  to  

63  
at I 320 MeV in Ni59 and  I 008 MeV in Ni have a l s o  been  a s s igned  

1 J = 2 on the b a s i s  of a n  observed  i so t ropy ,  although th is  a s s ignmen t  

i s  somewhat  uncer ta in  because  the s t a t i s t i ca l  e r r o r s  a r e  about 1 2  

and 770, respec t ive ly .  

separa t ion  of the leve ls  a s soc ia t ed  wi th  the  p3 

s t r u c t u r e  groups  is  incomplete;  J = 

group,  

The  r e s u l t s  definitely show that  the al leged 

and p1 - g r o s s -  - 2 2 
l eve ls  ex i s t  within the  p3 

-2- 

tWork  pe r fo rmed  under  the  auspices  of the U.  S. Atomic  E n e r g y  
Commis  s ion.  

I 
R. E .  Cot;, H. E .  Jackson ,  J r . ,  L. L. L e e ,  J r . ,  and J .  P. 

Schiffer ,  Bul l .  A m .  P h y s .  SOC.  - 7 ,  551 (1962) .  
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111-1 I. VARYING THE ENERGY OF NEUTRON-CAPTURE . *  GAMMA RAYS“’ 
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G. Ben-David, B. Arad ,  and I. Pe l ah  

I s r a e l  Atomic Energy  Commiss ion ,  Soreq  R e s e a r c h  Es tab l i shment ,  
Rehovoth. I s r a e l  

Resonant  sca t te r ing  of thermal -neut ron-capture  gamma r a y s  

wil l  be d i scussed  in the next paper  (pape r  111-12) in this conference.  

resonant  condition i s  possible  when the c a p t u r e - g a m m a - r a y  peak energy  

happens to l ie  c lose  to a suitable leve l  in the t a rge t  nucleus,  a f t e r  

co r rec t ing  f o r  the t a rge t  r eco i l  energy.  

Fig.  1 .  

A 

This  i s  shown schemat ica l ly  in  

Unless the resonance  level  has  a pa r t i cu la r ly  broad  na tura l  l ine 

F ig .  1. Schematic  d i ag ram showing 
the possibi l i ty  of resonance  when 
the  cap tu re -gamma- ray  peak D 
happens t o  l i e  c lose  t o  a sui table  I \-- I $  

SOURCE OAWA LINE 1 1  natural vine widm8-r’ \RESONANCE S ~ T T E R I N o  LINE 

1e;el in the t a rge t  nucleus ( a f t e r  
co r rec t ion  f o r  t he  r eco i l  energy  
of the  t a r g e t ) ,  No measu rab le  

at separa t ions  S g r e a t e r  than a 
few tens  of e lec t ron  vol t s ,  

resonance  effects can  be expected 
Separation Energy 

width, the widths of both sou rce  and resonance  line a r e  governed p r e -  

dominantly by the t h e r m a l  Doppler broadening, of the o r d e r  of a few eV 

a t  n o r m a l  t empera tu res .  No measu rab le  resonance  effects could be 

expected a t  separa t ions  6 g r e a t e r  than a few tens of e lec t ron  volts.  

Variat ion of the separa t ion  energy  6 could p e r m i t  obtaining 

a n  exac t  resonance condition ( 6  = 0)  and a determinat ion of the na tu ra l  

l ine width of the resonance  level. 

separa t ion  energy  suggest  themselves .  

Two methods f o r  vary ing  this 

The f i r s t  is t o  use  ep i thermal  neut rons  to produce the 

capture  gamma rays ,  and thus a l t e r  their  energy.  

change o c c u r s  fo r  gamma rays  emi t ted  in the fo rward  direct ion,  and i s  

The maximum energy  

.I, 1- 

P r e s e n t e d  by G. Ben-David. 
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given by 

2 

(1) 
1 1 2  

= Q - 535 - t E ( 1 - k )  + 4 6 J E  
E E 

max A A 
, E 

where the neutron energ ies  E and E 

energy  E 

Q i s  the energy  difference corresponding to the gamma transi t ion.  

a r e  m e a s u r e d  in eV, the gamma 
m a x  

i s  in MeV, A is the m a s s  number of the sou rce  nucleus, and 
Y 

The second t e r m  in Eq. (1) is the no rma l  recoi l -energy  

t e rm.  

50, this t e r m  totals  685 eV. 

energy given to the gamma r a y  because of the momentum of the incident 

neutron. 

neutron energy E. 

only on the avai lable  neutron energy,  but the technique r equ i r e s  v e r y  

F o r  a n  8-MeV gamma r a y  and a source-nucleus m a s s  number of 

The l a s t  two t e r m s  r e p r e s e n t  the additional 

The i r  sum E '  i s  shown graphical ly  in Fig.  2 a s  a function of 

The maximum energy  inc rease  is unlimited, depending 

Fig .  2. Energy E '  given to  the 
gamma r a y  because of the m o m e n -  
tum of the incident neutron,  
plotted a s  a function of the neutron 
energy E .  

powerful sou rces  of ep i the rma l  neutrons.  

pulsed neutron genera tor ,  neutron energ ies  being m e a s u r e d  by the 

t im e - of - f 1 i g h t t e c hni que. 

One possible  source  is a 

A second method i s  to rapidly ro ta te  the sca t te r ing  target ,  

using thermal-neutron-capture gamma rays .  The re  i s  then a Doppler 
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shift  in the g a m m a - r a y  ene rgy  s e e n  by the sca t t e r ing  nucleus,  the shift  

E being given by 
d 

V E = E  - 9  
d Y C  

where  v is the rotat ion velocity and  c the veloci ty  of l ight,  

The  Doppler energy  shif t  is l imi ted  by the max imum veloci t ies  

a t ta inable  in p rac t i ce .  

we f ind a n  ene rgy  shift  in the range 15 - 20 eV f o r  cap tu re  gamma r a y s  

in  the ene rgy  range  6 - 9 MeV. 

posi t ive o r  negative s e n s e  by r e v e r s i n g  the rotat ion direct ion.  

Taking a value of 600  m / s e c  as  a n  upper  l imi t ,  

This  shif t  c a n  be obtained in e i the r  a 

I 
These  two methods have been  compared ,  taking as  a n  

example  a high-flux pulsed  r e a c t o r  as a neut ron  s o u r c e  for  the f i r s t  

method,  and  the ava i lab le  flux a t  the I R R l  t h e r m a l  co lumn in the second 

method. 

counting r a t e  f o r  achieving ene rgy  sh i f t s  up to 15  - 20 eV. Only the de-  

velopment  of pu lsed  neut ron  s o u r c e s  having intensi t ies  s e v e r a l  o r d e r s  of 

magni tude l a r g e r  than c u r r e n t  ones would p e r m i t  the product ion of useful  

amounts  of capture  g a m m a  r a y s  having energy  shif ts  g r e a t e r  than 20 eV. 

It was  concluded that the l a t t e r  method gives  a far higher  

It was  the re fo re  decided to use  the r o t o r  technique in  this 

labora tory .  In a p r e l i m i n a r y  experiment,  a s tee l -  shea thed  lead rotor 

of 20-cm d i a m e t e r  h a s  been used  to s tudy the 7.28-MeV resonance  in  

lead. The  expe r imen ta l  se tup  is shown in  F ig .  3. Init ially i t  w a s  pos-  

s ib le  to obtain p e r i p h e r a l  speeds  of 80 m / s e c ,  giving a n  ene rgy  shif t  of 

about  2 eV in  e i the r  s ense .  

peak  is  shown in Fig.  4 as a function of velocity.  T h e s e  r e s u l t s  conf i rm 

a n  ene rgy  sepa ra t ion  of 8. 5 f 1 eV between the p a r t i c u l a r  l ead  r e sonance  

leve l  and  the 7. 28-MeV g a m m a  r a y  produced  in the rma l -neu t ron  

The change in  counting r a t e  under  the r e sonance  

1 
G. Ben-David,  B. A r a d ,  and 1. Pe lah ,  Nucl. In s t r .  and Methods 

( in  p r e s s ,  1963).  
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Fig .  3 .  Schematic  d iagram of 
the s tee l - shea thed  lead  ro tor  
and a s soc ia t ed  equipment 
used to study the 7. 28-MeV 
resonance  in lead. 

cap ture  by i ron.  Rotors  a r e  

being p r e p a r e d  with pe r iphe ra l  

speeds  of up to 600  m / s e c ,  which 

wil l  p e r m i t  a sys t ema t i c  study of 

MeV 

I '  " I '  ' I  I 1  

5 6 7 8 9 

25000 - 

C .- 
E 20000 - $ 
C 

0 
S 0 

0 
L 

n 
$ 15000 - 
a 0 
V 

10000 1 

5000 ;2: 

Fe (n.7) 

I I 

50 70 90 110 
Channel Number 

Fig.  4. Change in counting r a t e  
under the 7. 28-MeV resonance  
peak  in lead,  plotted as  a 
function of the ro to r  velocity, 
The r e su l t s  confirm a n  energy 
separa t ion  of 8. 5 f 1 eV be- 
tween this lead  leve l  and the 
7. 28-MeV gamma r a y  f r o m  

the resonance events to be r epor t ed  

in pape r  111-12 of this conference.  

thermal -neut ron  capture  in 
i ron,  

( T h e  d iscuss ion  was  d e f e r r e d  to the end of pape r  111-12, 

which was  a l s o  p re sen ted  by Dr .  Ben-David, ) 

I 
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111- 1 2 .  NUCLEAR RESONANT SCA-TTERING O F  THERMALTNEUTRON- 
.II 

- % .  

CAPTURE GAMMA RAYS-” \. * *r_u - ir=c+ -I -i - - 
[L 

B.  Arad ,  G .  Ben-David,  I .  Pe l ah ,  and Y .  Schlesinger  

I s r a e l  Atomic Ene rgy  Commiss ion ,  So req  R e s e a r c h  Es tab l i shment  

Rehovoth,  I s r a e l  

A sys t ema t i c  survey  of resonant  sca t te r ing  of t h e r m a l -  

neut ron-capture  g a m m a  r a y s  h a s  been c a r r i e d  out at the  Soreq  R e s e a r c h  

Es tab l i shment .  Nuclear  resonant  sca t te r ing  has  been  r epor t ed  p r e -  

viously in  the par t ic le  th reshold  region (6-9 MeV) and above,  using 
1-4 \ continuous s p e c t r a  of g a m m a  r a y s .  T h e s e  exper iments  gave a \  

m e a s u r e m e n t  of the s t r eng th  function averaged  over  a l a r g e  number  of 

levels,  the energy  resolution varying between a few hundred keV in the 

e a r l y  expe r imen t s  and 50  keV in those  of highest  resolut ion.  

p re sen t  exper iment  we have a source  emitt ing essent ia l ly  monoenerge t ic  

cap tu re  g a m m a  r a y s ,  the width being de termined  by the t h e r m a l  Doppler 

broadening,  of the  o r d e r  of a few eV a t  n o r m a l  t e m p e r a t u r e s .  

p e r m i t s  an investigation of individual levels  in the ene rgy  region j u s t  

below the pa r t i c l e  th reshold .  

In the  

Th i s  

The  exper imenta l  se tup  i s  shown in  hor izonta l  sect ion in  

F ig .  1. The  s o u r c e  of cap tu re  g a m m a  r a y s  i s  located in  the s ide a c c e s s  

JI -8. 

P r e s e n t e d  by G .  Ben-David.  

M a r y  B .  S t e a r n s ,  Phys .  Rev.  

E .  G.  Fu l l e r  and E .  Hayward,  Phys .  Rev.  

K .  Riebe l  and A.  K ,  Mann, Phys .  Rev.  118, - 701 (1960) .  

J .  S .  O‘Connel l ,  P .  A .  T i p l e r ,  and P.  Axel ,  P h y s .  Rev .  

1 
- 85,  706 (1952).  

2 
101,  - 692 (1956).  

3 

4 
- 126, 

228 (1962) .  
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hole of the  thermal  column of the I R R l  r e a c t o r  at a m a x i m u m  flux pos i -  

t ion (10  t h e r m a l  neutrons c m  s e c  ) .  The g a m m a - r a y  b e a m  i s  

permi t ted  to  pas s  through a lead col l imator  to  hit the sca t te r ing  t a rge t  

at a d is tance  of 2 . 5  m f r o m  the  sou rce .  

a r e  used  to  r emove  t h e r m a l  neutrons and r e s idua l  ep i the rma l  neut rons  

f r o m  the b e a m .  

used  to de tec t  photons sca t t e red  at 135 

b e a m ,  the  sca t t e red  spec t rum being r e r o r d e d  in 2 0 0  channels of a mul t i -  

channel ana lyze r .  

w e r e  used  around the de tec tor  to  r e d u c e  background counts due to  

s t r a y  radiat ion f r o m  the r e a c t o r  and to cosmic  radiat ion.  

1 0  - 2  - 1  

Boron and paraff in  f i l t e r s  

A NaI(T1) c r y s t a l  5 in .  thick and 5 in .  i n  d i ame te r  i s  

with r e s p e c t  to the  incident 
0 

Considerable  amounts  of lead and paraffin shielding 

If the  ene rgy  of a gamma line ( c o r r e c t e d  fo r  s o u r c e  and 

t a r g e t  r eco i l )  happens to  coincide with a resonant  level  of the sca t te r ing  

nucleus,  r e sonan t  sca t te r ing  i s  possible .  

s p e c t r a  of i r o n  capture  g a m m a  r a y s  f r o m  s i m i l a r  targetsof thal l ium and 

gold. T h e r e  i s  c l ea r ly  a resonant  effect  in tha l l ium,  the 7.65-MeV line 

respons ib le  standing out c l ea r ly  in both the sca t t e red  s p e c t r u m  and 

the  d i r e c t  spec t rum ( F i g .  3).  

5-7 
Figure  2 shows the sca t t e red  

Some fifty resonance  events  have s o  far been  found in  a 

su rvey  involving twe lve  c a p t u r e - g a m m a - r a y  sources  and 51 sca t te r ing  

t a r g e t s .  The  s o u r c e s  chosen w e r e  those giving apprec iab le  in tens i t ies  

of capture  g a m m a  r a y s  in  the energy  region of i n t e r e s t  (6-9 MeV),  

namely  C1, Al ,  Co, Cr, Cu, F e ,  Hg, Mn, N i ,  T i ,  Y ,  and V .  Deta i l s  

of the  sca t t e r ing  t a r g e t s  a r e  in Table  I ,  including the neutron n u m b e r s  

5 
D .  J .  Donahue and C .  S .  Young, TID 12093 240 .  

H .  F le i schmann  ( t h e s i s ,  Technischen  Hochschule,  M&chen, 1961)  
6 

7 
G .  Ben-David and B .  Huebschmann,  Phys. Letters - 3 ,  87 ( 1 9 6 2 ) .  
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in i ron .  
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T A B L E  I .  D e t a i l s  05 s c a t t e r e r s  

X u m b e r s  of resonances f o u n d ,  N e a r e s t  c losed shells 
for s c a t t e r e r s  hav lns  

N e u t r o n  number 6 
Atom'c Element 
charge 

(for na tu ra l ly  occur1ng >5oroPes) with e n e r g i e s  in Me\' one o r  more  resonances 

I 2  

1 2  1 3  14 
I4 

I 4  I 5  I 6  

11 
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of the s tab le  isotopes and the number of resonance  events observed .  

The s c a t t e r e r s  w e r e  of the na tura l  isotopic abundance. 

fo r  those e lements  having one isotope only, it was not ord inar i ly  p o s s i -  

ble t o  identify the par t icu lar  isotope respons ib le  for  a given resonance .  

In the c a s e  of lead,  where  rad io- lead  i s  avai lable ,  it was possible  t o  

show that  mos t  of the resonances  occur  i n  P b  

Hence, except 

208  . 
One s t r ik ing  f ea tu re  s tands out on examination of Table I. 

The re  i s  c l e a r  grouping of the  "resonant"  events around nuclei  p o s s e s s -  

ing magic  numbers  of neutrons o r  protons.  In fac t ,  with one o r  two 
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except ions,  those e lements  showing resonance  effects  have isotopes 

within two nucleons of a c losed she l l  of protons o r  neut rons ,  

e f fec t  i s  mos t  pronounced at the closed she l l s  50 and 82 for  neutrons 

and pro tons ,  and 126 for  neut rons .  

w e r e  found in the doubly-magic nucleus P b  

and in the s ingle- isotope e lements  Pr and L a  (both having 82 neut rons) .  

In nea r ly  all c a s e s  the observed  sca t t e red  spec t r a  were  

This  

L a r g e  numbers  of resonances  

in neighboring T1, 
208 

consis tent  with being e las t ica l ly  sca t t e red  gamma r a y s  only, with no 

s igns of additional lower energy  peaks which could be a s soc ia t ed  with 

ine las t ic  sca t te r ing .  However,  in  one case  a second g a m m a  line was 

found in  the sca t t e red  spec t rum f rom Mo (using capture gamma r a y s  

f r o m  copper) ,  

ine las t ic  sca t te r ing  o r  to  resonant  sca t te r ing  occurr ing  simultpneously 

f o r  two of the g a m m a  l ines  f rom copper ,  

I t  has  not yet  been de termined  whether this  i s  due to  

T h e r e  is quite c l ea r ly  a connection between the  o c c u r r -  

ence of resonant  s ca t t e r ing  events  and the p re sence  of c losed she l l s  of 

nucleons.  

g round-s ta te  t rans i t ion  and by l a rge  values  of branching r a t io s  to  the  

ground s t a t e ,  a s soc ia t ed  with the highly excited s t a t e s  of c losed-she l l  

nu'clei 

This  m a y  be explained by the high probabi l i t ies  for  the 

Information on the individual r e sonances  h a s  been obtained 

by measu r ing  the counting r a t e  of s ca t t e r ed  radiat ion a s  a function of the 

s c a t t e r e r  t e m p e r a t u r e  

resonance  level ,  and ana lys i s  of the t e m p e r a t u r e  var ia t ion  yields in fo r -  

mat ion on both the leve l  width and the energy  separa t ion  between this  

level  and the g a m m a  line.  

obtained by ca r ry ing  out a se l f -absorp t ion  exper iment ,  a n  additional 

a b s o r b e r  of the resonance  m a t e r i a l  being placed between the sou rce  and 

the sca t te r ing  target; ,  

resonance  in lead (r = 0 0 8  eVj, and the  7.639-MeV resonance  

This  modif ies  the Doppler broadening of the  

Independent information on the leve l  width is  

Resul t s  have been obtained for  the 7.285-MeV 
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in  n icke l  [ r = ( 1 . 6 / a )  X 1 0  eV,  where  a i s  the f rac t iona l  abundance 

of the isotope respons ib le  f o r  the resonance]  

a r e  being c a r r i e d  out for all the eight resonances  d iscovered  in lead.  

S imi l a r  m e a s u r e m e n t s  

I t  is  of i n t e r e s t  to  mention the 7 .  3-MeV resonance  in 

lead produced by capture  g a m m a  r a y s  f r o m  m e r c u r y .  No line of th i s  

energy  has been r epor t ed  in the spectrum of thermal-neutron-capture  

g a m m a  rays f r o m  mercury .  However a line of 7 .  32 MeV has been 8 , 9  
- 

10 201 
r epor t ed  for resonance  neut ron-capture  gamma r a y s  in  Hg . 
P r e l i m i n a r y  m e a s u r e m e n t s  show the c r o s s  sect ion for  resonance  sca t t -  

e r ing  to be quite l a r g e ,  and an  intensi ty  of 0 . 0 1  g a m m a  r a y s  of this  

ene rgy  per  100  t h e r m a l  neutrons captured in m e r c u r y  would be suffi-  

cieiit to  explain the  observed  r e sonance ,  

Variat ion in  energy  of the  capture  g a m m a  r a y s  would 

p e r m i t  a l te r ing  the separa t ion  between the g a m m a  line and the  resonance  

leve l ,  and thus  of d i r ec t ly  measu r ing  this  separa t ion  for  t he rma l -neu t ron -  

capture  g a m m a  r a y s .  

conference (pape r  111-11). 

of the sca t te r ing  t a r g e t .  

Th i s  i s  d i scussed  in the preceding paper  in this  

k Doppler shift  is  produced by rap id  rotat ion 

.VI e,. .l, ‘8 -  .I* ‘$1- 

P. AXEL,  Universi ty  of Il l inois:  Tha.t last r e m a r k  you m a d e  

would have concerned me m o r e  last s u m m e r  when I w a s  t ry ing  to  find 

the 7,285-MeV level  in lead by use  of the  g a m m a  r a y s  following the 

8 
G .  A. Bartholomew and L. A.  Higgs,  A . E . C . L .  699.  

L. V .  Groshev ,  V .  N. Lutsenko,  A .  M .  Demidov, and V .  I. Pelekhov,  
9 

Atlas  of G a m m a - R a y  Spec t r a  f r o m  Radiat ive Cap tu re .  of T h e r m a l  Neutrons 
( P e r g a m o n  Press ,London and New York) .  

l 0 R .  T .  Carpenter  and L. M.  Bol l inger ,  Nucl. Phys, 2, 66 (1960) .  
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capture  of slow neut rons  in  i ron .  

t h r e e  other  levels  n e a r  7 .  3 MeV, and any  of them could be the one 

we believe has  a width of about 40 eV. 

a t  the moment  i s  the  gamma r a y  you could not s e e  except a f t e r  i t  

has  sca t t e red  f r o m  lead.  

would cause  the v e r y  l a r g e  sca t te r ing  needed t o  provide a measu rab le  

sca t t e red  g a m m a  r a y  even though the g a m m a  r a y  was  too weak to  be 

noticed in the d i r ec t  unsca t te red  beam.  

But you have come along now with 

I guess  m y  favori te  candidate 

A level 40 eV wide, such  a s  we suspec t ,  

More gene ra l ly ,  I would like to  supplement  what you 

have sa id  because  I do not think you gave sufficient emphas i s  t o  the 

magnitude of the c r o s s  sec t ions  you ge t  with th i s  technique. 

start with a peak c r o s s  sect ion of about 150 b i f  you have a na tura l ,  

unbroadened level .  If the leve l  i s  broadened,  the peak c r o s s  sect ion 

is  lower ,  but it still i s  fantast ical ly  l a rge  for  a nuc lear  photon-scat t -  

eririg c r o s s  sect ion.  Because  of t h i s ,  it i s  possible  t o  find detectable  

sca t te r ing  even with re la t ive ly  poor ene rgy  over lap  between the na r row 

incident g a m m a - r a y  beam and the na r row ene rgy  level .  

You 

Of c o u r s e ,  the ma in  l imitat ion of the technique i s  tha t  

the g a m m a  r a y s  avai lable  f r o m  the capture  of t h e r m a l  neut rons  a r e  

confined to  a n a r r o w ,  nonvariable  ene rgy  r ange .  

use  many  neutron c a p t u r e r s  and many  photon s c a t t e r e r s  i n  o r d e r  to 

find some  leve ls .  

i s  needed to obtain i t s  p a r a m e t e r s  I F u r t h e r m o r e ,  the m o s t  in te res t ing  

implicat ions of such  expe r imen t s ,  the va lues  of leve l  spacings D and of 

ave rage  pa r t i a l  widths ,  depend on combining the r e s u l t s  of v e r y  many  

expe r imen t s  on individual leve ls  

i n t e r p r e t  the f r a g m e n t a r y  r e s u l t s  of t h e s e  expe r imen t s  by using what 

i s  a l r e a d y  known f r o m  neutron r e sonance  and f r o m  g a m m a - r a y  expe r imen t s  

made  with poore r  reso lu t ion .  

One the re fo re  m u s t  

Af t e r  a leve l  i s  found, cons iderable  addi t ional  work  

For tuna te ly ,  one can somet imes  
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This  leads  to  the l a s t  p a r t  of m y  comment .  I think 

you s p o k e  of finding many  leve ls  n e a r  c losed she l l s  as  though it 

w e r e  a r a t h e r  puzzling she l l  effect .  I do not fee l  it i s  qui te  s o  

puzzling-and, in  f ac t ,  predicted i t .  Br ie f ly ,  one can s a y  that  

away f r o m  c losed  shellsthe many  levels  which ex is t  have only weak 

t r ans i t i ons  to  the ground s t a t e .  

g a m m a - r a y  s p e c t r a  indicate  that the pa r t i a l  g a m m a - r a y  widths to  

low-lying s t a t e s  a r e  only a s m a l l  f rac t ion  of the to ta l  width. 

you look a t  e l a s t i c  s ca t t e r ing ,  you should expect  t o  s e e  l a r g e  effects  

only when neut ron-capture  exper iments  indicate  a high propor t ion  of 

h igh-energy  t r ans i t i ons  * 

main ly  n e a r  c losed she l l s  i s  not different  f r o m  the r e a s o n  tha t  s t rong 

Exper imen t s  on neut ron-capture  

When 

Thus ,  the  r e a s o n  for  your finding leve ls  

h igh-energy  neut ron-capture  gamma r a y s  a r e  found n e a r  c losed  she l l s  

H. MAIER-LEIBNITZ, Technischen Hochschule ,  Munich: 

F i r s t ,  did you u s e  se l f -absorp t ion  m e a s u r e m e n t s ,  such as  w e r e  used 

by F l e i s c h m a n  who, I think,  did the f i r s t  work of that  k ind?  

Second, is t h e r e  any hope of de te rmining  the p a r t i a l  width 

of your exci ted l eve l?  Of course>in  pr inc ip le ,  t h e r e  would a l s o  be  the 

m a x i m u m  c r o s s  sect ion which depends upon spin;  but tha t  i s  hope le s s ,  

I think. 

BEN-DAVID: I 'm s o r r y  I did not ment ion  F l e i s c h m a n ' s  work .  

He w a s  one of the e a r l y  w o r k e r s  in  th i s  field-in addition to  Donahue and  

Young. We a l so  u s e  the se l f -  

abso rp t ion  technique. 

g round-s t a t e  t r ans i t i on  width with the  ful l  l eve l  width of the r e sonance  

leve l .  We bel ieve tha t  in  p rac t i ca l ly  e v e r y  c a s e  we a r e  finding those  

leve ls  t ha t  have a v e r y  s t rong  g round-s t a t e  t r ans i t i on  r a t io .  In o ther  

w o r d s ,  i f  t h e r e  i s  a s t rong  t r ans i t i on  to  an  in t e rmed ia t e  leve l ,  the  chance 

of e l a s t i c  sca t te r ing  would be l e s s .  

He d iscovered  the  r e sonance  in  m e r c u r y .  

T h i s  i s  usefu l  s ince  it enables us  to  compare  the 

We have found only one c a s e  among 
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the  50  r e sonances  where  t h e r e  s e e m s  t o  be a second g a m m a  r a y  which 

could come f r o m  a cascade .  

double r e sonance ,  a resonance  occur r ing  with two of the capture  g a m m a  

rays f r o m  the sour ce .  

coincidence exper iments  a re  quite difficult in  th i s  work .  

But even th i s  c a s e  might  of cour se  be a 

Th i s  wil l  t ake  us  some t i m e  to  decide,  s ince  

3, JULIEN, Cen t re  d 'E tudes  Nuclea i res  de  Saclay:  P r o f .  

Axel  suggested such  expe r imen t s  during his v i s i t  in  Sac lay  last y e a r .  

The m a i n  difficulty is  not the intensi ty  but the background. 

possible  t o  s e l e c t  s e v e r a l  r e sonances  by t ime-of-f l ight  techniques and 

to  u s e  d e t e c t o r s  a t  different  angles .  Our  mult idimensional  ana lyzer  

a l lows u s  t o  do such  expe r imen t s .  Our  knowledge of neut ron-capture  

g a m m a - r a y  expe r imen t s  a l lows u s  to  conclude that such  expe r imen t s  

would be poss ib le  with a s h o r t  flight path (5 m )  and sui table  nuclei .  

A few a t t empt s  have been m a d e ,  but a d e c r e a s e  in  the background is  

impera t ive .  

It i s  

BEN-DAVID: Tha t  is  c o r r e c t ,  Our  calculat ions show tha t  ene rgy  

var ia t ion  i s  be t t e r  c a r r i e d  out with the r o t o r  technique.  

AXEL: I guess  I m i s s e d  the l a s t  point you m a d e .  I am not 

familiar enough with choppers  t o  know about your f luxes ,  and  hence 

cannot judge your  in tens i ty  e s t i m a t e s  with r e a c t o r s  ~ 

the  Harwel l  l i nea r  a c c e l e r a t o r  c l ea r ly  does have the  n e c e s s a r y  intensi ty .  

Th i s  view is s h a r e d  by  D r .  J. R .  B i r d  who, although he is leaving Harwel l ,  

is  wel l  acquainted with the in tens i t ies  avai lable  t h e r e .  

with D r .  Ju l ien  tha t  the problem i s  background r a t h e r  than in tens i ty .  

However ,  I think 

We would a g r e e  

BEN-DAVID: Our  calculat ions show tha t  the counting r a t e  would 

b e  far l e s s  with the a c c e l e r a t o r .  

the  sodium iodide c r y s t a l  would be  negligibly small. 

T h e  number  of counts you would ge t  in  

AXEL: I am not  s u r e  that I know what you a r e  calculat ing.  One 

of u s  s e e m s  t o  have m a d e  a n  e r r o r  in  es t imat ing-an e r r o r  tha t  involves 

f a c t o r s  of 10 .  I doubt that we m a d e  tke  e r r o r  because  w e  did spend two 
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months  last s u m m e r  t rying to  s e t  the exper iment  up. 

the gamma r a y s  resu l t ing  when i r o n  captures  neut rons  wi th  ene rg ie s  

between 10 eV and 1 0 0  eV.  

our  geomet ry  was  such  that  we could have seen  sca t t e r ing .  

I think we did s e e  

If we had been ab le  to see t h e s e  g a m m a  r a y s ,  

BEN-DAVID: Did you take into account the  use  of a v e r y  thin 

t a r g e t  t o  avoid too many  gamma r a y s  produced by s c a t t e r e d  neu t rons?  

AXEL: I t  i s  not n e c e s s a r y  to use  a thin neutron cap tu re r  t o  

avoid the  e r r o r s  introduced by neutron sca t t e r ing .  

upon codes,  which l i n e a r - a c c e l e r a t o r  r e s e a r c h e r s  u s e  to  c o r r e c t  t i m e -  

of-f l ight  da ta  for neut rons  that  i n t e rac t  a f t e r  s ca t t e r ing .  A thick t a r g e t  

would s p o i l  the t i m e  resolut ion somewhat;  but I am not s u r e  how good 

the reso lu t ion  m u s t  b e  to  s e e  a l eve l  that  is  10 eV wide. 

T h e r e  a r e  codes 

BEN-DAVID: Our calculat ions show that  even the  low flux at 

the IRRl  t h e r m a l  column would be a fac tor  of 1 0  t o  100 be t t e r  than the 

a c c e l e r a t o r  type of exper iment .  

AXEL: The t ime-of - f l igh t  count ing-rate  e s t i m a t e  is  i n c r e a s e d  

cons iderably  because  one can r e c o r d  s imultaneously events  a s soc ia t ed  

with all different  neut ron  e n e r g i e s .  A much g r e a t e r  ene rgy  s p r e a d  can 

be to l e ra t ed  with Doppler -broadened g a m m a - r a y  l ines  than i s  to le rab le  

i n  the usua l  neutron r e sonance  work.  The t ime-of - f l igh t  technique a l s o  

has  the advantage that  one can depend on passing over  a l eve l  and,  

t h e r e f o r e ,  on being ab le  t o  u se  the peak scattering c r o s s  sect ion.  

con t r a s t ,  i f  one ta lks  about the probabi l i ty  of detecting leve ls  w i t h  

t h e r m a l  neu t rons ,  it i s  n e c e s s a r y  to  m a k e  s o m e  assumpt ion  about  how 

m u c h  below the  peak c r o s s  sec t ion  one wil l  be  (on the a v e r a g e )  because  

of i m p e r f e c t  ene rgy  over lap .  

In 

R .  E .  SEGEL, Argonne National Labora to ry :  Then you have to 

make  an  assumpt ion  about how m u c h  (on the a v e r a g e )  you can be away 

from i t .  
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BEN-DAVID: We have published these  calculat ions.  I did not 

have t ime to  explain them in  detai l .  

wants  to  study it. 

I have copies of this  i f  anyone 

I 

AXEL: Because  th i s  conference probably has  m o r e  people 

familiar with r e a c t o r s  than with l inear  a c c e l e r a t o r s ,  I wouid like 

to  c l a r i f y  this intensi ty  quest ion.  

a higher  intensi ty  of h igh-energy  capture  gamma r a y s  f r o m  indiviudal 

neut ron  r e sonances ,  I think the answer  is c l ea r ly  tha t  the l inear  

a c c e l e r a t o r  h a s  the higher  intensi ty .  I would like e i the r  Bol l inger  

o r  someone e l s e  who h a s  studied capture g a m m a  r a y s  t o  check m e  

on th i s .  

If you a s k  which faci l i ty  can give you 

L. M, BOLLINGER, Argonne National Labora to ry :  If I have 

understood them c o r r e c t l y ,  this d iscuss ion  between Axel  and  Ben-David 

has been somewhat  confused because  they have been  talking about 

different  things.  

intensi ty  avai lable  f r o m  a n  e l ec t ron  Linac  i s  g r e a t e r  than tha t  f r o m  a 

fas t -chopper  t ime-of-f l ight  neut ron  s p e c t r o m e t e r .  On the o ther  hand, 

Ben-David h a s  been a s s e r t i n g  tha t  a higher  counting r a t e  of resonant ly  

sca t t e red  g a m m a  r a y s  is  obtained by sca t t e r ing  the rma l -neu t ron  -captur  e 

g a m m a  r a y s  f r o m  a moving &a,rget than by  the a l t e rna t ive  approach  i n  

which the g a m m a  rays resu l t ing  f r o m  resonan t  capture  a r e  s c a t t e r e d  

f r o m  a s ta t ionary  t a r g e t .  

Axel  a p p e a r s  t o  have been a s s e r t i n g  tha t  the  neutron 

I a g r e e  with both a s s e r t i o n s .  

Le t  m e  add a few fu r the r  r e m a r k s  to  help c l a r i fy  the 

compar i sons  between the two a l te rna t ive  methods  of varying the effective 

ene rgy  of the resonant ly  s c a t t e r e d  g a m m a  r a y s .  As Ben-David has  sa id ,  

the counting r a t e s  obtained by resonant ly  sca t t e r ing  t h e r m a l  -neut ron-  

capture  g a m m a  r a y s  on a rotat ing t a rge t  a r e  s e v e r a l  o r d e r s  of magnitude 

g r e a t e r  than can  be obtained, with existing s o u r c e s ,  in the a l t e rna t ive  

expe r imen t  in which a va r i ab le  neutron energy  is  used  t o  cont ro l  the 

ene rgy  of the capture  g a m m a  r a y s ,  On the o ther  hand, the r ange  of 
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ene rgy  tha t  can be obtained by m e a n s  of a moving t a rge t  i s  v e r y  

l imited,  s a y  t 30 eV,  whereas  in principle the re  is  no such limi- 

ta t ion on the ra.nge of var ia t ion obtainable by m e a n s  of a var iab le  

neutron energy.  My own evaluation of the exper imenta l  si tuation i s  

tha t  the sca t te r ing  of thermal -neut ron-capture  gamma rays  f -  Tom a 

moving t a r g e t  i s  by far the  be t te r  of the two methods at the p re sen t  

time. However when much higher neutron intensit ies become  

avai lable  f r o m  pulsed s o u r c e s ,  a s  w i l l  s u r e l y  be  the case some  

day ,  then the alcernarive method will be preferab le .  

287 
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I11 - 13. MEASUREMENT O F  (y,  n)  CROSS SECTIONS-.WITH 
-G " 

--a%" --- 
NEUTRON-CAPTUR-g GAMMA RAYS':' 

/ i  . -"4---.w.-W-%& 

6". 
L. Green  and R .  R .  Hurs t ,  Pennsylvania  State  Universi ty  

a nd 

D. J .  Donahue, Universi ty  of Ar izona  

In the exper iments  descr ibed  h e r e ,  y rays  produced by 

neutron capture  have been used to m e a s u r e  (y, n)  c r o s s  sections a t  selected 

energ ies  between threshold  and 11 MeV. 

been studied mainly i n  exper iments  utilizing b remss t r ah lung  sources ,  and 

the in te rpre ta t ion  of such experiments  i s  quite complicated.  

with monoenergetic capture  y rays  w i l l  provide a good check on previous 

r e su l t s ,  and can  possibly show some s t ruc ture  i n  the c r o s s  sect ions which 

w a s  m i s s e d  by the averaging p rocess  used to analyze b remss t r ah lung  

measu remen t s .  

The (y ,  n) c r o s s  sections have 

Measurements  

F, TUBES 

Fig .  1. Exper imenta l  
a r r angemen t .  

TOR 

The exper imenta l  a r r angemen t  used is shown i n  F ig .  1. 

The source  of neutrons i s  the  200-kW pool r eac to r  a t  Pennsylvania  State 

University.  

the sou rce  of y r a y s .  

ing ma te r i a l .  

and co l l imators  to the t a rge t  of ma te r i a l  whose (y,  n )  c r o s s  sect ion is to 

Next to  the r eac to r  i s  a bismuth f i l t e r ,  and next to that i s  

This  sou rce  may  cons i s t  of 1-2 kg of the captur -  

The y r ays  produced i n  this sou rce  p a s s  through f i l t e r s  

.II -0- 

P r e s e n t e d  by D. J. Donahue. 
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be m e a s u r e d .  The f i l t e r  cons i s t s  of approximate ly  4 f t  of wa te r  and 

paraffin,  which at tenuates  the neutrons i n  the beam by about a fac  t o r  

of 10 Neutrons 

produced in  the t a rge t  a r e  counted i n  a neutron de tec tor  which cons i s t s  

of four  B tubes located symmet r i ca l ly  about the ax i s  of the y - r a y  

beam.  The d is tance  of these  coun te r s  f r o m  the beam a x i s  w a s  chosen 

8 
while reducing the  y - r ay  flux by  only a f ac to r  of 20. 

10 
F 3 

so  that  the efficiency of the de t ec to r  was approximate ly  constant f o r  

neutrons with energ ies  f r o m  200 keV to  5 MeV. The efficiency of t he  

de t ec to r  w a s  measu red  by use  of a ca l ibra ted  Am-Be  neutron source .  

The in tens i ty  of the y - r a y  beam w a s  m e a s u r e d  with a 

NaI(T1) c r y s t a l  4 i n .  i n  d i a m e t e r  by  6 i n .  long. The photofractions and 

photoefficiencies of Mi l le r  and Snow 

f luxes.  Typical f luxes range f r o m  2 X  10 / c m  - sec  fo r  a n  i r o n  source  

1 
were  used  to  obtain the ac tua l  

5 2 

3 2 
to 5 X i o  l c r n  - s e c  for a n i t r o g e n  source.  

Before r e s u l t s  a r e  presented ,  one difficulty must  be  

A source  w i l l  o rd ina r i ly  emit m o r e  than o n e  g roup  of y r a y s  d i scussed .  

with energ ies  above the ( y , n )  th reshold  of the t a rge t  nuclei .  F o r  example,  

cons ider  the c a s e  of y r a y s  coming f r o m  a nickel sou rce  and incident upon 

a tantalum t a rge t ,  which has a threshold  of about 7 .  5 MeV. 

s o u r c e  emi t s  y r a y s  with ene rg ie s  (and relat ive in tens i t ies )  above this 

th reshold  of 7 .8  MeV (0 .  Z ) ,  8 . 5  MeV (0.  4), and 9 .0  MeV (1. 0). 

The nickel 

T o  ob- 

ta in  the c r o s s  sect ion a t ’ 9 . 0  MeV, the following sequences  i s  followed. 

F i r s t  an aluminum source  i s  used, which emi t s  only 7.72-MeV y r a y s  

above the T a  threshold.  With th i s  sou rce ,  the c r o s s  sect ion a t  7. 7 MeV 

i s  de te rmined .  Next, a ch lor ine  s o u r c e  i s  used,  which e m i t s . y  r a y s  of 

7.  8 and 8. 5 MeV above the  (y, n )  th reshold .  F r o m  the c r o s s  sect ion a t  

7. 7 MeV, obtained with the a luminum source ,  the chlor ine r e su l t s  give 

the c r o s s  sect ion at 8 . 5  MeV. F ina l ly ,  by u s e  of the above-measured  

1 
W .  F. Mil ler  and  W .  J. Snow, Argonne National Labora to ry  Repor t  

ANL-63 18 (unpublished),  and pr ivate  communicat ion.  
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c r o s s  sect ions at 7. 7 and 8 . 5  MeV, the data  obtained with the nickel 

sou rce  a r e  used to  deduce the (y,  n) c r o s s  sect ion at 9 .0  MeV. 

Resul t s  obtained f o r  the c r o s s  sect ion of the react ion 
18 1 180 T a  (y ,  n)Ta a r e  shown i n  F ig .  2. The smooth cu rve  i s  the best  f i t  

I F U L L E R  8 W E I S S  

8.0 9.0 10.0 I 

140- 

100- 

- 
n 
E 

b 
- 

so-- 

I F U L L E R  8 W E I S S  

Fig .  2 .  The ( y , n )  c ross  
sect ions of T a l 8 1 .  
The smooth cu rve  is  a 
f i t  t o  o u r  da ta ,  and 
the  points x a re  data  
of F u l l e r  and Weiss .  

E (MeV1 

to  ou r  data. 

Weiss ,  

Also  i l lus t ra ted  i n  the f i g u r e  a r e  the r e su l t s  of F u l l e r  and 
2 

obtained by u s e  of b remss t r ah lung .  The a g r e e m e n t  is ve ry  good. 

-- R O M A N O W S K I  a V O E L K E R  
2.0-r 

Fig .  3 .  The ( y , n )  c r o s s  
sect ions of L i e .  The  
dashed cu rve  r e p r e -  
sen ts  the r e s u l t s  of 
Romanowski and 
Voelker.  

E ( M e V )  

6 F i g u r e  3 i l l u s t r a t e s  the r e su l t s  f o r  Li . The dashed 
3 

c u r v e  r e p r e s e n t s  the r e su l t s  of Romanowski and Voelker,  obtained with 
b 

b remss t r ah lung .  T h e r e  i s  a n  indication of s t ruc tu re  i n  the Li c r o s s  

2 
E. G. F u l l e r  and M. S. Weiss ,  Phys .  Rev. 112, 560  (1958). - * 

4 

T.  A. Romanowski and V. H .  Voelker ,  Phys.  Rev. 113, 886 (1959). e - 
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sec t ion  near  6 .7  MeV, but the lack  of cap tu re  y r ays  with appropr ia te  

energ ies  makes  this s t ruc tu re  ha rd  to invest igate .  

Fig.  4. The (y ,n )  c r o s s  
sec t ions  of C13. The  
dashed  c u r v e  r e p r e s e n t s  
r e s u l t s  obtained at MIT. 

- 
b 

13 
F i g u r e  4 c o m p a r e s  our r e su l t s  f o r  C with those  obtained 

4 
at MIT 

qui te  good. 

by use  of t ime -of-flight techniques.  The ag reemen t  a g a i n  i s  

Finally,  to show the l a r g e  number of c r o s s  sections which 

c a n  be investigated with capture  y r ays ,  the r e s u l t s  i l lus t ra ted  i n  F ig .  5 

a r e  presented .  

m a s s  number A of the target .  The smooth curve i n  the f igure is a plot of 

an  equation sugges tedby Axel, which a s s u m e s  that c r o s s  sections near  

threshold r e su l t  f r o m  the tail of the giant resonance-which has  a 

Lorentz  shape.  

This  f igure  gives a plot of IT ( y ,  n )  at 1 0 . 8  MeV vs  the 

5 

The e r r o r s  on the c r o s s  sections in F ig .  5 a r e  about 10-1570 

and r e su l t  a lmos t  en t i re ly  f r o m  uncertaint ies  i n  the f l u x  m e a s u r e m e n t s ,  

4 

5 
W .  Turchinetz  (pr iva te  communicat ion) ,  

P e t e r  Axel, Phys .  Rev. 126, 671  (1962). - 



2 9 2  ILI-13 

200 -. 

200-- 

Fig .  5. The  (y ,n)  c r o s s  
sect ions at 10 .8  MeV 
vs  the mass number  A 
of the ta rge t .  The 
cu rve  is a plot of an 
equation taken from 
Axel (ref. 5). 
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G. BEN-DAVID, I s r a e l  Atomic Ene rgy  Commiss ion ,  Soreq  

R e s e a r c h  Es tab l i shment ,  Rehovoth: One thing that often puzzles  

m e  about this  type of work  is that p resumably  there  a r e  no resonance  

effects at all. If t h e r e  be resonance  effects s i m i l a r  to what I found i n  

the sca t te r ing  experiment,you cannot a s sume  t h e r e  i s  a s teady  cu rve .  

DONAHUE: That  is right.  

BEN-DAVID: That  is r a t h e r '  su rp r i s ing .  

DONAHUE: I could have shown you two other  curves  fo r  lead and 

bismuth,  and they do have resonance  effects i n  them. F o r  tantalum, 

once you get  above the (y,  n) th reshold  the leve ls  broaden out some.  I 
am reasonably s u r e  in the tantalum that the leve ls  over lap  so that  they 

wash out the s t ruc tu re .  In the cor  responding graph fo r  bismuth, t h e r e  

a r e  some points well off t he  smooth curve .  

bismuth,  I think. 

A VOICE: What i s  the power of the r e a c t o r  and what i s  the f lux 

T h e r e  a r e  resonances  in 

of the g a m m a s ?  
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DONAHUE: The power is 200 k W .  At the t a rge t ,  15 ft  f rom 
5 

the  source ,  the flux f rom a good s t rong source is  a few t imes 10 

r ays  p e r  c m  

f i l t e r  knocks down the intensi ty  by  a fac tor  of 20. 

gamma 

2 
pe r  s e c .  It would be even higher except that  the paraff in  
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111-14. TOTAL RADIAZON WIDTHS FOR s-WAVE AND p-WAVE NEUTRON . -  -. a *-*93 1 c. 

CAPTURE IN Nb 
-,m*,%”*”.--* -v-.+* 

H. E. Jackson 

Argonne National Labora tory ,  Argonne, I l l inois 

I want t o  d e s c r i b e  br ief ly  an  exper iment  in which we 

have m e a s u r e d  the  total  radiat ion widths for  p-wave and s -wave  

neutron cap tu re  in  Nb93. 

a l r eady  published. 

ful in  using resonant -capture  g a m m a - r a y  s p e c t r a  to  a s s ign  pa r i t i e s  

to  r e sonances .  This  s u c c e s s  makes  poss ib le  a sys t ema t i c  study of 

resonance  p a r a m e t e r s  for resonances excited by p-wave and s-wave 
cap tu re .  

It will  be b r i e f ,  because  the r e s u l t s  a r e  
1 

Recently h e r e  a t  Argonne we have been s u c c e s s -  

The to ta l  radiat ion widths fo r  s -wave  and p -wave cap -  

t u r e  a r e  of pa r t i cu la r  i n t e r e s t  for  two r e a s o n s .  

provide a s o u r c e  of information about the dependence of the  e l e c t r i c -  

dipole radiat ion s t rength  on the par i ty  of highly excited radiat ion s t a t e s .  

( 2 )  Of m o r e  p rac t i ca l  and immedia t e  i n t e r e s t ,  for  u s e  in obtaining p-wave 

s t rength  functions f r o m  ave rage  to ta l  cap tu re  c r o s s  sec t ions ,  a r e  the 

re la t ive  values of t hese  total  radiation widths.  

have been a s s u m e d  to  be equal.  

( 1 )  They can possibly 

Until now, these  widths 
2 

The re la t ive  values  of t hese  widths have been de te rmined  

fo r  s i x  resonances  i n  Nb ~ In this  pa r t i cu la r  c a s e ,  a c c u r a t e  m e a s u r e -  

men t s  of the  radiat ion width a r e  possible  because  fo r  t hese  resonances  

the neutron widths a r e  ve ry  s m a l l .  

t r a n s m i s s i o n  measu remen t  of the  to ta l  widths,  make  a s m a l l  co r rec t ion  

93 

Thus one can  make a s t anda rd  

tWork pe r fo rmed  under  theausp ices  of the U.  s. Atomic Energy 

H. E.  Jackson ,  Phys .  Rev. L e t t e r s  11 ,  378 (15 October 1963). 

See,  f o r  example,  the d iscuss ion  of L. W. Weston, K. K. Seth, 

Commiss ion .  
1 

2 
- 

E. G. Bilpuch, and H. W. Newson, Ann. Phys .  (New York) IO, 477 
( I  960) .  

- 
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fo r  the neutron width, and ob ta in  a p r e c i s e  value for  the radiat ion 

widths.  Also shown a r e  the  pa The r e su l t s  a r e  shown in Table I. i ty  

TABLE I. P a r a m e t e r s  fo r  neutron resonances  in  niobium. The 
r e s u l t s  for  resonances  a t  35. 9 eV and 42.2 eV a r e  in  ag reemen t  with 
those  of Saplakoglu et a l . a  Because the i r  r e s u l t s  for  resonances  a t  
h igher  ene rg ie s  a r e  based on an a s s u m e d  value 51 = 0 .  22 eV for  the 
radiat ion width, they will be subject  t o  l a r g e  c o r r e c t i o n s .  The value 
of fo r  the level  a t  194 eV i s  in s t rong  d i sag reemen t  with an  o lder  
value of 0 .  34 f 0. 06 eV obtained in  an  ind i rec t  measu remen t  by Rae .  

-- 
Y .  

b 

35.9 - 215 f 40 0.12 f 0.01 215 f 40 

42. 2 - 260 f 20 0.09 f 0.01 260 k 20 
94.3 - 215f 50 0.34 k 0.03 215 k 50 
106 t 96 f 50 0.05 ? 0.01 96 k 50 

t 113 f 20 5.8 f 0.6 107 f 20 119 
t 175 f 25 41.7 t 4 133 t 30 194 

a 
A. Saplakoglu, L. M. Boll inger ,  and R. E. Cote', P h y s .  Rev.  109, - 

1258 (1958). 

ful  Uses  of Atomic Energy ,  Geneva, 1955 (United Nations,  New York, 
1956), Vol. 4, p. 1 1 0 .  

bE.  R .  Rae in  Procepdings of the Internat ional  Conference on P e a c e -  

a s s ignmen t s  a r r i v e d  a t  f r o m  the study of the c a p t u r e - g a m m a - r a y  spec t r a  

f o r  t hese  r e sonances .  

In other  nuclei ,  it is genera l ly  accepted  tha t  the radiat ion 

width f o r  s -wave  capture  v a r i e s  v e r y  l i t t le  f r o m  resonance  to  resonance .  

If you look a t  t hese  n u m b e r s ,  t h e r e  is an  obvious co r re l a t ion  between the 

pa r i ty  of the resonance  and the resonance  width-in fac t ,  you obtain a 

vale  of 113 X 10 eV f o r  the ave rage  s -wave radiat ion width and - 3  

230 X 

indicate  a c l e a r  var ia t ion  of the radiat ion with neutron angular  momentum.  

eV f o r  the  ave rage  p-wave rad ia t ion  width. Thus the data  

Now, i f  we r e s t r i c t  our d i scuss ion  to e lec t r ic -d ipole  
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radiat ion,  the radiat ion width for  a resonance  wi l l  be  given by the 

express ion  

111- 14 

The bracke ted  quantity i s  the e lec t r ic -d ipole  s t rength  function for  

t rans i t ions  f r o m  s t a t e s  at a n  excitation energy  U to  s t a t e s  at a n  exci ta-  

t ion energy  E, and p 

E and with spin J and par i ty  T T .  

dependence of e i ther  the photon s t rength  function o r  the r a t i o  of level  

dens i t ies  would explain the effect  that  we have observed .  

a t tempted to  a s s e s s  the effect  of the difference of dens i t ies  in s t a t e s  of 

opposite par i ty  n e a r  the ground s t a t e  t o  s e e  i f  t h i s  would account  for  the 

difference.  We find that the observed  capture  s p e c t r a  indicate  that  this  

var ia t ion  in  densi ty  would not explain the magnitude of the difference 

in  the radiat ion width. morning ,  I 

do not think it i s  unreasonable  to suggest  that  the var ia t ion i s  actual ly  

due t o  a var ia t ion  in  the photon s t rength  function with the pa r i ty  of the 

radiating s t a t e .  

(E) r e p r e s e n t s  the densi ty  of s t a t e s  at excitation 
J, 'bb 

The point I want to make  i s  tha t  a par i ty  

We have 

In the light of the d iscuss ion  this  

I should mention that  in  d iscuss ions  in  the ha l l  y e s t e r -  

day,  I l earned  tha t  the F r e n c h  a r e  a l s o  doing some  m e a s u r e m e n t s  of 

th i s  type.  I think D r .  Jul ien wants to  make  a r e m a r k .  

J .  JULIEN, Cen t re  d 'E tudes  Nuclea i res  de Saclay:  The ma in  

difficulty in  a r r iv ing  at c o r r e c t  p-wave s t rength  functionsfrom indivi-  

dual  resonance  p a r a m e t e r s  i s  in  identifying p-wave levels .  In Sacla.y, 

Nb has  been investigated up t o  around 1000 eV. Many weak levels  
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appea r  in  t r a n s m i s s i o n  exper iments .  

value of 2kR does not allow us  to  dis t inguish between s-wave and p-wave 

leve ls .  

s amples  and de tec t  a s y m m e t r y  in  the t r a n s m i s s i o n  curve .  In pa r t i -  

cu l a r ,  we could definitely a s s ign  the p-wave c h a r a c t e r  to  the 243-eV 

resonance .  In the  data ana lys i s ,  two groups of t o t a l  rad ia t ion  widths 

appea red .  

r a y  s p e c t r a  similar to  Jackson ' s  exper iments  at Argonne. 

with s t rong high-energy gamma - r a y  t rans i t ions  have a to ta l  radiat ion 

width equal  to  230 t 40 MeV. Since some  resonamces exhibiting such 

g a m m a - r a y  spec t r a  have been identified a s  p-wave leve ls  in  t r a n s m i s s i o n  

expe r imen t s ,  it can be confirmed that  the to t a l  rad ia t ion  width of a p-wave 

level  d i f fe rs  f r o m  that  of a n  s-wave leve l  and that  in  examining g a m m a -  

r a y  s p e c t r a  fo r  v e r y  weak leve ls ,  one can dis t inguish between s-wave 

and p-wave leve ls .  

Below 100 e V ,  the small 

Above 200 eV our high intensi ty  a l lows us  to  u s e  v e r y  thick 

Neutron-capture  exper iments  showed two groups  of g a m m a -  

Resonances 

Table  I1 shows a few previous r e s u l t s  obtained at Saclay 

93 TABLE 11. Saclay r e s u l t s  on Nb t n. 

e v )  

r 

e v )  

r v 

~~ 

42.2 0.10 t 0.15 230 f 5 0  230 f 5 0  

119 4 t 0 .4  140 k 20 136 k 20 

193 40 + 5  175 k 30 135 5 30 

243 2 .1  t 0.3 263 f 50 263 ? 5 0  

335 15 + 2  165 k 30 150 f 30 

37 9 97 t 10 250 f 30 153 t 32 



with  a 3 - n s e c / m  resolut ion ten  months ago. Jackson ' s  values  a g r e e  well  

enough with ou r  r e s u l t s  for  p-wave leve ls  but our  m e a n  radiat ion width i s  

140 ? 20 MeV fo r  s-wave levels .  

p-wave s t rength  function will  be published v e r y  soon i n  Phys ic s  L e t t e r s .  

Complete r e s u l t s  with a value for  the 

The curve  in  Fig.  1 r e p r e s e n t s  ou r  exper imenta l  points 

F ig .  I .  T r a n s m i s s i o n  cu rves  for  Nb at ER = 118.8 eV.  Solid cu rves  

The points a re  expe r i -  
were  calculated with the p a r a m e t e r s  l7 = 140 MeV ( reso lu t ion  and 
Doppler effects  included) and g r n  = 2 MeV. 
men ta l  values .  Curve 1: thickness  = 0.1515 a t o m s l b a r n .  Curve 
2: thickness  = 0.046 a t o m s / b a r n .  

f i t ted by the theore t ica l  curve ( reso lu t ion  and Doppler effects  included) 

f o r  the IIS-eV resonance .  

K. K. SETH, Northwestern University:  I would l ike to  comment  

on your s ta tement  that  up to  th i s  t ime it h a s  been a s s u m e d  tha t  

= ( F ) .  In fac t ,  th i s  i s  not so; the v e r y  first suggestion they might (r,,, Y P  
be d i f fe ren t  came  f r o m  the (n ,y)  c ros s - sec t ion  work done at Duke 

Universi ty  2nd published i n  the Annals of Phys ic s  ( r e f .  2). Since then 

the Russ ians ,  Popov and Fenin,  analyzed the i r  (n ,y )  data on about ten  

different  nuclei  s t r i c t ly  on the b a s i s  of th i s  suggestion. 

tha t  o rd inar i ly  (I' ) (r ) is  indicated.  

They conclude 

Y S  Y P  
JACKSON: These  a r e  ind i rec t  m e a s u r e m e n t s  which can  be  analyzed 
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i n  t e r m s  of s e v e r a l  a l te rna t ive  in te rpre ta t ions .  

r ep ly  to  Dr .  Se th ' s  comment  concerning (l? ) 

the  following quotation f r o m  the a r t i c l e  ( r e f .  2 )  mentioned by h im.  

r e m a r k  concerns  the values  of (r / D  ) 

ana lys i s  of t he i r  data  for  P d  

significantly.  The i r  ana lys i s  does not yield (7 ) and. (r ) di rec t ly .  They 

say: "Assuming (r / D o )  

excel lent  f i t .  

t heo re t i ca l  conjecture  that  pa r i ty  effects m a y  cause  s -  and p-wave leve l  

dens i t ies  to  differ  t o  a much g r e a t e r  extent for  a n  even-even t a r g e t  than for 

a n  odd-A t a r g e t  nucleus.  r 
ciably for  s - and p-wave neut rons  

Note added i n  proof: In - 
= (7 ) I would like to  c i te  

Y S  Y P  
The  

which r e s u l t  f r o m  
-- 

and (I? / D o )  
o s  Y P 108 

a c a s e  in  which these  quant i t ies  differed 

Y S  Y P  
= 0 .4  ( F / D o )  on the o ther  hand r e s u l t s  i n  a n  

Y P Y S 

This  r e s u l t  i s  not v e r y  su rp r i s ing  i n  view of the r ecen t  

- 
of c o u r s e ,  i s  not expected to differ a p p r e -  

Y 
" 

SETH: In t rying t o  explain the i r  c r o s s  sec t ions ,  the  Russ iaEs  

find (r) # (F ) 
t h i s  is definitely indicated.  

and p-wave capture  and noticed tha t  the f i ts  w e r e  improved .  

opened the possibi l i ty  of such  a var ia%ion of 

necessary. Of course ,  in  olir work we did not say that 
Y S  Y P  

We t r i e d  a few c a s e s  with (F ) di f fe ren t  for  s -  

We thus 
Y 

- 

v 
P.  AXEL,  Universi ty  of I l l inois :  I have a comment  which leads 

to  a quest ion.  

s and p, t o  think that the existence of t w o  d i f f e ren t  to ta l  radiation w i d t h s  

would be explained by assoc ia t ing  one with s and the other  with p. 

long formuia  D r .  Jackson  wrote  down for  r does not have anything in  

it t o  explain such  a difference i f  it i s  the low-energy t rans i t ions  that 

a r e  respons ib le  for  m o s t  of r 
which would dis t inguish a cascade  f r o m  a 1 

1 level .  

It i s  misleadingly e a s y ,  once you have two l e t t e r s  l ike 

The 

Y 

T h e r e  i s  nothing in  the p re sen t  theory  
Y - 

level  f r o m  one f rom a 
t 

We all know tha t  t h e r e  can be some  d i f fe rences  between 

the decayrof t hese  leve ls .  

those  d i f fe rences  were  only assoc ia ted  with high-energy g a m m a  r a y s  

that  lead to low-lying ene rgy  levels  of pa r t i cu ia r  spin and par i ty .  

Until v e r y  r ecen t ly ,  one had hoped that  

Such 



high-energy t rans i t ions  obviously depend on the par i ty  of the ini t ia l  

s ta te .  

gamma r a y s ,  we w i l l  have to re formula te  the cascade  calculation 

before  it can explain the different  I? 

s t a t e s .  

f inal  s t a t e s  and a n  energy-dependent t rans i t ion  probabili ty.  

ever  ta lks  about a level  densi ty  which depends on par i ty  a s  wel l  as on 

spin.  

between 1 and 1 decays .  

But,  if the first s t ep  of the cascade  mainly involves 1-2-MeV 

- -!- 
values  for  the 1 and the 1 v 

At p re sen t ,  all you have at your  d isposa l  is  the densi ty  of the 

Nobody 

Such a par i ty  dependence would be needed to  explain the difference 
- 3. 

This  leads  t o  the question. A r e  you s u r e  that  the l a r g e r  

radiat ion widths cannot be assoc ia ted  with dominant high-energy t r a n s i -  

t ions ? 

JACKSON: Yes ,  tha t  i s  a cer ta in ty .  The  e s t ima te  we get 

i s  that  s o m  thing like 10% of th i s  difference can be at t r ibuted to the 

t rans i t ions  of energy  g r e a t e r  than say  5 MeV. 

AXEL:  Th i s  i s  a c l ea r  sign that the cascade  calculation m u s t  be 

ref ined.  

t ions .  

s t rength .  

s t a t e s  reached  in the f i r s t  s t ep  of the cascade ,  depending on whether the 

in i t ia l  s t a t e  i s  1 or  I 

e rences  at ene rg ie s  a s  high as 3 MeV in a nucleus.  

We jus t  don ' t  know enough about these  I-MeV o r  2-MeV t r a n s i -  

I t  w i l l  not help to  add some magnetic-dipole or e lec t r ic -quadrupole  

You have to say  that  t h e r e  is something different  about the 

- t 
We have seen  plenty of evidence of such  diff- 

F o r  example,  t h e r e  
-!- - 

a r e  many 2 s t a t e s  but few,  i f  any ,  2 s t a t e s .  If such par i ty  dependence 

of the level  densi ty  p e r s i s t s  to  much higher ene rg ie s ,  someone will  

have to include such  pa r i ty  effects in a cascade  calculation. 
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-* 

Norbe r t  R osenzweig 

Argonne National Labora tory ,  Argonne, Illinois 

1. Introduction 

,,-- 
,./ ,' 

I w i l l  a t tempt  t o  s u m m a r i z e  to  a ce r t a in  extent the s t a t i s -  

t i ca l  t heo ry  of neutron resonances ,  and I w i l l  be content if, in  the c o u r s e  

of the review, I succeed in  making in some  detai l  the following th ree  points. 

1. One and the s a m e  s imple  model,  due to  Wigner,  leads 
1 

to a theory  of both the energy-level  fluctuations and the dis t r ibut ion of 

widths. 

reason  for  making this point. However,  t he re  a r e  a l s o  other reasons ,  as  

The resul t ing economy in the number of assumptions i s  enough 

w e  shal l  s e e .  
2. Even  though the model i s  s imple ,  it has  not one or two 

but many consequences which can  be compared  with experiment .  

3. Final ly ,  the s imple  model, while v e r y  successful ,  natural ly  

has  its l imitat ions which I want to  d i scuss  br ief ly .  I m u s t  be brief because,  

as ide  f r o m  a couple of obvious l imitations,  the p r e c i s e  l imi t s  of the theory 

a r e  not known. As is usua l  in  a c a s e  like this ,  we will  need to  be  guided by 

ca re fu l  exper iments .  

Le t  me se t  the s t age  f o r  t h e s e  d iscuss ions  by recal l ing what 

p rope r t i e s  a r e  under  considerat ion.  

of a sequence of neutron resonance  s t a t e s  a r e  the dis t r ibut ion of neutron 

widths, which i s  well  r ep resen ted  by the P o r t e r - T h o m a s  dis t r ibut ion 

The b e s t  known s ta t i s t ica l  p rope r t i e s  

2 

::: 

1 
Invited paper .  
E. P. Wigner,  Gatlinburg Conference on Neutron Phys ic s  by Time-of-  

Fl ight ,  Oak Ridge National Labora to ry  Report  ORNL-2309, 
p. 59; Proceedings  of the International Conference on Neutron Interact ions 
with the Nucleus,  Columbia Universi ty  Repor t  CU-175 (TID-7547), 
published), p. 49; Ann. Math. 65, 203 (1957); ibid. 67 ,  325 (1958). 

1957, (unpublished), 

1957 (un- 

- -  - 
2 

C.  E. P o r t e r  and R .  G. Thomas ,  Phys .  Rev. - 104, 483 (1956). For 
a n  extensive,  recent  ana lys i s  of the  da t a  s e e  J. Gar r i son ,  Proceedings  of 
t h e  Symposium on Stat is t ical  P r o p e r t i e s  of Atomic and Nuclear  Spectra ,  
State  Universi ty  of New York at Stony Brook,  May 1963. 



IV- I  3 0 3  

and the dis t r ibut ion of the spacings between adjacent  levels  having the 

s a m e  spin and par i ty  which i s  well ,  though not perfect ly ,  represented  

by  the Wigner s u r m i s e  

3 

S 
x =  

The f i r s t ,  r a t h e r  obvious, point which I w a n t  to  make  is that  these  two 

dis t r ibut ions by no means  desc r ibe  exhaustively the s ta t i s t ics  of a number 

of success ive  resonances.  Le t  me i l l u s t r a t e  this  with the  help of Fig.  1. 

% r 1 2 ’  r21 Il22 

. . .  

3 

Fig .  1. Schematic  drawing showing the posit ions of a s e r i e s  of success ive  
neutron resonances  of the s a m e  spin and pa r i ty  and the assoc ia ted  
pa r t i a l  widths. The f i r s t  index of labels  the compound s ta te ,  the 
second identifies the final s t a t e .  

i j  

In addition to  inquiring about how the  individual spacings s s s 0 0 

f luctuate  about the mean  value,  one can,  f o r  example,  a s k  about the joint  

dis t r ibut ion of two o r  m o r e  success ive  spac ings ;  o r  about the joint d i s t r i -  

bution of two o r  m o r e  neutron widths;  o r ,  f o r  a s ingle  level ,  f o r  the joint  

dis t r ibut ion of two o r  m o r e  competing react ion widths.  

object would evidently be the joint  dis t r ibut ion of N spacings and all the 

widths a s soc ia t ed  with the N t  1 l eve ls ,  namely  

1’ 2’ 3’ 

The mos t  g e n e r a l  

3 
J. A. Harvey  and D. J. Hughes, Phys .  Rev. 109, 4 7 1  (1958). Very  - 

extensive r e su l t s  have been  obtained at  Columbia ;  s e e  J. B. Garg ,  P r o -  
ceedings of Stony Brook Symposium (Ref. 2). 
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11. WignerFs Random-Matr ix  Model 

Next, I want t o  review a model which enables one to  say 

quite a bit,  though not everything, about the dis t r ibut ions which we have 

mentioned. Following Wigner, one considers  a n  ensemble  of N-dimen- 

s iona l  real symmet r i c  m a t r i c e s ,  defined by the probabi l i ty  distribution 

I 

. -  

(4) 
2 

exp [ - t r  (H - EI) ] 

The volume element in the m a t r i x  space  i s  natural ly  given by 

The following assumpt ion  is made  concerning the relat ionship between the  

model  and a nuclear  spec t rum.  The behavior  of n success ive  eigenvalues 

in the neighborhood of E i s  t o  be  compared  with the  s ta t i s t ics  of n s u c c e s -  

s ive ene rgy  levels  of t h e  s a m e  spin and p a r i t y ( n / N )  - 0. The behavior  of 

the  corresponding eigenvectors  i s  to  be compared  with the s t a t i s t i c s  of the 

corresponding compound s t a t e s  in the s a m e  l imi t .  

' 

4,5 
The dis t r ibut ion i s  a plausible expres s ion  of the idea that 

we give, in effect, a uniform weighting to  t h e  res idua l  interact ion H -EI. 
2 

The  res idua l  interact ion i s  a r b i t r a r y  except  f o r  its magnitude tr ,  (H -EI) , 
which is essent ia l ly  fixed. 

While I d o  not wish to  engage in a n  inconclusive discussion 

as to  how, exactly, th i s  r e m a r k a b l e  model f i t s  into the g e n e r a l  s cheme  of 

things, I can underl ine two aspec ts ,  recognized by Wigner,  which s e e m  to 

play an  e s sen t i a l  role ,  and which make the success  of the model  understand-  

able .  

F. J. Dvson. J. Math. Phys .  3, 140, 157, 166 (1962). 4 
- 

S 
N. Rosenzweig,  Bull. Am. Phys .  SOC. - 7, 91  (1962);  Brande i s  Univer- 

s i t y  Lec tu res  1962 (W. A. Benjamin, Inc . ,  New York, 1962). 
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1. Although we a r e  ul t imately concerned with the s t a t i s t i -  

cal  proper t ies  of the levels  and wave functions, i t  i s  essent ia l  to introduce 

a dis t r ibut ion of the ma t r i ces .  I believe th i s  i s  connected with the fact  

that  this  i s  the only na tura l  way of express ing  in quantum mechanics  the 

effect of a known per turba t ion  on a known model  Hamiltonian. 

2. The apparent  validity of the conjecture  that many of the 

s ta t i s t ica l  r e su l t s  will  be l a rge ly  independent of the p r e c i s e  form of the 

weighting function (5 )  has  the p rac t i ca l  r e su l t  that  even a n  approximate  

f o r m  gives many c o r r e c t  resu l t s .  

6 
111. 

The  f i r s t  s t e p  cons is t s  in t ransforming  the  volume e lement  

Some Consequences  of Wigner fs  Model 

6 
i n  the m a t r i x  space  of eigenvalues and eigenvectors ,  i. e. ~ 

Combining this  with the  weighting function (5), one obtains the dis t r ibut ion 

of eigenvalues 

6 
C .  E. P o r t e r  and N.  Rosenzweig,  Suomalaisen Tiedeakatemian 

Toimituksia  A VI, NO. 44 (1960) .  - 

Severa l  r e m a r k s  a r e  i n  o r d e r .  

tion f o r  the dis t r ibut ion of e igenvectors ,  to which I w i l l  r e t u r n  l a t e r .  

The dis t r ibut ion of eigenvalues contains the famous difference product which 

explains the "repuls ion of 1evels.t '  

independent of the  dis t r ibut ion of e igenvectors  

fu r the r  calculation, that  t h e r e  i s  no co r re l a t ion  between widths and spacings.  

(1)The crypt ic  symbol dV i s  an  abbrevia-  
X 

(2) 

( 3 )  The dis t r ibut ion of eigenvalues is  

This  impl ies ,  without any  



A s i m i l a r  conclusion w i l l  hold for  any other  ensemble that is invariant 

under a n  orthogonal change i n  b a s i s .  

tion of a lot of neutron-resonance data  indicates that  the cor re la t ion  

between a neutron width and a spacing i s  indeed quite sma l l .  

D r .  Seth informs me that examina-  

IV. Energy-Level  Stat is t ics  

Le t  me f i r s t  make some r e m a r k s  about the distribution of 

spacings between neighboring levels  of the same  spin and par i ty  (a llsimplell 

sequence) .  

random-matr ix  model had i t s  t i r s t  str iking success  i n  the descr ipt ion of 

experimental  resu l t s  . 
i n  F ig .  2, based on recent  work at Saclay. 

You w i l l  r e m e m b e r  that it was i n  this connection that the 

7 J 8  

The success  is of a kind which i s  well i l lustrated 
9 

30 r 
F ig .  2.  Distribution of 

spacing s between ad - 
u238+ n ( S A C L A Y  I 

I 

I! I V I  
I I I 

0 10 20 30 40 50 60 
01 

S PAC I M G  

jacent  levels  of the 
s a m e  spin and par i ty ,  
observed a t  Saclay 
( R e f .  9 )  i n  the reaction 
U238 f n .  These  r e -  
sul ts  confirm the 
e a r l i e r  ones (Ref.  3) 
that  the dis t r ibut ion is 
i n  accord  with the s t a -  
t i s t ica l  model,  whose 
prediction is  given to 
a good approximation 
by the Wigner d is t r ibu-  
tion (sol id  cu rve ) .  

The solid curve ,  known a s  the Wigner s u r m i s e ,  i s  a good 

(though not perfect)  representat ion of the exact prediction of the model.  

It should be appreciated that according t o  the model the  distribution of the 

spacing i s  given by an  integration over  all except two adjacent engenvalues 

7 
S. Blumberg and C.  E .  P o r t e r ,  Phys .  Rev.  - 110, 786 (1958).  

N. Rosenzweig, Phys .  Rev. L e t t e r s  - 1, 24 (1958). 

P r iva t e  communication f r o m  J. Julien at this conference.  See a l s o  C .  
Corge ,  Vinh-Dinh Huynh, J. Jul ien,  J .  Morgens te rn ,  and F. Net ter ,  Compt 
Rend. - 253, 859 (1961). 

8 

9 
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of the dis t r ibut ion ( 7 ) .  

t i a l ly  solved b y  Mehta and Gaudin. 

This formidable  analyt ical  problem was subs ta -  
1 0  

The ag reemen t  between experiment  and theory i s  apparent ly  

s o  good, i n  this pa r t i cu la r  c a s e  a t  l eas t ,  that i t  makes  s e n s e  to inquire 

whether  t he re  i s  any  evidence of d i sag reemen t .  

this question one must ,  of cour se ,  keep in mind that the theore t ica l  r e su l t  

r ep resen t s  a n  average  over  tne ensemble,  whereas  the par t icu lar  s e t  of 

levels  i s  at  bes t  a f a i r ly  typical m e m b e r  of the ensemble .  

answer  the question rel iably,  one should calculate o n  the b a s i s  of the model 

what s o r t  of deviations a r e  reasonable .  

ex is t  f o r  the distribution of spacing.  

of the magnitude of the fluctuations by looking a t  one of the e a r l y  Monte 

C a r l o  type calculations 

This  h i s togram,  though based  o n  200 ma t r i ces  of o r d e r  20, exhibits quite 

In attempting to answer  

S o ,  i n  o r d e r  to  

Such a calculation does not yet 

However ,  one can s u r e l y  ge t  a n  idea 

8 
leading to  the theore t ica l  dis t r ibut ion of spac ings .  

- 

a few fluctuations (F ig .  3 ) .  

Fig .  3 .  His togram represent ing  a deduction (Ref .  15) of the spacing d i s -  
tr ibution f rom the s ta t i s t ica l  model with the help of a digital  computer .  
The r e su l t  is seen to be i n  good ag reemen t  with the s imple  analyt ical  
f o r m  proposed by  Wigner,  and the re fo re  a l s o  with experiment .  The 
h is togram a lso  gives a n  indication of the magnitude of the fluctuations 
away f r o m  a smooth curve ,  even though the h is togram i s  based  on as  
many a s  4000 spacings.  

i U  

M. L. Mehta, Nucl. P h y s .  18, 395 (1960);  M. L. Mehta and M.  - 
Gaudin, Nucl. P h y s .  18, 420 (1960);  - -  ibid. 22 ,  340 (196 1).  M. Gaudin, 
Nucl. Phys .  - 25, 447 (1961). 
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F o r  the s a m e  reason  one should probably b e  cautious i n  the a 
in te rpre ta t ion  oi the interest ing deviation (F ig .  4) observed  by the Columbia 

g roup  i n  Th 
23 2 

THORIUM 
214 SPACING, 

0 m 15 2 5  3 0  3 5  
I S / D  

Fig .  4. Spacing d is t r ibu-  
tion obtained by J. B.  
Garg  at Columbia f o r  
The3  2. 

Having displayed an appropr ia te  conservatism, I w a n t  t o  

s t r e s s  right away that  the d iscovery  of deviations f r o m  the predict ions of 

the s imple  model,  and the explanation of deviations in t e r m s  of some 

gene ra l  f ea tu re  of a nuclear  model i s  the mos t  interest ing and challenging 

a spec t  of the ma t t e r .  

symposium at Stony Brook where  he at tempted to d i scuss  the dependence 

of the dis t r ibut ion of widths upon the nuclear  model.  

11 
This  posit ion was taken by Moldauer  at the recent  

As a m a t t e r  of fact ,  a few y e a r s  ago  we w e r e  able  t o  i l lus -  

t r a t e  th i s  ve ry  thing, v i z . ,  deviations f r o m  the s imple  model in the c a s e  

of complex a tomic  spec t r a .  
12 

H e r e  a l s o  the  deviations could be explained. 

I would l ike to  i l l u s t r a t e  this with the help of F ig .  5, which 
1 2  

s t i l l  i m p r e s s e s  me,  even though i t  is t h r e e  y e a r s  old. 

e lements ,  all the constants  of the motion except total  angular  momentum 

and pa r i ty  a r e  prac t ica l ly  washed out, and the observed  spacing d is t r ibu-  

tion i s  f a i r ly  c lose  to  the resu l t  of the s imple  asymptot ic  theory .  F o r  the 

light e lements ,  which a r e  r a the r  c lose  to  L-S coupling, the observed  r e -  

su l t  can be understood by superposing a n  appropr ia te  s e t  of independent 

F o r  the heavy 

P. A. Moldauer,  Proceedings  of the Stony Brook Symposium ( s e e  
Ref.  2). 

12 
N. Rosenzweig and C .  E.  P o r t e r ,  Phys .  Rev. - 120, 1698 (1960); 

ibid. 123, 853 (1961). - -  
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F i g .  5 .  Empi r i ca l  distributions of nearest-neighbor  spacings fo r  the 
odd-parity levels  oi a tomic spec t r a  in the f i r s t ,  second, and th i rd  
long per iods .  
constructed i o r  the J sequences of 
w e r e  combined. 
butions ( a l so  shown) indicates that  the deg ree  of repuls ion i n c r e a s e s  
s teadi ly  a s  one goes i r o m  the f i r s t  to  the second and,  f inally,  to  the 
th i rd  per iod.  This  var ia t ion can be understood i n  t e r m s  of the c o r -  
responding inc rease  i n  s t rength  of the spin-dependent f o r c e s .  

To obtain thes e f igures ,  s epa ra t e  distributions w e r e  
each  element  and then the  r e su l t s  

Compar ison  with the exponential and Wigner d i s t r i -  
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sequences,  one f o r  each  S-L type. 

stood only if one a s s u m e s  tha t  the total  orbi ta l  and total  spin angular 

momentum a r e  approximate constants of the motion. 

i n  the s ta t is t ical  theory by introducing a p a r a m e t e r  which i s  essent ia l ly  

t h e  ra t io  of the s t rength  of the spin-orbi t  interaction to  the res idua l  e lec-  

t ros ta t ic  interaction. 

t ive explanation over  a n  enormous range of atomic weights. 

The in te rmedia te  c a s e  can b e  under-  

This c a n  be  expressed  

Even this s imple  model then provides  a good qualita- 

I now want to r e tu rn  definitely t o  the s imple  model and 

mention some of the o ther  resu l t s  which have been obtained. 

Using the methods of Mehta, Gaudin, and Dyson, P e t e r  
13 

Kahn 

i n  a s imple sequence. 

es t imate  by P o r t e r  using 3 X 3 ma t r i ces ,  and this  enables  m e  to use a 

graph  (F ig .  6 )  which I happen to have, i n  which the  theoret ical  resu l t  i s  

compared with some data  for  Th 

such a calculation one a l s o  ge ts  the cor re la t ion  coefficient between two 

h a s  calculated the dis t r ibut ion of the  sum of two adjacent spacings 

His resu l t  d i f fe rs  ve ry  l i t t le  f r o m  a pre l iminary  
14 

23 2 
obtained by  Garg  at Columbia.  F r o m  

I I I I I 1 1 I 

13 

14 
P. Kahn, Nucl. Phys .  41, 159 (1963).  

C. E .  P o r t e r ,  Nucl. Phys .  40, 167 (1963) .  

- 
- 

F ig. 6.  His togram r e p r e -  
senting the dis t r ibut ion 
of spacings between next- 
nea res t  neighbors,  d e -  
duced a t  Columbia.  The 
solid curve,  which i s  i n  
good agreement  with the 
data,  represents  the p r e -  
diction of the model ob- 
tained by Kahn (Ref. 13) 
and P o r t e r  (Ref. 14). 
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adjacent  spacings,  which tu rns  out to be -0. 25. 

pa red  with r e su l t s  on Th 

This  can  a l s o  be  c o m -  
2 3 2  

obtained at Columbia (F ig .  7). 

- 

D r .  Seth has  not only 

studied the available da ta  f o r  z e r o -  

spin t a r g e t  nuclei  but a l s o  calculated 

the co r re l a t ion  coefficient f r o m  the 

da t a  f o r  odd t a rge t s  a s  a function of 

the spin.  These  r e su l t s  can, i n  

pr inciple ,  be  compared  with the theo- 

+ . I  

0 

-.I 

c 
- . 2  r e t i ca l  calculations c a r r i e d  out by 

15 
Harvey  Leff, provided you know, o r  

make  assumpt ions  about, the com-  

posit ion of the observed  level  s e -  

quence with r e spec t  to  pa r i ty  and spin.  

-.3 

, I 

THORIUM 

T 

T 
I I I  

1 

- . 4  

E" (ev) sum of two, t h ree ,  four ,  and more  

adjacent  spacings has  been  computed 

by P o r t e r  
F ig .  7 .  A plot of the cor re la t ion  16 

who has  recent ly  contin- co effici ent between adjacent  
spacings a s  the number of 
levels  included i n  the c o m -  

ued with the e a r l y  Monte C a r l o  s tudies .  

It should be  r emarked  h e r e  that  i n  spi te  putation is  increased .  The 
theore t ica l  r e s u l t  of -0. 25 
s e e m s  t o  be approached.  

of the  cons iderable  advances made i n  the 
17 - 

analyt ical  t r ea tmen t  of these  problems,  

t h e r e  a r e  many problems left which can only be  handled on the computer ,  

which m a y  be employed with g rea t  power i n  t hese  problems.  On the o ther  

hand, one s e v e r e  l imitat ion of the computer  should be noted: i t  is, of 

cour se ,  not possible  to  obtain r igorous  asymptot ic  r e su l t s  a s  N - 00.  

15 
H. Leff,  Bull .  A m .  Phys .  SOC.  - 8, 31 (1963);  Ph .D .  Thes is ,  

Universi ty  of Iowa, 1963 (unpublished).  
16 

C .  E. P o r t e r ,  J .  Math. Phys .  - 4,  1039 (1963).  

References  4 and 10, and a par t ia l  review in the Brandeis L e c t u r e s ,  
17 

Ref. 5 .  
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Such analytical  work  a s  we have i s  v e r y  impress ive ,  and 

I would l ike  to i l l u s t r a t e  the kind oi resu l t  which has been obtained by 

descr ibing one calculation by Dyson and Mehta. They addres sed  them-  

se lves  to  the quest ion a l r e a d y  mentioned, viz . ,  whether  t h e r e  is any evi-  

dence  that the s ta t i s t ica l  model i s  not adequate fo r  heavy nuclei. 

a s e r i e s  of success ive  neutron resonance levels  of the same  spin and 

par i ty .  

t o  E. 

f o r  many y e a r s  have used  to  de t e rmine  the leve l  density.  

will  be  ju s t  the slope of the s t ra ight  l ine drawn through the s t a i r case .  ) 

18 

Consider  

L e t  N(E)  be the  number of levels  having energy  l e s s  than o r  equal 

This leads to  the f a m i l i a r  s t a i r c a s e  (Fig.  8) which the expe r imen te r s  

(The  level densi ty  

" B e s t "  straight l i n e  A E  B 

- F i g .  8. A schemat ic  drawing of the 
v z 
w 

s t a i r c a s e  observed  i n  a typical 
neutron resonance  exper iment ,  and 
the s t ra ight  l ine fi t ted to  it acco rd -  
ing  to  the Dyson-Mehta l ea s t -  
squa res  c r i t e r ion .  

- L  0 L - 
E N E R G Y  ,E 

Dyson and Mehta define a s ta t i s t ic  A which m e a s u r e s  the 

total  deviation of the s t a i r c a s e  f r o m  the  bes t  s t ra ight  l ine according to  

the l ea s t  - squa r e  s c r i t e  r ion: 

L 
[N(E) - AE - B] dE  } .  

1 A -  min {- 
A, B 2L -L 

Solution of this minimum problem gives  the exper imenta l ly  observed  

value of A. 

Dyson and Mehta a r e  a l so  able  t o  ca lcu la te  both { A )  and 
2 

(A ) i r o m  the  s ta t i s t ica l  model.  If a carefu l  experiment  contradicts  
I 

18 
F. J. Dyson and M. L. Mehta ( to  be published). a 
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then the theory i s  shown to  be inadequate.  

va r i ance  of the s ta t i s t ic ,  the s h a r p e r  i s  the t e s t .  

s ta t i s t ic ,  s ince  

Evidently, the  s m a l l e r  the 

This  A is a v e r y  good 

I *  169 (independent of n!) , (10)  
2 2 

( A  ) - ( A )  = - 4 
TT 

whereas  , 

1 
2 ( A )  = - [log n - 0.06871 . 

TT 

Table I i s  a compar ison  between theo ry  and  exper iment .  

TABLE I. P r e l i m i n a r y  compar i son  with the Columbia 
da t a  [Dyson and Mehta (Ref.  1811 . 

Nucleus 

Number  of levels  

u238 

5 7  

18 1 

6 8  

23 2 
Th 

154 

A (observed)  I .  278 1.437 3. 123 

A ( theory)  0 .40  3~ 0. 11 0 . 8 7  k 0. 22 0 .50  f 0. I 1  

In interpret ing the r e su l t s ,  I make t h r e e  comment s .  ( I )  

The ana lys i s  i s  ex t r eme ly  sens i t ive  t o  imperfect ions in  the da ta .  The 

absence  of a few levels  o r  mi sas s ignmen t  of a few levels  c a n  change A 

by a f ac to r  of the o r d e r  of 2. 

the imperfec t ion  is in the da t a  o r  the theory.  

f o r  both U 238 and Th232, then the da t a  f o r  Th a r e  poore r  than f o r  U 

(3)  

s e r i e s  of levels .  

S o  a t  the  moment  i t  cannot b e  sa id  whether  

If the theo ry  i s  per fec t  (2)  
238 . 

This  A s ta t i s t ic  is  a m e a s u r e  of the  long-range co r re l a t ion  of the  

c 
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The r e s u l t s  of Dyson and Mehta indicate a r a the r  s t ronger  

cor re la t ion  between the  posit ions of leve ls  than one might have expected. 

This  leads one t o  wonder to what deg ree  a s ta t i s t ica l  predict ive theory  i s  

feasible .  F o r  example,  the  spacing dis t r ibut ion has some,  though not 

much, predict ive value. Given a level a t  X it p red ic t s  the  posit ion of 

the next level  according to the spacing dis t r ibut ion 
1' 

Tr 2 
P ( X  I X  ) dX2 =: 2 11,- X l l  exp [-$r(X - X i )  ] dX2 (12)  1 2  2 

But now consider  the conditional dis t r ibut ion 

a . 0  , X a r e  the posit ions of n success ive  levels  and P 

It s e e m s  obvious tha t  (13) has  
1jX2'  n 

i n  which X 

i s  the dis t r ibut ion of the next level  X 

m o r e  predict ive value than (12) -but  how much be t t e r  it i s ,  I d o  not know. 
n t  i o  

1,6,199 2 0  
V. Distr ibut ion of Widths 

We w i l l  i l l u s t r a t e  how the dis t r ibut ion of widths follows 

f r o m  the m a t r i x  ensemble  (4) by  consider ing t h e  dis t r ibut ion of pa r t i a l  

radiat ion widths. L e t  the (init ial]  compound s t a t e s  be  denoted b y  

0 , + N  and the  f ina l  s t a t e s ,  a f t e r  the emis s ion  of a single 

, + . The pa r t i a l  rad ia t ion  widths will  be 
g a m m a  ray,  by  +& * a n 
of the  f o r m  

19 

2 0  
T. J. Kr i ege r  and C .  E. P o r t e r ,  J. Math. Phys .  4, 1272 (1963). 

N. Rosenzweig, Phys .  L e t t e r s  6 ,  123 (1963). 

- 
- 

-. . . . . 
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Oiie obtains a s ta t i s t ica l  model  when the dis t r ibut ion of the 

spec i f ied .  

01: whit): a d i r e c t  calculat ioa of the dis t r ibut ion of widths c a n  be  

$ i s  

The r andor ,  -ma t r ix  model  fu rn i shes  s u c h  a dis t r ibut ion 

20 
based  without any fur t ; ier  assumpt ion .  L e t  t ;e + 1s be expanded 

i n  the s a m e  b a s i s  i n  w:iic:i t:;e m a t r i c e s  of t:ie res idua l  in te rac t ion  

w e r e  a s s u m e d  to be cons t ruc ted ,  i .  e . ,  l e t  

N - + .  = li) X i j  u., 
1 J j =  1 

w h e r e  u a * u i s  tkis b a s i s .  Tlie coefficie:its X , .  f r o m  an ortI?Logonal 
1 N 1J 

m a t r i x .  In the  random - m a t r i x  model ,  tlie ort:iogonal m a t r i x  

d is t r ibu ted  accord ing  to  tlie invariant  m e a s u r e  01-1 the z r o u p  of orthogo::al 

m a t r i c e s  i n  N d imens ions ,  

mat ; iematical  ent i ty  might  be 

1 1  X . .  1 1  is 
11 

. A phys ic i s t ' s  view of th i s  well 1c:iown 
dVX 

T ? i s  r ep rese l i t s  a uniform dis t r ibu t ion  of PJ ort2.0ZoLial unit vec to r s  on the 

su r face  of the N-dimeas iona l  u.iit s p h e r e .  

r ead i ly  that the margina l  distributio.1 of a s iLigle  compound s t a t e  is given 

F r o m  this  one a l s o  s e e s  

by 

2 
P ( X I , X 2 ,  - 

and this  is all one needs i n  many,  though not a l l ,  appl icat ions.  

r e m a r k  that  dis t r ibut ion ( 1 7 )  is about the s imples t  dis t r ibut ion of a unit 

vec tor  which t h e r e  i s ,  and i s  what one would na tura l ly  postulate  a l s o  with- 

out t:ie m a t r i x  ensemble .  Indeed, P o r t e r  and Thomas ,  obtained the  

neutron-width d is t r ibu t ion  before  the  spacing d is t r ibu t ion  was  d iscus  sed.  ] 

[One might  

Since one is usual ly  in t e re s t ed  o!ily i n  a number  of pa r t i a l  

widt:is which i s  s m a l l  compared  wit:i IY (the number of s ta t i s t ica l ly  equivalent 

compound s t a t e s ) ,  t:ie f 'microcanonica l  ensemble!'  ( 1 7 )  m a y  be  r ep laced  by  

the f lcanonica l  ensemble"  
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2 
n 

i= 1 
P (X1 ,  * , X I  n -c e x p [ - + ~ C x ~  1 ,  n < < ~ .  

At this point the calculat ion i s  a lmos t  finished, because  the  widths a r e  ju s t  

quadra t ic  express ions  i n  the X 

leads  to the dis t r ibut ion of widths i s  especial ly  s imple  if one chooses the 

bas i s  vec to r s  wisely as follows. 

space  of the N compound s t a t e s .  

the relat ion 

The t r ans fo rma t ion  of var iab les  which 
i 

L e t  P denote the project ion onto the 

Le t  the unit vec tor  u be defined through 1 

L e t  the orthogonal unit vec tor  u be defined through the relat ion 
2 

Evidently,  

and so on. 

The widths now a r e  pa r t i cu la r ly  s imple  quadra t ic  expres  - 

sions in  the components of the  random vec to r  $ = X i u i '  * 



A 

s = r  t r  t 0 .  ~ r .  1 2 n 

21 
L. M. Boll inger ,  R .  T.  C a r p e n t e r ,  R .  E. Cot&, and J .  P. Mar ion ,  

Phys .  Rev. 132, 1640 .(1963). - 
22 

D. J. Hughes,  H. Pa levsky ,  H. H. Bolotin, and R .  E. C h r i e n  in  
P roceed ings  of the  Internat ional  Conference  on Nuclear  S t r u c t u r e ,  

IV-1  3 17 

Substi tution of (22) into the Gauss i an  (18) leads  to  a P o r t e r - T h o m a s  d i s -  

t r ibut ion (1) f o r  the pa r t i a l  radiation width. 

m e a s u r e m e n t s  by  Boll inger ,  Ca rpen te r ,  Cot,<, and Mar ion  

tha t  f o r  the most  p a r t  

width i s  compat ible  with the P o r t e r  -Thomas dis t r ibut ion.  However,  the  

m e a s u r e m e n t s  a r e  not yet so p r e c i s e  that deviations f rom the above theory  

a r e  ruled out. 

The  r a t h e r  extensive 
2 1  

indicate 

the dis t r ibut ion of a s ingle  pa r t i a l  radiat ion 

Substi tution of (23) into the Gauss ian  d is t r ibu t ion  (18) l eads  

to  a c o r r e l a t e d  Gauss ian  dis t r ibut ion i n  the two width ampli tudes.  

co r re l a t ion  coefficient p (r 
best  calculated i n  the s p a c e  of X 

The 

r2) between two pa r t i a l  rad ia t ion  widths i s  
1’ 

and X 
1 2 

a n d  h a s  the t r anspa ren t  fo rm 

What m a t t e r s  i s  the ove r l ap  of V+ 

s ta tes .  

s m a l l  number  of o r d e r  1 / N .  How,ever, the c o r r e l a t i o n  coefficient i n  this  

model i s  definitely non-negative.  

and V+, i n  the s p a c e  of the  compound 
1 

Under many c i r c u m s t a n c e s  one would expect this  t o  be a r a t h e r  

Application of the theo ry  to  a sum of pa r t i a l  radiat ion 

widths. 

p a r t i a l  radiat ion widths (F ig .  9), namely 

In some  exper iments ,  what i s  m e a s u r e d  is the s u m  of s e v e r a l  
22 

Kingston, Canada,  1960, edited by D. A. B r o m l e y  and E. W. Vogt (Univer-  
s i t y  of Toronto  P r e s s ,  Toronto,  1960) p. 7 7 1 ;  C .  C o r g e  -- e t  al . ,  J. Phys .  
rad ium 22, 722 (196 1). - 
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+ init ial  s ta te  -T-T-T- 
F i g .  9. A drawing to  

i l l u s t r a t e  that  a com-  
pound s ta te  may  emi t  
a g a m m a  r a y  to one of 

1’ 
s e v e r a l  f i n a l  s t a t e s  + 
+2’ + 3 >  * * - f inal  s t a t e s  

The  d is t r ibu t ion  of this quantity m a y  be de t e rmined  exper imenta l ly  by 

measur ing  the sum S f o r  many ini t ia l  (compound) s t a t e s  so that  one can,  

f o r  example,  e s t ima te  the re la t ive  va r i ance  6 given by 

On the other  hand, on the b a s i s  of the foregoing theory ,  the inequality,  

holds r igorous ly ,  where  n i s  the number of f i n a l  s t a t e s .  

pends en t i r e ly  on the fac t  that  the re la t ive  v a r i a n c e  of e a c h  p a r t i a l  width i s  

2, and that the c o r r e l a t i o n  coefficients a r e  non-negative, a s  impl ied  b y  the 

s t a t i s t i c  a1 model.  

The inequality d e -  

When th i s  inequal i ty  i s  confronted with s o m e  of the e a r l y  
22 238 

m e a s u r e m e n t s  on  U , one ge ts  a f la t  contradict ion between expe r i -  

ment and theory .  F r o m  the  old da t a  one would infer  (assuming the theory 

to  be appl icable)  that  n >, 20, whereas  n is known to  b e  about 5. 

work  by  H. Jackson  indicates  that  the d i sc repancy  is  ce r t a in ty  not a s  l a r g e  

a s  i t  s eemed  to  be  only a s h o r t  t i m e  ago.  

po r t  on the p r e s e n t  s i tuat ion.  

Recent  

D r .  Jackson  will  himself  r e -  
23 

2 3  
H. Jackson,  pape r  IV-4 p resen ted  a t  t h i s  conference.  
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VI.  Limitat ions of the Simple Random-Matr ix  Model 

3 19 

The model has  two obvious l imitat ions,  one of which I 

have a l r eady  alluded to. The model d e s c r i b e s  a s y s t e m  which has  a 

few exact  constants  of the motion, such a s  s p i n  and  par i ty ,  and no other  

quantum numbers  which a r e  even approximate ly  constant .  This  obviously 

r e p r e s e n t s  a n  oversimplif ied view of a r e a l  nucleus. 

t h e o r y  designed to  explain fluctuations over  a l imited range i n  energy .  

Indeed, on a l a rge  sca l e  the dens i ty  of eigenvalues follows Wigner ' s  s e m i -  

c i r c l e ,  which i s ,  of cour se ,  not a rea l i s t ic  representa t ion  of the l aw of 

nuc lear  level  dens i t ies .  

Actually,  the two limitations a r e  not independent of each  

(1) 

( 2 )  The model  i s  a 

other  because  i t  s e e m s  obvious that  the approximate  quantum numbers  

(which a r i s e  f r o m  specif ic  f ea tu res  of nuclear  s t r u c t u r e ,  such ascollective 

o r  independent-particle effects)  will  f requent ly  have effects extending over  

a l a r g e  range  i n  energy.  

K. K. SETH, Nor thwes tern  Universi ty:  - You mentioned that on ly  

when all the  quantum numbers  except  perhaps  the spin and p a r i t y  a r e  

washed out, then alone one expects  dis t r ibut ions like Wignerf  s f o r  level  

spacings and like P o r t e r  and Thomas ' s  f o r  neutron widths .  Now, m o s t  

of the examples  which have been  used so far  to  c o m p a r e  the theor ies  of 

dis t r ibut ion functions have  been  obtained f r o m  heavy nuclei  l ike uran ium,  

thor ium,  and  so on. We know these  nuclei  a r e  r a the r  s t rong ly  deformed.  

Doesn ' t  th is  c a s t  some s o r t  of a s p e r s i o n  on the conclusions d rawn  f r o m  

c o m p a r i s o n  between the theo re t i ca l  d i s t r ibu t ions  and such d a t a ?  

ROSENZWEIG: The expe r imen ta l  evidence indicates  that  ce r t a in  

s t a t i s t i c s  ( l ike the spacing dis t r ibut ion,  which i s  a n  e x t r e m e l y  loca l  thing) 

a r e  apparent ly  not affected by specif ic  f e a t u r e s  of the nuc lear  model.  

However ,  this m a y  wel l  b e  d i f fe ren t  f o r  o ther  s t a t i s t i c s  i n  which the wave 
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r ;  

functions come in (e.  g . ,  f o r  cor re la t ion  coefficients between widths). 

However, I have no detailed insight into the m a t t e r .  

SETH: In other  words,  you think that the spacing distribution 

w i l l  be l e s s  sensi t ive? 

ROSENZWEIG: Yes,  this is  m y  impress ion .  

P. AXEL,  Universi ty  of Illinois: I would like to extend the l a s t  

question. 

t i e s ?  F o r  example,  somebody might suggest a model  fo r  calculating 

ene rgy  levels  near  7 MeV i n  a deformed nucleus. 

postulate  one c l a s s  of levels  assoc ia ted  with excitations along the long 

axis  and another  uncorre la ted  s e t  of levels  assoc ia ted  with excitations 

along the sho r t  axes .  Couldn't you point to the observed  level-spacing 

s ta t i s t ics  as evidence that t he re  a r e  not two se t s  of levels  l ike these?  

Would i t  not be  f a i r  to s a y  that the observed  leve l  spacing te l ls  us  that  

t h e r e  a r e  not two dis t inct  types of levels  assoc ia ted  with the deformation? 

Couldn't you turn  the a rgument  around t o  exclude some possibi l i -  

This model might 

ROSENZWEIG: Yes,  it  i s  f a i r  with the following qualification. 

F r o m  the spacing dis t r ibut ion one could conclude that the motion which 

you mentioned does not cor respond to a n  exact  quantum number ;  o r ,  i f  

it i s  a r a the r  good constant  of the motion, then the two c l a s s e s  of exci ta-  

t ion do not occupy overlapping ene rgy  ranges .  But j u s t  how good it i s ,  it  

i s  not possible  to s a y  f rom this  pa r t i cu la r  s ta t i s t ic .  

i 

G. BEN-DAVID, I s r a e l  AEC Soreq  Resea rch  Es tab l i shment :  In 

the tab le  of Dyson and Mehta, the exper imenta l  s ta t i s t ic  A(obs)  i nc reases  
232 

f r o m  U 238 t o  Ta 18' to  Th quite unlike the expected s ta t is t ic .  

e v e r ,  th i s  observed  s ta t i s t ic  i s  near ly  proport ional  t o  the number of 

levels  used in the calculation. 

the f i r s t  5 7  levels  of each  of the  t h r e e  nuclei to s e e  if the s t a t i s t i c  f i t  i s  

b e t t e r ?  

How- 

Has  this  calculation been c a r r i e d  out f o r  

ROSENZWEIG: This  has  not yet been done, It should be done. 
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A. MICHAUDON, Cen t re  d 'Etudes Nuclea i res  d e  Saclay:  About 

and the d i sc repancy  between 
23 2 

the dis t r ibut ion of leve l  spacings i n  Th 

the Columbia resu l t s  and the theory,  I would l ike to  s a y  that  recent  

measu remen t s  c a r r i e d  out with the  Sac lay  l inac show a level densi ty  

about 30% higher than previous ly  de te rmined  at Columbia and Harwell .  

This  might change the exper imenta l  level-spac ing dis t r ibut ion quite 

c o ns ide rab ly . 
238 

J. JULIEN, Cen t re  d 'Etudes Nuclea i res  de  Saclay: In U .) the 

m e a n  level  spacing i s  20 eV i n  the Columbia resu l t s  and 17 eV i n  the 

Saclay r e su l t s .  

R OS ENZ WEIG: This sounds fascinat ing.  

N. J. PATTENDEN, AERE Harwell :  You mentioned that the A 

calculation by Dyson and Mehta w a s  ve ry  sens i t ive  t o  the number  of levels  

m i s s e d  in the experiment .  

method of cor rec t ing  exper imenta l  da t a  f o r  m i s s e d  levels .  

The re fo re  i t  s e e m s  that  this i s  a sens i t ive  

I s  that r ight?  

ROSENZWEIG: This  would seem t o  be  the c a s e .  I think that ex -  

p e r i m e n t e r s  should u s e  the A s ta t i s t ic ,  which I r e g a r d  a s  an  unusually f ine 

analyt ical  achievement .  

p re l imina ry  c h a r a c t e r ,  A might be used a s  a n  indication of the quali ty of 

t he  data .  

It might be used  a s  follows. If the da ta  have a 

As the da t a  became m o r e  per fec t ,  A will s e r v e  to t e s t  the model. 

. 
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::: t 
IV-2. DISTRIBUTION O F  PARTIAL RADIATION WIDTHS 

"--, I* ,. - f -  - s .--. ___ ~ ---*. " .* 

L. M. Bollinger,  R .  E ,  C o d ,  R .  T.  C a r p e n t e r ,  and J. P. Marion 

Argonne National Labora tory ,  Argonne, Illinois 

The g a m m a - r a y  s p e c t r a  f r o m  the cap tu re  of neutrons i n  
183 77 

resonances  of Hgi9', Pti95, W , and Se have been  studied i n  

measu remen t s  extending over  fou r  y e a r s .  A l e a s t - s q u a r e s  fitting of 

the s p e c t r a  gives  re la t ive values  of pa r t i a l  widths f o r  var ious  s e t s  of 

h igh-energy  radiat ive t rans i t ions .  

t i ca l  s amples  drawn i r o m  populations governed by a x 
v d e g r e e s  of f reedom.  

unbiased va lues  oi v i r o m  the s m a l l  s amples  of exper imenta l  widths.  

The ove r -a l l  r e su l t  of ' the  ana lys i s  i s  v = 1. 34 f 0 . 3 3  k 0 .  21. 

These  widths a r e  t r ea t ed  a s  s ta t i s  - 
2 

dis t r ibut ion with 

A technique oi hypothesis t e s t i n g i s  used to  de r ive  

The p r e -  
1 155 pa r t i a l  radiation widths f o r  r e s o n a n c e s  of Gd viously r epor t ed  

Y b  , Hf , and Hg a re  a l s o  analyzed. The r e su l t  i s  v = 1. 14 k 0.44  

f 0, 21. 

v = 1 expected i r o m  the P o r t e r - T h o m a s  descr ip t ion  of the dis t r ibut ion 

of the widths a s soc ia t ed  with a s ingle  exit  channel .  

of the r e su l t s  will be  given e l sewhere .  

173  177 20 1 

Thus , both s e t s  oi data  a r e  i n  good ag reemen t  with the value 

A full  descr ip t ion  
2 

J. JULIEN, C e n t r e  d f E t u d e s  Nuclea i res  d e  Saclay: I should l ike 

to  know i f  the Argonne group a g r e e s  w i t h  the  Sac lay  r e su l t s  on the spin 

a s s ignmen t s  i n  P t195  f o r  the 154- and 150-eV re sonances .  We published 

o u r  r e su l t s  one yea r  ago  and the Argonne g roup  was  s t i l l  i n  d i sag reemen t  

with our values  a f e w  weeks ago.  

4. -0. 

Work pe r fo rmed  under the auspices  of the U.S. Atomic Ene rgy  
C o m m i s  s ion. 

Read by t i t le  only. 

f Now a t  State Universi ty  oi Iowa, Iowa City,  Iowa 
1 

R e T.  C a r p e n t e r ,  Argonne National Labora to ry  Repoi-t ANL-6589, 
196 2 (unpublished) 

2 
L. M, Boll inger ,  R .  E. Cot;, R .  T.  Ca rpen te r ,  and J. P. Marion,  

Phys .  Rev. 132, 1640 (1963).  - 
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BOLLINGER : The spin of the resonance  i n  P t i 9 5  at 151 eV is 

J = 1; the  spin of the resonance  a t  154 eV is J = 0. The l a t t e r  a s s ign -  

ment was  i n  e r r o r  o n  the p rep r in t  of our pape r  that  a few people r e -  

ce ived . 
JULIEN: What is the spin ass ignment  i n  the 980-eV resonance  

of Se77  fo r  the Argonne group?  

BOLLINGER : In  Se77 we fee l  that t h e r e  a r e  two r e sonances  a t  

roughly 980 eV. 

The resonance  with spin 0 is  the one that has  the  l a r g e r  neutron width, 

bu t  the resonance  with spin 1 appea r s  to be the one that produces the  

l a r g e r  amount  of cap tu re  - or ,  a t  l eas t ,  a n  amount of cap tu re  that  i s  

roughly the s a m e  a s  that of the wider  resonance.  

One has spin 1 and the o ther  resonance  has  spin 0 .  

JULIEN: Our resolut ion i n  Sac lay  is  a t  l ea s t  10 t i m e s  be t t e r  and 

we only s e e  one level.  

level  s o  n e a r  this l a rge  resonance .  

I don't  understand how you can  o b s e r v e  a l i t t le  

CHAIRMAN: I think that we c a n  continue this d i scuss ion  a t  coffee.  

3 23  
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J. A. Moore,  J .  L.'"Friedes, R .  E. Chr ien ,  and H. Pa levsky  

0 
000 TIME 

X 

6 3 ' x  3' No1 
li DELAY 

- 90 PULSE - 

Brookhaven National Labora tory ,  Upton, L . I . ,  New York 

GATE 

We have recent ly  made additions to the fas t  chopper 

facility, operated jointly by B. N .  L. and A .  E. C .  L. ,  at the NRU reac tor ,  

Chalk River,  Canada. A magnetic-tape recording sys t em has been put 

into operation; the sys tem includes both 1 -pa rame te r  ( t ime of flight) and 

2-parameter  (t ime of flight, pulse height) encoders .  Secondly, a NaI 

c r y s t a l  8 in. i n  d i ame te r  X 6 i n .  long has  b e e n  incorporated into the capture  

y - r ay  spec t romete r  which, until now, 

NaI  c rys t a l s  . 
consis ted of a n  a r r a y  of six 3 X 3-in. 

HEIGHT 
CHANNELS 

OPEN 

Fig .  1. Schematic diagram of the apparatus  used f o r  the measu remen t  
of coincidence capture  y - r ay  spec t r a .  

F igu re  1 i s  a schematic  d iagram of the sys t em used fo r  the 

measu remen t  of resonance neutron coincidence capture  y rays .  Coinci-  

?P resen ted  by J. A .  Moore. 
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dences  a r e  fo rmed  between events i n  the 8 X 6 - i n .  NaI  de tec tor  (high- 

ene rgy  p r i m a r y  y r a y s )  and the corresponding low-energy y r a y s  

de tec ted  i n  the six 3 X 3-in. NaI c r y s t a l s ,  opera ted  i n  para l le l .  The 

coincidence output opens the ga te  to  p e r m i t  the encoding of the t ime 

(neutron energy)  and pulse  height ( y - r a y  energy)  of the event detected i n  

the  3 X 3-in. c r y s t a l s .  The ta rge t  w a s  tungsten foil,  2.5 m i l  thick and 

8 X 4-in.  i n  a r e a ,  inclined at 45 

of the  3 X 3-in. NaI c r y s t a l s .  

0 
to both the beam di rec t ion  and the  f aces  

F ig .  2. The 27. 1-eV resonance  of 
W l a  3 s e e n  i n  t ime of flight by the 
NaI capture  y - r ay  de tec to r s .  The  
de tec to r s  used and the energy  of the 
y r ays  accepted fo r  t ime -of-flight 
ana lys i s  label  the th ree  s p e c t r a  
shown. The 3 X  3-in. events w e r e  
i n  coincidence with y rays  of energy  
2 .5  t o  8. 0 MeV detected i n  the 
8 X 6- in .  NaI c rys t a l .  The t h r e e  
cu rves  have not been normalized 
to  the s a m e  ordinate  sca le .  

8" x 6' No1 
Z 3 MeV 

8 " x  6 "  No1 
6.95-7.7 MeV 

zi' 
0 

TIME OF FLIGHT CHANNEL 

Figure  2 shows, f o r  compar ison  purposes ,  t h r e e  

t ime-oi-fl ight spec t r a ,  observed  by the NaI de t ec to r s ,  i n  the vicinity of 
183 t h e  27. 1-eV resonance f o r m e d  by neutron capture  i n  W 

rates a r e  l e s s  than the s ing les  i n  the 8 X 6 - i n .  NaI de tec tor ,  due p r i m a r i l y  

to  the solid angle of the  3 X 3-in. NaI a r r a y  (1570) and to  in te rna l  conver -  

s ion of the low-energy y r a y s .  However, i n  this c a s e ,  the disadvantage 

i s  par t ia l ly  compensated by the improved signal/background rat io  of the  

coincidence events i n  the t ime-of-fl ight spec t rum.  

compar ison  of the th ree  spec t r a  shown i n  F i g .  2. 

. Coincidence 

This  i s  evident f r o m  a 
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" 10- 

F i g u r e s  3 and 4 show coincidence-gated low-energy y - ray  

s p e c t r a ,  measu red  by the 3 X 3-in. a r r a y ,  f r o m  var ious  resonances  and 

isotopes of tungsten. 

pulse-height window of the 6 X 6 - i n .  NaI coincidence input channel was 

s e t  t o  accept  y r ays  between 2.5 and 8 . 0  MeV. Spec t ra  observed  f rom 

neutron capture  i n  W ( F i g ,  3) show the c h a r a c t e r i s t i c  radiation, I I 1  

keV, which r e su l t s  f r o m  the depopulation of the  first excited s t a t e  in W 

by the va r i e ty  of ca scades  which a r e  accepted by the coincidence c i rcu i t .  

Also evident i n  all resonances  and isotopes,  a r e  tungsten K x r ays  (61  keV) 

resul t ing f r o m  in t e rna l  conversion.  With the exception of the 142-keV 

The t a r g e t  was 2.5 mi l  na tura l  tungsten and the 

183 

184 , 

I I I 

20 
10- 

e\ 

- .. 

s p e c t r a  f r o m  resonances  fo rmed  by 
capture  i n  W m 3 .  
window w a s  s e t  a t  2.5 t o  8.0 MeV. 

The 8 X 6-in. 
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400 142 keV 

w 

0 -  

I I 1 I -  
- 

- . 
* *  - - - 

1 1 1 1 I  I 1 I 1 

PULSE HEIGHT CHANNEL 
0 4 12 20 30 40 50 60 

F i g .  4. Coincidence low-energy y-  
r a y  spec t r a  f r o m  resonances i n  
var ious  tungsten isotopes.  The 
8 X 6-in,  window was s e t  at 2.5 
to  8 .0  MeV. 

186 
radiation observed i r o m  cap tu re  i n  t h e  18-eV re sonance  of W 

tion of s i m i l a r  energy  f rom t h e  unresolved resonances  (46 and 48 eV) i n  

W 

tions i n  the corresponding compound nuclei. 

tion i s  not available concerning low-lying levels  i n  t he  compound nucleus 

W187. 

neutron resonances i n  W 

a n d  radia- 

183 , the  observed low-energy y rays  can  be at t r ibuted to  known t r a n s i -  

Detai led and accu ra t e  informa-  

1 
The 142-keV radiation observed  f r o m  capture  in the 46/48-eV 

183 
i s  not explicable i n  t e r m s  of known t rans i t ions  

184 
i n  W . 

1 
Atlas of y R a y  Spectra  f r o m  Radiative Cap tu re  of The rma l  Neutrons,  

h 

edited by L. V .  Groshev  (Pe rgamon  P r e s s ,  London, 1959),  p. 163. 



328 IV-3 

The  y - r a y  s p e c t r a  presented  in  F i g s .  3 and 4 i l lus t ra te  our 

abi l i ty  t o  observe,  co r rec t ly ,  the  known de ta i l s  of y rays  result ing f rom 

t rans i t ions  between low-lying s t a t e s .  We the re fo re  used the coincidence 

technique to  effectively reso lve  p r i m a r y  y - r a y  t rans i t ions  to the ground 

s t a t e  and f i r s t  excited s t a t e  ( i l l  keV) of W , and to  m e a s u r e  the v a r i a -  
184 

1 
t ion i n  the r a t io  /(r t ro) with neutron resonance ,  where  ro and r 

1 1  
a r e  the  p a r t i a l  radiation widths f o r  the p r i m a r y  y - ray  t rans i t ions  to the 

ground s ta te  and first  exci ted s ta te ,  respec t ive ly .  The width i s  p ro -  

portional t o  the number  of 111-keV g a m m a  r a y s  i n  coincidence with events 

i n  the 8 X 6-in.  c r y s t a l  whose pulse-height window (6. 95 to  7 .7  MeV) was  

s e t  t o  accep t  only p r i m a r y  y radiat ion to  the  ground s t a t e  and f i rs t  excited 

s ta te  of W 

resonance-capture  y r a y s  de tec ted  within the 8 X 6- in .  window. 

two quantit ies w e r e  m e a s u r e d  s imultaneously,  using both the 2 -pa rame te r  

tape- record ing  sys t em and the 1024-channel t ime  ana lyzer .  F i g u r e  5 

shows the low-energy s p e c t r a ,  i n  coincidence with y r a y s  (6 .95 t o  7 .7  MeV) 

de tec ted  i n  the 8 X 6- in .  NaI c rys t a l ,  f r o m  neutron cap tu re  i n  W at 7.6, 

27. 1, and 46. 2 eV. All  t h e s e  r e sonances  a r e  known to  have spin J = 1 

and  t h e r e f o r e  they  r e su l t  in  E l  radiat ion to the ground s t a t e  and first  exci ted 

s t a t e .  C lea r ly ,  t h e r e  i s  a l a r g e  var ia t ion  i n  the r e l a t ive  s t r eng th  of t he  111- 

keV radiation, i . e . ,  the p r i m a r y  y r a y s  t o  the i l l - k e V  s t a t e .  F o r  the  27. 1- 

eV c a s e ,  the peak-to-background r a t i o  of the 11 1-keV radiat ion is be t t e r  

than 20:1, and the r a t i o  of K x r a y s  to  11 1-keV counts  i s ,  within exper imenta l  

e r r o r ,  equal t o  the  K-e lec t ron  internal-conversion coefficient,  0.73. Since 

the K x r ays  a r e  produced only by  the 11 1-keV radiation, they a r e  equally 

useful  i n  labeling t rans i t ions  to the 11 1-keV level  i n  W . In the pulse-  

height s p e c t r a  (F ig .  5),  the background was a s s u m e d  to  be  independent of 

pulse-height channel  and was computed by averaging  the counts f r o m  channel  

24 to  56. 

1 

184 . The s u m  (ro + I?,) i s  proport ional  t o  the  number of 

These  

183 

2 

184 

Table  I gives the  r e s u l t s  de r ived  f r o m  the  p re sen t  measu remen t .  

2 
D. J. Hughes,  B.  A. Magurno,  a n d M .  K. B r u s s e l ,  Brookhaven 

National Labora to ry  Repor t  BNL-325, 2nd edition, Supp. 1. 
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183 

7.6 eV 

3 9 4  
A l s o  included a r e  data  of the Argonne fast-chopper  group, which 

w e r e  obtained by ca re fu l  measu remen t  of the s p e c t r a  i n  a single NaI 

de tec tor  and unfolding the complex spec t r a  using a n  experimental ly-  

de t e rmined  l ine shape. T h e r e  is reasonable  agreement ,  within e r r o r ,  

between t h e  two s e t s  of data .  

3 
L. M .  Boll inger ,  R .  E .  Cot;, and T.  J. Kennet, Phys .  Rev. 

L e t t e r s  3, 376 (1959). - 
4 

L. M. Boll inger ,  R .  E.  Cote', R .  T. Ca rpen te r ,  and J. P. 
Marion,  Phys .  Rev. - 1 3 2 ,  1640 (1963). 



TABLE I. Variat ion i n  the r a t io  /(ro t ri) w i t h  1 
neutron resonance ,  normal ized  to  a value of 1 at 27. 1 eV. 
The widths ro and r a r e  pa r t i a l  radiation widths to the 

1 
ground s ta te  and f i r s t  excited s ta te ,  respect ively.  

Resonance 

7.6 eV 27. I eV 46 .2  eV 

Counts i n  8 X 6- in .  window 

(ro + rl) 5360 3300 2580 

Net counts:  11 1-keV t K 
x r a y  

32.4 f 9.5 187.9 f 15. 2 35. 8 f 10 (rl)  
\ 

rl /ro t r l  0 .  11 f 0 . 0 3  1 0 .  24 f 0. 07a 
b 

0. 13 f 0.04  1 0. 26 f 0. 07 

0 .03  f 0 .04  1 0. 29 * 0. 06' 

a 
P r e s e n t  work. 

Argonne r e su l t ,  Ref. 3. 

Argonne resu l t ,  Ref. 4. 

b 

C 

In conclusion, we sugges t  that  the  disadvantage of low coin-  

c idence counting r a t e s  i s  likely, in a number  of c a s e s ,  to  be m o r e  than 

compensa ted  by  the s impl ic i ty  of the low-energy y - r a y  spec t ra .  The coin-  

c idence  technique m a y  the re fo re  prove a n  excel lent  a l te rna t ive  approach  to  

the continuing problem of measu remen t  of pa r t i a l  radiat ion widths - a n  

approach  which has  been  r a t h e r  neglected despi te  i t s  use by  Argonne i n  the 

c a s e  of manganese.  
5 

5 
T. J. Kennet,  L. M. Boll inger ,  and R .  T. Ca rpen te r ,  Phys .  Rev. 

L e t t e r s  1, 76 (1958). - 
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L. M. BOLLINGER , Argonne National Labora tory :  Without 

meaning to  be c r i t i c a l  of the exper iment  repor ted  by Moore,  le t  m e  s a y  

that  the r eason  the coincidence technique h a s  not been widely used i s  that 

coincidence m e a s u r e m e n t s  a r e  often not compet i t ive w i t h  m e a s u r e m e n t s  

of single g a m m a  rays .  F o r  example,  with our  p re sen t  equipment we 

could obtain a r e su l t  of the  s a m e  a c c u r a c y  a s  that  r epor t ed  by  Moore 

in about an  hour ,  I would think. O n  the o ther  hand, I would guess  that  

t h e  r epor t ed  coincidence measu remen t  took days or months.  

MOORE: I a g r e e  tha t  counting r a t e s  a r e  low; our  p re sen t  running 

t i m e  was 100 hr .  But the point that  s t r i k e s  m e  i s  t ha t  i t  i s  a v e r y  sens i -  

t i v e  exper iment  and at l ea s t  one can s e e  the var ia t ion  i n  the re la t ive  

s t rength .  

I a g r e e  that if  you make  v e r y  ca re fu l  m e a s u r e m e n t s ,  a s  

you have done a t  Argonne, you would expect t o  a r r i v e  a t  the  s a m e  re su l t .  

But  i t  s e e m s  that t h e r e  i s  a possibi l i ty  that  i n  many  c a s e s  one could a c -  

cep t  the lower  counting r a t e  and be ab le  to  look and make a sens ib le  

m e a s u r e m e n t  of the s t rength  of t hese  t rans i t ions  to  maybe one o r  m o r e  

of the low-lying s t a t e s  i n  the compound nucleus - t rans i t ions  which would 

o the rwise  be difficult t o  reso lve .  

P. AXEL, Universi ty  of Il l inois:  I have a quest ion about what you 

do experimental ly .  

during the  hundred hours  of running you mentioned? 

had a n  adequate  recording s y s t e m ,  you could r e c o r d  all coincidences i n -  

volving any  two g a m m a  rays .  

How many  dimensions of da t a  were  you record ing  

In pr inciple ,  if you 

MOORE: Ism s o r r y .  Maybe I did not make  tha t  c l e a r .  F i g u r e  5 

showed the var ia t ion  i n  the s t r eng ths  of the 1 11-keV radiation. 

events  w e r e  m e a s u r e d  by gating the 8 X 6-in.  c r y s t a l  t o  accept  p r i m a r y  

radiat ions to  the ground s t a t e  o r  the f i r s t  exci ted s ta te .  

Those 

AXEL: I think tha t  you have explained c l e a r l y  what you did.  I 

wonder why you cannot r e c o r d  s imultaneously coincidences involving 

other  ene r gie s . 
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u MOORE: I n  pr inciple  one can  observe,  simultaneously,  t ransi t ions 

to many final s t a t e s  by observing the corresponding low-energy spec t r a .  

This  we hope to do. 
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H. E. Jackson  

Argonne National Labora tory ,  Argonne, I l l inois 

As  you can s e e  f r o m  the preceding ta lks ,  the s tudy of 

the dis t r ibut ion of pa r t i a l  radiation widths h a s  been a big problem i n  

s low-neutron spec t roscopy now for  four  y e a r s .  

radiat ion widths f o r  t rans i t ions  f r o m  neutron resonances  of a given spin 

and pa r i ty  to  a definite f ina l  s ta te .  

nuclei ,  t he re  i s  gene ra l  a g r e e m e n t  among the var ious  l abora to r i e s ;  - the 

dis t r ibut ion which governs the s ta t i s t ics  of the pa r t i a l  radiat ion widths 

i s  dominated by l a r g e  fluctuations about the mean  value.  

I r e f e r  t o  the pa r t i a l  

T o  s u m m a r i z e  the  si tuation f o r  mos t  

Now, if  the obse rved  dis t r ibut ion i s  c h a r a c t e r i z e d  by  a 

number  of d e g r e e s  of f r eedom,  v ,  of a x  dis t r ibut ion,  a s  proposed  i n  

t he  theore t ica l  t r e a t m e n t  by P o r t e r  and Thomas ,  

to  be somewhere  between 1 and 2. 

ence  i s  m o r e  o r  l e s s  a s suming  o r  talking i n  t e r m s  of a P o r t e r - T h o m a s  

di s t r i but i 0 n . ) 

2 

v i s  gene ra l ly  accepted 

(I  noticed that everyone  a t  the confer -  

238 
However ,  one s t r iking anomaly  has  r ema ined  i n  U . I n  

t e r m s  of i t s  reduced width, the 4. 06-MeV t rans i t ion  obse rved  in the 

t h e r m a l  capture  of U 

w a s  na tura l  to  a t tempt  t o  s tudy the d is t r ibu t ion  of the pa r t i a l  widths fo r  

t h i s  t rans i t ion  f o r  a la rge  number  of resonances .  

238 
i s  one of the s t ronges t  E l  t rans i t ions  known. It 

That  was done s e v e r a l  y e a r s  ago by two l abora to r i e s ,  
1 2 

Brookhaven and Saclay. T h e i r  r e s u l t s  indicated that  the fluctuations 

of the pa r t i a l  widths about the m e a n  value w e r e  only 11%. 

s t rong  con t r a s t  to the r e su l t s  f o r  all nuclei studied. 

1 and 2 f o r  all other  nuclei,they 

This  i s  i n  v e r y  

Whereas  v i s  between 
1 239 find the  value of roughly 90 f o r  U . 

1 
D.  J .  Hughes,  H. Pa levsky ,  H. Bolotin, and R e  Chr ien ,  Proceedings  

of the Internat ional  Conference on Nuclear  S t ruc tu re  (Univers i ty  of Toronto 
P r e s s ,  Toronto,  Canada, 1960), p.  661. 

2 
C .  Gorge ,  Vinh-Dinh Huynh, J. Jul ien,  J. Morgens tern ,  and F. Net te r ,  

J. phys. radium 22, 722 (1961) .  - 
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- 

Fig. 1. Schematic  d i ag ram of exper imenta l  a r rangement .  

3 
N. F. Fieb iger ,  Bull. Am. Phys .  S O C .  7, 140 (1962) .  - 

Q 
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t i m e  of flight, w a s  r eco rded  and analyzed by  means  of the Argonne t h r e e -  

va r i ab le  magnet ic- tape recording sys tem.  

resonance  a t  6 .7  e y  all of the resonances  w e r e  recorded  in a s ingle  run  

unde r  the same  conditions of pulse-height g a i n  and t ime-of-fl ight Cali- 

brat ion.  

taneously ana lyze  the resonance  spec t r a  using only a s ingle  s e t  of l ine 

posi t ions and a single response  function. 

sys t ema t i c  e r r o r  in  re la t ive  intensi t ies  of t r ans i t i ons  f rom resonance  to  

With the exception of t h e  

This  f ea tu re  i s  impor tan t  inasmuch a s  i t  p e r m i t s  us  t o  s imul -  

Thus it tends to  minimize  the 

r e  s onanc e. 

We de termined  the response  function of the c r y s t a l  a t  two 

ene rg ie s  which span the ene rgy  range of i n t e r e s t  i n  the uran ium.  

was accomplished by a coincidence measu remen t  of the the rma l -cap tu re  

spec t rum of Si28, which i s  dominated by a two-s tep  cascade  through the 

4. 93-MeV s ta te  d i r ec t ly  to  the ground s t a t e .  

3. 55 -MeV photons and 4. 49-MeV photons were  r e s t r i c t e d  by r e s t r i c t ing  

pulse  heights in a n  ident ical  c r y s t a l  to the photopeak corresponding to  the 

accompanying m e m b e r  of the cascade .  

shown in F ig .  2. 

This  

The line shapes  f o r  the 

The resu l t ing  l ine shapes  a r e  

One important  effect (not r ea l ly  a difficulty, but a m a t t e r  

t ha t  has  to  be studied carefu l ly)  i s  the contribution of summing  to  the 

observed  s ingles  s p e c t r a .  By summing I mean  the observa t ion  of individual 

c a s c a d e s  in which two or  m o r e  photons a r e  observed  i n  the c r y s t a l  a s  a 

s ingle  pulse ,  and the re fo re  mis takenly  cons ide red  a s  a s ingle  g a m m a  ray.  

This  w a s  observed  i n  two auxi l ia ry  exper iments .  

we looked a t  the 6.7-eV re sonance  with a de tec to r  solid angle which w a s  

2570 of the so l id  angle  used  in the f i n a l  measu remen t ,  and could find no 

observable  difference f r o m  the spec t rum f o r  the l a r g e r  sol id  angle.  

m o r e  d i r e c t  exper iment ,  we pe r fo rmed  the sum-coincidence measu remen t  

in which w e  added the pulse heights observed  in  two identical  c r y s t a l s ,  and 

the reby  obtained a d i r e c t  m e a s u r e  of the sum spec t rum f o r  e a c h  resonance ,  

and a g a i n  o u r  r e su l t s  indicated that  the contribution f r o m  summing w a s  

negligible. 

In the f i r s t  exper iment  

In a 
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Fig .  2. Response  functions of the NaI(T1) c r y s t a l  f o r  photons with energ ies  
of 3.55 MeV and 4 .93  MeV. 
y - r ay  cascade  shown a t  the lower left .  

The data  were  obtained b y  s tudies  of the 

F i g u r e  3 shows a compilat ion of our  spec t r a  fo r  twelve 

resonances  with the  background subtracted.  

p r e s e n t s  the region of i n t e r e s t  in previous exper iments .  

ca t e  the posit ions of f o u r  l ines  of the level s cheme  which was proposed by  

F ieb ige r  of Brookhaven. 

The shaded area h e r e  r e -  

The a r r o w s  indi- 

To  ge t  the intensi t ies  of the'se Lines, a l ea s t - squa res  

ana lys i s  was pe r fo rmed  using the positions of the four l ines shown in  the f i g -  

u r e  

hood of the ground s ta te .  

by a l inear  extrapolation of the  line shapes shown i n  F ig .  2. 

in tensi t ies  were  normalized by requir ing the number of counts i n  the low- 

energy  regions below 3 MeV to b e  equal in  all c a s e s .  

and, i n  addition, two l ines  represent ing t rans i t ions  t o  the neighbor- 

The l i n e  shape  f o r  each t rans i t ion  w a s  genera ted  

The resonance  

The intensi t ies  we 
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Fig .  3.  Single-photon-capture spec t r a  f o r  neutron resonances  i n  U239. 
The shaded a r e a  indicates the region oi  i n t e r e s t  i n  previous expe r i -  
ments .  The a r r o w s  denote the energ ies  of p r i m a r y  t ransi t ions ob- 
s e rved  i n  thermal -capture  s tud ies .  
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obtained f o r  the fou r  t rans i t ions  i n  the neighborhood of. 4 MeV were  then 

added, and the dis t r ibut ion of. th i s  s u m  was  used i n  a Monte C a r l o  ca lcu la-  

tion i n  which these r e su l t s  w e r e  compared  with the r e su l t s  f rom mathe-  

mat ica l  s amples  i n  o r d e r  to  obtain a mos t  probable  value of v . 
of this  Monte C a r l o  calculation a r e  shown i n  F ig .  4.  

The r e su l t s  

F i g .  4 .  S u m m a r y  of the r e su l t s  of a 
Monte C a r l o  calculat ion of the 
most  probable  number of deg rees  
of. f r eedom.  

Plot ted h e r e  i s  the probabili ty that  the mathemat ica l  

which i s  l a r g e r  than the v sample  would give a v 

This  probabili ty is plotted against  v o  f o r  the var ious  mathemat ica l  

samples .  

th i s  conference,  and was  used h e r e  i n  o r d e r  t o  produce a resu l t  that  could 

be d i rec t ly  compared  with the o ther  d a t a .  

obtained f r o m  this t r ea tmen t  is 5 .  8 !c 2. 3 .  

t h e r e  was another  re la t ionship given f o r  determining the number of l ines  

p re sen t ,  a s  you r e m e m b e r ,  i n  t e rms '  of the va r i ance  of the observed  

widths;  and if you use that re la t ionship you find i n  that  c a s e  that v > 6 .  

f o r  the sample .  
m eas  ob s 

This  procedure  i s  the one tha t  was used  i n  the pape r  IV-2 of 

The m o s t  probable value f o r  v 

In  the ta lk  b y  D r .  Rosenzweig,  

Iu 

This r e su l t ,  i n  con t r a s t  t o  t he  e a r l i e r  exper iment ,  is c o n -  

s i s ten t  with what we know about the  nuclear s t ruc tu re  of uranium and 

about the dis t r ibut ion of the width for  other  nuclei;  namely,  ou r  r e su l t s  

a r e  consis tent  with 4 p r i m a r y  transit ions of uncorre la ted  widths dis t r ibuted 

according to a P o r t e r  - Thomas dis t r ibut ion.  

:; :;: :;: 

I. BERGQVIST, Phys ics  Division, Oak Ridge National Labora to ry  

(on leave  i r o m  R e s e a r c h  Insti tute of National Defense,  Stockholm): I have 



IV-4 339 

s e e n  the r e su l t s  of F i eb ige r  e t  a l .  on g a m m a  r a y s  f r o m  the rma l -neu t ron  

cap tu re  a s  wel l  a s  the ( d , p )  work of Middleton. 

spin and par i ty  ass ignments  of low-lying levels  i n  U 

-- 
It  i s  quite evident that the 

239 a r e  inconclusive.  

Now we know about the f luctuat ions of in tens i t ies  of t r ans i t i ons  f r o m  var ious  

captur ing  s t a t e s  to  the band of levels  a t  a n  excitation ene rgy  of about 700 

keV. I wonder  i f  it i s  possible  to take  advantage of this  fac t  and look f o r  

low-energy g a m m a  r a y s  i n  coincidence with t h e  g roup  of 4-MeV g a m m a  

r a y s .  

gamma r a y s  having energ ies  of about 4 MeV, one should be  ab le  to s tudy  

the low-lying levels  i n  g r e a t e r  detai l .  

Due to the fluctuation f r o m  resonance  to  r e sonance  of the va r ious  

JACKSON: Well, I think, i t  is a n  exper iment  wor th  thinking about.  

T h e r e  a r e  difficult ies.  

at i t  with too much effor t .  

background radiation f r o m  the na tu ra l  u ran ium t a r g e t  i t se l f .  We w e r e  

forced  to  put lead i n  f ront  of our  counters  to  get  this background down. 

Natural ly ,  the low-energy r e sponse  of the c r y s t a l s  w a s  i m p a i r e d .  

eve r ,  th i s  approach  to studying nuclear leve l  s t r u c t u r e  i s  potentially 

v e r y  powerful.  

m e n t  on U238 should be  possible .  

We t r i e d  i t  v e r y  e a r l y  i n  the g a m e  but did not go 

The ma in  difficulty a t  the t ime  w a s  low-energy  

How - 

With sufficiently high resonance-neut ron  flux, the e x p e r i -  

R .  E .  CHRIEN, Brookhaven National Labora to ry :  The  number  v = 90 

w a s  r epor t ed  b y  the Brookhaven g roup  a t  the  Kingston Conference  i n  1960, 

The ana lys i s  was i n  e r r o r  because  of two f ac to r s  p r i m a r i l y .  

was  that  a b iased  sample  w a s  used .  

omi t ted  because  the t r ans i t i on  s t r eng th  w a s  s m a l l .  

t ha t  t h e r e  was background radiat ion which w e  did not unders tand .  

not c o r r e c t  f o r  i t .  

make a cor rec t ion  f o r  t hese  two f a c t o r s  and got v = 11. Now, we hope to  

f u r t h e r  invest igate  this problem by means  of t he  coincidence technique that  

John Moore  d e s c r i b e d  to  you because  we f ee l  this should shed cons iderable  

l ight on the problem.  

One e r r o r  

I n  o ther  words ,  a r e sonance  was 

The  second point i s  

W e  did 

We have made  the  ana lys i s  with the  same da ta  t rying to  
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JACKSON: Could you quote a n  e r r o r  on your value oi v = 11. 

CHRIEN: I think i t  w a s  4: v = 11 f 4. 

N.  R OSENZ WEIG, Argonne National Lab0 ra tory :  Because of the 

g r e a t  theoret ical  i n t e re s t  which a t taches  t o  any  possible  deviations f r o m  

the s imple  model. 

ments .  

Cote', Ca rpen te r ,  and Marion, that  v s e e m s  to be between 1 and 2. Do 

you mean it i s  somet imes  1 and somet imes  2 o r  do you mean  i t  i s  1 with 

a n  e r r o r  that could make  it 2? 

I would like to a s k  you t o  amplify one of your s ta te -  

I p r e s u m e  you a r e  r e fe r r ing  mainly to  the work of Bollinger,  

JACKSON: The r e s u l t  comes  f r o m  taking all of the da t a  for  a 

broad  group of nuclei  and t rea t ing  them by the Monte C a r l o  method I have 

outlined h e r e .  The answer  that you get  f r o m  this calculat ion is  1. 34, I 

bel ieve.  It i s  quoted i n  the  p r o g r a m .  The e r r o r s  a r e  l a r g e  enough so  

that I think the only honest s t a t emen t  you can  make i s  that  the data  imply 

t h a t  v is somewhere  between 1 and 2. In a sense  this  whole t r ea tmen t  is 

prejudiced because a specif ic  group of dis t r ibut ions a r e  being used to get 

a number to  desc r ibe  the exper imenta l  da ta .  I n  a s e n s e  it is much be t t e r  

to  use  the var iance  f igure  you proposed in your t a lk  because it does  not 

imply  any at tempt  to i n t e r p r e t  o r  to  make  a p res t a t emen t  about what the 

dis t r ibut ion i s .  

ROSENZWEIG: According to  the s imples t  model,  which I reviewed 

i n  m y  talk,  a single partial radiation width is d is t r ibu ted  according to the 

P o r t e r - T h o m a s  dis t r ibut ion,  which is a l s o  a m e m b e r  of the  x 
namely, the m e m b e r  with one d e g r e e  oi f r eedom ( v  = 1). If nature  depa r t s  

f r o m  the  s imple  theory, then the c o r r e c t  dis t r ibut ion need not be desc r ib -  

able by another  m e m b e r  of t h e  x 
sentation in  t e r m s  of X functions m a y  s t i l l  be  possible ,  espec ia l ly  if you 

admi t  v a s  a continuous p a r a m e t e r .  Needless  to say,  even i f  v a s s u m e s  

a f rac t iona l  value ( such  as 1. 3) i n  such a n  ana lys i s ,  t h e r e  is  s t i l l  exact ly  

one f i n a l  s t a t e  involved in the g a m m a - r a y  t rans i t ion .  

in  this  s e n s e  that v was employed a s  a p a r a m e t e r  by  Boll inger ,  C a r p e n t e r ,  

Cote', and Marion.  

2 
fami ly ,  

2 
family,  although a n  approximate  r e p r e -  

2 

I bel ieve tha t  it was - 
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I would like to  make a r e m a r k  about the  sum of pa r t i a l  - 
radiat ion widthsobserved in U239, m e a s u r e d  by D r .  Jackson .  Of all 

nuclei  known to man,  this  is  one of the most  complex,  and if the s imples t  

(asymptot ic )  model should be  useful anywhere,  then i t  should be fo r  t h i s  

nuclide.  Yet, the d i sag reemen t  between exper iment  and theo ry  s e e m e d  

so  enormous  that  one could not s i m p l y d i s m i s s  it, and I t he re fo re  e n t e r -  

t a ined  the d iscrepancy  in a recent  study. 

i f  a n  a l te ra t ion  of the s imple  model is  not n e c e s s a r y  in this c a s e .  

e 

However,  we should be pleased 

Al l  the s a m e ,  deviations f rom the s imple  model a r e  to be  

Thei r  d i scovery  and c lass i f ica t ion  appea r  expected on genera l  g rounds .  

t o  me  to be one of the mos t  interest ing a spec t s  of the f ie ld ,  and I sha l l  

b e  looking fo rward  t o  hear ing about a l l  s o r t s  of deviations in  the fu ture .  

J. A. MOORE, Brookhaven National Labora tory :  This  i s  just  a 

point of information.  In view of what D r .  Bollinger s a id  e a r l i e r ,  how 

long did i t  take to run the da ta?  Is it hours ,  days ,  o r  weeks?  

JACKSON: Two and one-half weeks.  
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IV-5. RESONANCE REACTIONS AND THE NUCLEAR SHELL MODEL'" 
L, ___.I_LCI-- "-----e--- -- ---- ___ .- - 

R .  H .  L e m m e r  

Massachuse t t s  Inst i tute  of Technology 

As most  of you perhaps  know, the advent  of the unified 

developed has  resu l ted  in 
1 

t heo ry  of nuclear  react ions which Feshbach  

a n  inc reased  in t e re s t  in  t rying to understand what s o r t  of things go on 

when a nucleon hi ts  a nucleus.  

perhaps m o r e  detai led look a t  the s o r t  of exci ta t ions that  can occur ,  and 

even go so  far a s  t o  t r y  to ca l cu la t e  the  c r o s s  sec t ions  tha t  one might ex-  

pect  t o  get.  

By that I mean t rying t o  t ake  a c l o s e r  and 

F o r  example,  within the f r amework  of t h i s  theory,  Block 
2 

a n d  Feshbach  

the s u c c e s s  of this  v e r y  s imple  calculation makes  one fee l  that  r e a l l y  there  

i s  some point i n  t rying to wr i t e  down in m o r e  de t a i l  what goes  on when a 

nucleon and nucleus ge t  toge ther  to f o r m  a compound s y s t e m .  

have a l r e a d y  d i scus  sed  the neutron s t r eng th  functionjand 

Now mos t  of the work  thus far that has  used th i s  new approach  

h a s  r e a l l y  ju s t  been concerned  with pointing out gene ra l  f ea tu re s  that  such  

a theory  might have in  i t .  I have a l r e a d y  r e f e r r e d  t o  the strength-function 

work  of Block and  Feshbach ,  f o r  example.  Now, I wil l  d i s c u s s  these  

g e n e r a l  f e a t u r e s ,  but I w i l l  a l s o  want to d i scuss  with you the  conten ts  of 

a m o r e  detai led (perhaps  you might f ee l  unjustifiably de ta i led)  ca1,culation 

of the c r o s s  sect ion f o r  a specif ic  nuc lear  reac t ion  that  we 

c a r r i e d  out.  

of all a p ic ture  of the  unified theory  of nuc lear  reac t ions  " in  ac t ion ,Y '  so  t o  

speak,  and secondly t o  b e  ab le  to  w r i t e  down s o m e  numbers  that a r e  spec i f ic  

to  a specif ic  nuclear  reac t ion .  

3 
recent ly  have 

The purpose  of th i s  l a t t e r  i l lus t ra t ion  wil l  be  t o  give you f i r s t  

:: 

1 
Invited paper  

H. Feshbach ,  Ann. P h y s .  (N.Y.)  5, 357 (1958); Ann. P h y s .  (N.Y.)  - 
- 19, 287 (1962).  

2 

3 
B.  Block and H. Feshbach ,  Ann. P h y s .  (N.Y.)  23, 47 (1963). 

R .  H .  L e m m e r  and C. M. Shakin, Ann. Phys .  (New York)  ( to  b e  published).. 
- 
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Now, l e t  m e  do things i n  t he i r  p rope r  o r d e r .  F i r s t ,  I 

will  wr i t e  down some formulae  ju s t  to have something to  point to and 

then go on t o  d i scuss  the i r  contents .  

Hamil tonian and !I! the  wave function. 

s tudy the sca t te r ing  s t a t e s  of 

L e t  us ca l l  H t;ie ( A t  1)-par t ic le  

Our f o r m a l  problem then is to  

where  E i s  the total energy .  

how b e s t  to r tsolve" th i s  innocent looking equation. 

solve i t  a s  i t  s tands we would have all  the information we a r e  looking f o r .  

Now of c o u r s e  we a l l  know it i s  not a s  innocent a s  all that and a comple te  

solution would invoke a l l  the complexi t ies  of the many-body problem!  But 

we  cannot do this and s o  must  lean (and quite heavily a t  that!) on s o m e  

form of a model  calculat ion.  

What follows now will be a d iscuss ion  of 

In fac t ,  i f  we could 

However ,  before being too specif ic ,  l e t  me a t  l e a s t  s a y  

something about the s t r u c t u r e  of the T - m a t r i x  that  we a r e  going to  use .  

To  keep  things s imple ,  l e t  us  keep the ene rgy  E s o  low tha t  only e l a s t i c  

encounters  a r e  poss ib le .  Then we can  u s e  Feshbach ' s  b reakup  of the 

wave function a into open and c losed  channels  and wr i t e  

w h e r e  P and Q are project ion o p e r a t o r s .  They  divide up  into two 

orthogonal p ieces  such  that 

p\k - ( incoming wave t T outgoing wave) 9 (A)  

Q 9  - 0 
g.  s .  

as the sepa ra t ion  between nucleon and t a rge t  nucleus goes  to infinity. 

H e r e  9 
propor t iona l  t o  the  T m a t r i x  f o r  e las t ic  s ca t t e r ing .  

( A )  i s  the ground s t a t e  of the t a r g e t  nucleus A and T is  
g .  s.  

Thus if  we a r e  jus t  doing e l a s t i c  s ca t t e r ing  (and f r o m  now 

on that ' s  all we will be doing) a knowledge of P\k is all  w e  need to have a 

comple te  knowledge of the sca t te r ing  p rope r t i e s  of our s y s t e m .  Of 
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c o u r s e ,  to  ge t  P9 we have to go back  to  Eq.  (1)  which couples  P'k and Q\k 

to  each o ther  s o  we r ea l ly  have to  know Q'k a s  wel l  a s  a n  in te rmedia te  

s tep.  Writing Eq.  (1)  out a s  

(E - H  ) P9 = HPQ W, 
PP = PHQ, e tc .  

QQ 
HPQ (E - H  ) Q\k = Hap WE, 

1 
and ' t solvingt t  them a la Feshbach ,  one ge ts  the expres s ion  

with 

W QQ = H  Q P  (E(+; ).pQ 
'HPP 

f o r  the T m a t r i x .  The $,,'*) a r e  sca t t e r ing  solutions of 

with outgoing and incoming boundary conditions a t  infinity. 

Now, le t  m e  d i s c u s s  each  of the t e r m s  i n  Eq.  (4).  The 

i s  supposed t o  r e p r e s e n t  the t rans i t ion  m a t r i x  coming f r o m  t e r m  

j u s t  that  p a r t  of H when the t a r g e t  i s  a lways in  i t s  ground s t a t e ,  that  i s  

to  say ,  it is the sca t te r ing  m a t r i x  re la ted  to E q .  ( 6 ) .  In o the r  words  

T") is jus t  that  p a r t  of the t rans i t ion  m a t r i x  w h e r e  the nucleon comes  

in  and goes out without eve r  invoking the addi t ional  d e g r e e s  of f r eedom 

of the t a r g e t  which i t  can  exc i te .  

should b e  a s lowly varying function of energy,  a p a r t  f r o m  poss ib le  poten- 

t i a l  r e sonances .  

So this piece by  i t s  v e r y  definit ion 

In con t r a s t  to T"'), the second p iece  in  the t r ans i t i on  

m a t r i x  r e l a t e s  t o  the t r ans i t i on  ampli tude that  comes  about when the nucleus 

is actual ly  exci ted.  

the pro jec t ion  ope ra to r  Q i n  the second t e r m  project ing always onto an  

One s e e s  th i s  f o r m a l l y  by noting the  o c c u r r e n c e  of 
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excited s ta te  of the t a rge t .  

that  the actual  resonances a r i s e  that a r e  due t o  resonance  s t a t e s  of ( A t  11. 

It i s  i n  th i s  second piece of the T m a t r i x  

F ina l ly  we note that the  inverse  ope ra to r  (E (+ 1 - Hpp)- '  

occu r r ing  in the definition of W i s  just  t heGreen ' s  function r e p r e -  
QQ 

senting the propagation of the nucleon through the t a rge t  nucleus without 

excit ing the la t te r .  

Well, I think we have enough f o r m u l a s  now to be ab le  to  

t a lk  a l i t t le  m o r e  about the physics  involved. 

part of the T m a t r i x  f i r s t .  

L e t  us look at the resonant  

C l e a r l y  the poles  of tkiis t e r m  in Eq. (4) will  

be connected with the resonances  i n  the c r o s s  sect ion.  These  poles a r e  

). We might cal l  
QQ+ w~~ of c o u r s e  the eigenvalues of the opera tor  (H 

them E 

energy  because  of the  p re sence  of W 

and note that they  a r e  both complex and functions of the incident 
t 

QQ' 
Let  us take the case  where  W i s  sma l l .  This  w i l l  be S O  

whenever  the pa r t i c l e  for  one reason  o r  ano the r  finds it ha rd  to pene t ra te  

the  nucleus.  
t 

QQ 

Then the eigenvalues E will be  v e r y  c lose  to the ( r e a l )  

where  
QQ' 

eigenvalues E of H 
S 

The above expres s ion  f o r m s  a v e r y  convenient definition of what one might 

mean  by a "compound state" i n  scat ter ing.  Notice that the s t a t e  CP has  a s  

yet no width fo r  par t ic le  emis s ion  because  H has  no way of t r a n s f e r r i n g  
QQ 

its excitation energy  to a n  outgoing par t ic le ,  leaving the  t a r g e t  i n  i t s  

S 

ground  s ta te .  The ope ra to r  W must  b e  p r e s e n t  f o r  this to  happen. We 
QQ 

can  get  the width 

W and looking 
QQ 

of @ 

a t  the imag ina ry  par t .  

in f i r s t  o r d e r  by jus t  taking the diagonal e lement  of 
S 

Then we j u s t  get  Feshbach ' s  r e -  

su l t ,  viz.  
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To understand the  usefulness  of th i s  s imple  formula ,  s o m e  

The 
PQ 

f u r t h e r  r e m a r k s  a r e  n e c e s s a r y  about the nature of H 

f i r s t  point I want to  make i s  that s ince  we sa id  H 

pa r t  of the sca t te r ing  ampli tude which v a r i e s  slowly with ene r g p  i t  becomes 

a lmos t  i r r e s i s t i b l e  to identify H 

Hamiltonian which only contains potential  resonances  tha t  would vary  

and H 
PP 
i s  connected with that PP 

with the o rd ina ry  she l l -model  
PP 

Now if  that i s  the case ,  
QQ' 

slowly over  the much s h a r p e r  resonances  i n  H 

i. e . ,  if Hpp i s  identified with the shell-model Hamiltonian, then it i s  quite 

na tura l  to identify H 

that takes  you f r o m  the ground s ta te  t o  the exci ted s ta tes  of the t a r g e t )  with 

what we c a l l  the residual  in te rac t ion  i n  shel l -model  language because it i s  

only this  p a r t  of the shel l -model  interact ion which allows one to change the 

s t a t e  of the t a rge t  nucleus.  Thus H QP - - VQp 

i n t e r a c t i o n s , ~ ~  that out of Ch 
par t ic le  1-holett component i f  we cons ider  sca t te r ing  f rom a n  even ta rge t  

nucleus,  i. e . ,  a 1-par t ic le  no-hole s ta te .  Thus the 2-par t ic le  1-hole 

s t a t e  plays the ro le  of a ttdoorway. t 1  

Blockf s  word f o r  t h i s  s t a t e .  ) 

in to  the compound s t a t e  f rom the continuum- o r  vice v e r s a .  The in-  

vest igat ion of the neutron s t rength  function, f o r  example,  thus reduces  to  

the v e r y  specif ic  problem of es t imat ing the amount of 2-par t ic le  

ampli tude i n  

this  may be done is shown by Feshbach  and Block i n  the i r  paper  and I 

won't d i scuss  this  point f u r t h e r .  

r e su l t s  they get a r e  ve ry  in te res t ing  and significant for  f u r t h e r  develop- 

m e n t s  of this  approach 

(which i n  the above formula t ion  i s  the interact ion 
QP 

( r e s )  which i s  a sum of two-body 

the width fo rmula  above picks up only the t12- 
S 

(Here  we a r e  using Feshbach  and 

Through it ,  a l l  exci ta t ions m u s t  p a s s  to go 

S 

1-hole 
( r e s )  (t-) 
QP $ 0  How and the m a t r i x  e lements  ( (9 ( " ) (2p - lh )  V 

S 

L e t  me leave i t  with the r e m a r k  that the 

Now let me take  up the second topic I mentioned a t  the 

beginning of this  talk,  i. e . ,  the s t r u c t u r e  of the  sca t t e r ing  calculat ion 

f o r  a specific nuclear react ion.  

nucleons by Ni5, leading to  compound s t a t e s  of Ni6 o r  0 

whether the incident pa r t i c l e  is a neutron o r  a proton. 

We cons ide r  the sca t te r ing  of low-energy 
16 

depending on 
15 

We d e s c r i b e  N 
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by the she l l  model ;  then i t s  ground s ta te  cons is t s  of a s ingle  p l / 2 - h o l e  

s t a t e  i n  the A-16 c o r e .  

a par t ic le -hole  s t a t e  with the par t ic le  in  the  continuum. The pa r t i c l e -  

hole interact ion can then demote  the p hole to a p hole and d r o p  

the  incident nucleon into a n  unoccupied shel l -model  orb i t  at the s a m e  

t ime.  -hole s t a t e  will be  

the tlcompoundtt s ta tes  for  N or  0 in this calculation. Le t ' s  d i scuss  

the  nonresonant and resonant  t e r m s  of the T m a t r i x  with this background. 

Now T(" m u s t  d e s c r i b e  a nucleon sca t te r ing  off of N 

ground s ta te .  

sca t te r ing ,  adjust ing the well s o  that i t  does  give a d 

resonance  at  about 2 .6  MeV incident-nucleon energy .  

i n  o r d e r  t o  c o r r e c t l y  reproduce  the  exper imenta l  phase shifts at th i s  

energy .  

The incident channel i n  th i s  c a s e  is then s imply  

1/ 2 3 1  2 

Such par t ic le -hole  excitations built on t h e  p 
31 2 16 16 

15 
always in i t s  

We choose a Woods-Saxon well to desc r ibe  th i s  p a r t  of the 

s ing le-par t ic le  

This is  n e c e s s a r y  
3 1  2 

Incidentally, the sca t t e r ing  wave functions we ge t  i n  this  manner  

a r e  a l s o  r equ i r ed  i n  o r d e r  to cons t ruc t  the Green ' s  function (E (+ 1 - Hppl- '  

T o  evaluate  the resonant  p a r t  of the T ma t r ix ,  we which appea r s  in W 

use  the e igens t a t e s  of H defined i n  Eq. ( 7 ) .  As  we pointed out a few 

moment s  ago, these  will  be excitations of the 1-par t ic le  1-hole s t a t e  s o  

QQ' 

QQ 

w e  wr i t e  

- 1  
1 1 2  

in t h e  expansion. F o r  taking c a r e  to leave out the ground s t a t e  p 

s impl ic i ty  we take 

means  all ou r  H s t a t e s  w i l l  b e  bound. This  i s ,  of c o u r s e ,  a n  approx-  

imat ion  - but all we a r e  saying is that if we s t i c k  to the c a s e  of e las t ic  

s ca t t e r ing  we a r e  only in te res ted  in the bound s t a t e s  of H 

expansion of a 
these .  Note that the calculat ion of the E and as is now jus t  the usua l  

she l l -model  problem with the p 

Iph)  to  be a p-h excitation in a n  osc i l la tor  w e l l ,  which 

- QQ 

and that  a n  

in osc i l la tor  orb i ta l s  will  give a good representa t ion  f o r  
QQ 

S 

S 
- 1  
11.2 

stat  e removed.  
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Now we use  the  @ a s  a b a s i s  in  which t o  expand 
S 

- 1  
[E -HQQ - WQQl so  that  

Th i s  p re sen t s  us with a per fec t ly  def ini te  fo rmula  f o r  T f r o m  which we c a n  

obtain the c r o s s  sect ion without fur ther  ado. However,  i t  is useful to  have 

some inkling where  the resonances  a r e  going to l ie .  We decide this a s  b e -  

. However ,  per turbat ion f o r e  by  looking f o r  the eigenvalues of H 
QQ'  W~~ 

theo ry  is not i n  o r d e r  now s ince  W will  be l a r g e  whenever  i t  involves the 
QQ 

s t a t e  near  resonance ,  so  we mus t  diagonal ize  
3 1  2 

d 

instead.  This  w i l l  give us  the eigenvalues  E r e f e r r e d  t o  before .  Since 

E 

of the t ranscendent  a1 equation 

t 
= E (E),  the r e sonances  in the c r o s s  sec t ion  a r e  expected near the roots 

t t  

[E - real p a r t  Et(E)]  = 0. (10)  

Plot t ing this  e x p r e s s i o n  a s  a function of E yields a s e t  of " t r a j ec to r i e s "  

which in t e r sec t  the energy  ax is  a t  the r e sonance  ene rg ie s .  

F i g u r e  1 shows in  (a) the incident pa r t i c l e  on the  hole in i t s  

ground s ta te .  Then in (b )  the pa r t i c l e  has  been  dropped in  by the res idua l  

in te rac t ion  and the hole has  been  demoted  ( o r  promoted,however you want 

s t a t e .  The broken  curve  shows that we approx-  to look a t  it!) to  the p 

ima te  the s i tuat ion (b)  by using a ha rmon ic -osc i l l a to r  well .  

in i t ia l  s t a t e  i s  repea ted  in (c ) .  

- 1  
3 1  2 

Then the 

F i g u r e  2 is an example of the t r a j e c t o r i e s  mentioned 

ea r l i e r .  I m e r e l y  show this  to  indicate  what a s ingle-par t ic le  potential  

resonance  i n  H 

pa r t i c l e  resonance ,  you find t r a j e c t o r i e s  which run  smoothly with energy ,  

c a n  d o  f o r  you. So long as you a r e  off t he  s ing le-  PP 
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Fig .  I. Schematic  picture  of the calculation. ( a )  Nucleon (sol id  c i r c l e )  
incident on target  nucleus in i t s  ground s ta te  which i s  represented  a s  
a single hole s ta te  (open c i r c l e ) .  Dashed horizontal  l ines  s h o w  un- 
fi l led bound levels  and the c r o s s  hatching indicates the p re sence  of 
a potent ia l -scat ter ing resonance.  
The hole has been excited and a par t ic le  appea r s  in  a previously un- 
occupied level.  
one of the t a rge t  nucleons.  
osci l la tor  potential  we use to gene ra t e  the e igens ta tes  of QHQ. 
A nucleon  leaves, with t h e  ta rge t  again i n  i t s  ground s ta te .  (dl Dia-  
g r a m a t i c  representa t ion  of the d i r e c t  and exchange m a t r i x  e lements  
that  would desc r ibe  the sca t te r ing  p r o c e s s  i n  lowest o rde r  pe r tu rba -  
tion theory .  We, in  effect, sum o v e r  a l l  such d i ag rams  s ince  our  
calculation i s  nonperturbative.  

(b)  Situation i n  the c losed  channel.  

This  par t ic le  can e i the r  b e  the incident nucleon o r  
The broken c u r v e  shows the ha rmon ic -  

( c )  

and a n  in te rsec t ion  with the energy  ax i s  gives  the position of a resonance .  

But the r a t h e r  wild swing i n  t r a j ec to ry  No.  

potential  resonance  a t  about 2 .6  MeV. 

g e t  the in te rsec t ions  of the t r a j ec to r i e s  lying in  the vicinity of the s ingle-  

par t ic le  resonance,you can  expect to  get something r a t h e r  s t range .  

3 /  2 
I i s  brought about by the d 

This shows that if you happen to  

F igu re  3 shows the total  c r o s s  section fo r  J = I- ,  T = I 

s t a t e s .  The sol id  cu rve  i s  the calculated c r o s s  sect ion showing four  
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- 1  I 

0 1  2 3 4 5 6 7 8 9 IO 
E (MeV) 

F i g ,  2. T ra j ec to r i e s  for  J = 1 . 

F i g .  3 .  C r o s s  section f o r  the J = l -  
channel a s  a function of the 
neutron energy  E ( c .  m.  1. 
dashed line shows the potential  
sca t te r ing  alone. The r e s o -  
nances at 6 . 5 4  MeV (r = 800 
keV) and 9. 28 MeV (I? = 580 keV) 
cor respond to  the two "giant 
dipole s ta tes"  that a r e  s t rongly 
excited i n  photoreactions involv- 
ing 0 % .  

The 

E ( M e v l  
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16 resonant  s t a t e s .  

but you do not s e e  the lowest one because  i t  i s  not open to par t ic le  decay .  

The  o ther  four  a r e  open. 

upper  m e m b e r s  a t  9 . 0 4  and 11. 78 MeV excitation in N 

"giant" dipole s ta tes  of photonuclear f ame .  

Of cour se  t h e r e  a r e  five dipole s ta tes  in 0 (not four )  

Le t  m e  jus t  introduce you to the two well known 

; they a r e  the two 
16 

You will notice that they a r e  wide o r  "giant," a l s o  a s  far 

a s  par t ic le  decay i s  concerned,  a s  well as  for  g a m m a - r a y  decay .  The 

r e a s o n  for  the "giantr '  c h a r a c t e r  in them l i e s  m o r e  in the s t ruc tu re  of the 

nuc lear  wave function than in the interact ion that happens to be causing 

the decay .  

with the s t a t e  a t  4. 35 MeV which has  i ts  origin mainly i n  the s ingle-  

pa r t i c l e  d potential resonance .  

I n  this c a s e  of par t ic le  decay,  they i n  fac t  compete  favorably 

3 1 2  
The broken c u r v e  gives  the e las t ic  potential  sca t te r ing  

Notice that the 
PP' f r o m  the Wood-Saxon well that we have used in H 

par t ic le  interact ion has  shifted the s ingle-par t ic le  d resonance and 
3 /  2 

has  a l so  narrowed i t  down; i t  has  been mixed into the o ther  dipole s t a t e s .  

F ina l ly  one notices the wide var ie ty  of widths one ge ts .  

There  is  a f ac to r  of near ly  a hundred between the na r rowes t  and widest  

dipole s t a t e  on this f igure .  Yet a l l  the  resonances  shown have the s a m e  

bas ic  par t ic le-hole  s t r u c t u r e .  

F i g u r e  4 s h o w s  wha t  c a n  happen when o n e  of the t r a j ec to r i e s  

actual ly  c r o s s e s  the horizontal  ax i s  m o r e  than once. 

r ep resen t s  the potential  sca t te r ing  a s  before .  

sol id  cu rve  by the interact ion and a l l  sign of the potential  resonance  has  

d i sappea red .  

The broken  cu rve  

This i s  changed into the  

In i t s  place appear  s e v e r a l  s h a r p  r e sonances .  

Another in te res t ing  fact ,  which is  i l lus t ra ted  i n  F ig .  5, i s  

tha t  the posit ions of the resonances  that we have gotten a r e  v e r y  close to 

what a n  o rd ina ry  shel l -model  calculation would have predic ted  them to  be.  

L e t  us look a t  t he  J= 1- s t a t e s  a s  they a r e  m o s t  f a m i l i a r .  

column ( c )  a r e  the r e su l t s  of our  calculation, i .  e . ,  they a r e  the resonant  

ene rg ie s  we have found by looking a t  the sca t te r ing  problem.  

The levels  i n  
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-3L 

J = I -  T = I  

5 -  

4 -  

3 -  

2 -  

I -  

Fig .  4. Same as i n  F ig .  3 
except that the  par t ic le -  
hole excitation energies  
have been se t  equal to  
the  neutron separat ion 
energy  i n  N 1.q This 
places  them a t  the ze ro  
of energy in this  f igure .  

0 I 2 3 0 I 2 3 4  
E (MeV) E (MeV) 

The next column (d) compares  these  resu l t s  with those  you 

get f rom doing the conventional shel l -model  calculation using the s a m e  

interact ions.  It is  v e r y  interest ing to observe  that the positions of the 

resonances ,  a s  calculated f r o m  a scat ter ing theory and as calculated 

using an osci l la tor  well f o r  a l l  s ta tes ,agree  quite wel l . .  This i s  r a the r  

nice evidence to have, namely, a shel l -model  calculation does indeed p r o -  

duce  energy levels  which a r e  not going to be shifted around too much by 

the advent of a continuum. Of cour se ,  what does change i s  the fact  that 

when you have a s ta te  that can  decay,i t  a l so  has  a width and the width 

In o ther  calculation i s  sensi t ive to what potential well you use  in H 

words,  the main difference a s  f a r  a s  spectroscopy i s  concerned i s  that  

if you do  a sca t te r ing  calculation, you have a sys tem which is much more  

sensi t ive ( a s  far a s  the widths go) to  the ave rage  potential that  you pick 

than i s  the case  of a bound-state calculation. 

PP' 

We have not t r i ed  a ser ious  compar ison  with experiment  

This  i s  par t ly  due  to lack of sufficient data  i n  t he  p rope r  fo rm and yet. 

a l so  because we have as  yet ignored inelast ic  sca t te r ing  which e n t e r s  into 
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' 

0- - 25.56 o-- 25.66 0-- 25.57 
25.06 31-24.96 3'-25'08 25.03 24.74 I -- 3- - 

I-- 24.58 I - 

I -- 22.25 I--  22.00 
I--221.56 

- I -- 20.03 I -- 19.98 I -- 20.04 
2'- 19.68 '-- 19.81 2'- 19.83 

19.45 19.45 4-- 19.36 4-- 
19.10 

4-- 

18.61 
- 18.91 '-- 

18.56 3-- 2--18.74 21- 
18.46 3-- 18.38 - B 

I-, 2- - 
2 -- 17.76 2,- 17.65 
I -- 17.31 I 17.60 

O-,l-E 12.32 

+ n 

20.74 

I -- 13.67 I' 13.35 
0 -- 13.43 3-1313.26 
3 -- 13.11 0'- 13.08 
2 -- 12.60 2- 12.96 

2; 3'- 11.45 

F i g .  5 .  Energy-level  d iagram:  ( c )  calculated resonance energ ies ,  (d)  
energy  levels  obtained b y  a s tandard shel l -model  calculation. 

the p ic ture  past  about 6 MeV incident energy.  

r e g a r d  is tha t  the s ize  of the c r o s s  section and the magnitudes of the 

widths one ge t s  a r e  a l r eady  of the c o r r e c t  o r d e r  of magnitude. 

one can  have some confidence i n  such an  approach.  I ts  sp i r i t , as  we  have 

seen, is  v e r y  c lose  to  that i n  the shel l  model and is not rea l ly  a g r e a t  deal 

h a r d e r  to  do.  Finally,  the calculated resonance  energ ies  and widths that 

one obtains using a par t ic le-hole  descr ip t ion  f o r  N i 6  a r e  shown in  Table  I. 

All I want to  say  i n  this  

So I feel  
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TABLE I. Calculated resonant energ ies  and widths for  
the compound nucleus N l S .  

-~ 

J T I ,  T = 1  Neutron energy  (c.  m .  ) r Excitation energy  
(MeV) (keV) in Nl6  (MeV) 

- 
0 

i -  

2- 

3- 

- 
4 

1 0 . 2  

i .  85 

4. 5 2  

6 . 5 4  

9. 28 

2. 30 

3. 45 

4.35 

7. 90 

3. 10 

9.50 

3. 90 

130 

-300 

9 

800 

580 

-800 

28 0 

80 

130 

66 

21 

0.6 

12.7 

4. 35 

7.02 

9. 04 

i l .  78 

4.80 

5.95 

6.85 

10.40 

5 .60  

12.00 

6.40 

F. COESTER, Argonne National Labora tory :  I have a question 

In the Wigner-Eisenbud about the definition of the two ope ra to r s  P and Q. 

theory  one has  a su r face  separa t ing  a n  in t e rna l  region and  a n  ex terna l  

region. 

outside the nucleus. 

the project ions P and Q. 

It does  not m a t t e r  too much where  one places  it as  long as i t  is 

Now h e r e  t h e r e  is no such su r face .  Instead we have 

In  the she l l  model  that  you d iscussed ,  the 
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project ion ope ra to r s  P and Q a r e  wel l  defined. 

t h e r e  is  a question: A r e  t h e r e  gene ra l  p r inc ip les  which give a unique 

def ini t ion f o r  P and Q o r  is  t he i r  definit ion a r b i t r a r y  within s o m e  bounds? 

But in the gene ra l  t heo ry  

LEMMER : I think that  you have answered  your own question. 

Your l a s t  s ta tement  i s  t rue .  The division into P and Q i s  a r b i t r a r y ,  and 

i n  c e r t a i n  ins tances  you m a y  want t o  include i n  P not only the e las t ic  

scat ter ing but maybe a l s o  the inelastic sca t te r ing  to  a f e w  collective levels ,  

and ca l l  Q whatever  i s  left  over .  

The point i s ,  that  one  has  to be guided by the type of cal-  

culat ion he wants to  c a r r y  out. In the she l l  model ,  of c o u r s e ,  t h e r e  is 

no difficulty i n  defining P, a s  the example that  I have j u s t  d i scussed  shows. 

This  i s  a problem,  however,  i n  the gene ra l  t heo ry  because  the fo rmulae  

tha t  I wrote  down defined both P and Q jus t  asymptot ical ly .  That  means  

that  i s  all that  you have sa id  about them;  and a s  far  a s  our  exper ience  has  

indicated,  that  i s  perhaps  a l l  that  you have to  say.  

under investigation, and it m a y  be poss ib le  t o  become m o r e  sophis t icated 

about it. 

This  point i s  s t i l l  

However ,  I do want to make  a comment  about the nonoccur- 

r e n c e  of a rad ius  which plays such a cen t r a l  ro le  i n  the Wigner-Eisenbud 

formulat ion.  F i r s t  of a l l ,  a s  Feshbach  has  shown, one c a n  produce the  

Wigner-Eisenbud r e su l t s  by choosing a n  appropr ia te  project ion ope ra to r  

P which in  effect introduces such a radius .  Using a radius  in a prac t ica l  

calculation, however,  has  the unpleasant  r e s u l t  that  your  widths and your  

sca t te r ing  c r o s s  sect ions s t a r t  to  depend explicit ly on the radius  you used  

a t  which to  cut off. 

boundary conditions a r e  sca t t e r ing  boundary conditions a t  infinity. 

m a y  s a y  that the occur rence  of a resonance  i n  this  way of wri t ing down the  

sca t t e r ing  problem m e r e l y  comes  out as  a by-product of the sca t te r ing  c a l -  

cu la t ion  i tself  and i s  not presupposed  i n  any way by sett ing up a matching 

boundary. 

This  does not happen i n  the p re sen t  c a s e  a t  all. The  

So we 
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D. S. GEMMELL, Argonne National Labora to ry :  I would l ike  to  
15 

point out that the e l a s t i c  s ca t t e r ing  of protons on N 

g roup  of us  a t  Harwell  about  a y e a r  ago. 

c r o s s  sec t ion  f rom about 2 MeV to 10 MeV, i n  20-keV s teps  I bel ieve i t  

w a s ,  at fou r  o r  f ive  angles .  At t he  time,we did not make  a n  ana lys i s  of 

the data  because  it w a s  so  complex,  containing a v a s t  amount  of fine 

s t r u c t u r e .  

e s  ting t o  re -examine  thes e da ta .  

was  m e a s u r e d  by a 

W e  m e a s u r e d  the different ia l  

I think i n  the l ight of what you have j u s t  sa id  i t  would be i n t e r -  

T. FUKETA, Rensselaer  Polytechnic  Inst i tute:  I would l ike t o  a s k  

you about the s t rength  function. 

and the neutron ene rgy  as a b s c i s s a ,  you have a giant resonance  i n  s e v e r a l  

MeV ene rgy  r ange  f r o m  a s ingle-par t ic le  p ic ture .  F o r  example,  i f  you 

m a k e  a th ree -quas i -pa r t i c l e -mode l  calculation, the giant resonance  i n  the 

s t rength  function w i l l  sp l i t ,  and you m a y  have on the o rde r  of a few hundred 

keV f o r  the widths of the sp l i t  peaks .  

modes ,  the peak might spl i t  into m o r e  peaks.  Final ly ,  in  the ac tua l  nucleus 

would you expect  o r  imagine that the fluctuation i n  s t r eng th  function could 

occur  i n  a v e r y  nar row energy  range  ( for  example,  within a few hundred 

e lec t ron  vo l t s ) ?  The r e a s o n  why I a s k  you is this :  according to  m y  s imple  

s t a t i s t i ca l  check on published da ta  f o r  9 nuclei ,  the da t a  of 6 nuclei out of 9 

showed a fluctuation of a local  s t r eng th  function out of a n  e r r o r  based  on the 

P o r t e r - T h o m a s  d is t r ibu t ion  of r o  i n  a v e r y  nar row ene rgy  region. 
n 

Taking the  s t rength  function a s  ordinate  

With m o r e  complicated exci ta t ion 

LEMMER : It  is  t r u e  that  within the f r amework  presented  h e r e ,  

such  a possibi l i ty  ce r t a in ty  ex i s t s .  

t ing up of the s t r eng th  function w i l l ,  of cour se ,  be the types and number  of 

m o r e  complicated exci ta t ions that  g roup together  i n  such a c a s e .  

ce r t a in ty  a n  in te res t ing  possibi l i ty .  

What w i l l  de t e rmine  the eventual sp l i t -  

I t  is 

H. JAHN, Kernforschungszent rum,  Kar l s ruhe :  Could you p lease  

wr i te  out again the expres s ion  f o r  P? 

LEMMER : Okay. What I sa id  was that  P* s imply  cons i s t ed  of the 

incident nucleon on the t a r g e t  i n  t h e  ground s ta te ,  plus  obviously s o m e  



ground s ta te  of the ta rge t .  

COESTER: I have one other  question. You d i scussed  h e r e  on this  

model  specif ical ly  only e las t ic  scat ter ing.  

cons ide red ,  o r  a r e  planning to cons ider ,  a l s o  react ions o r  inelast ic  p r o -  

c e s s e s .  

t ha t  wave-function renormalizat ion problems will a r i s e .  

doing about those?  

LEMMER:  

I wondered whether  you have 

P a r t i c u l a r l y  if you calculate branching ra t ios ,  it s e e m s  to  me 

What a r e  you 

The answer  i s  yes ,  we a r e  looking a t  inelast ic  s c a t t e r -  

ing. 

succeeded in  solving p rope r ly  yet. What one can  do, however,  and this  

we have done, i s  to use  the schemat ic  model  of G. E. Brown, where  you 

a s s u m e  fo r  the par t ic le-hoie  interact ion a separable  mat r ix .  

this ,  you can  solve the problem in closed f o r m ,  and you can identify the 

branching ra t ios .  N o  difficulties s e e m  t o  a r i s e  a s  far a s  wave-function 

normalizat ion i s  concerned.  

In this c a s e  you end up with in tegra l  equations which we have not 

If you do 
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The dependence of the s -wave  neutron s t r eng th  function 
I 

on opt ical-model  p a r a m e t e r s  is given by 

where u ( r )  is  r times the optical-model radial wave  function for s-wave 

neutrons in  the limit of z e r o  incident energy  E ,  normal ized  to  unit 

par t ic le  densi ty ,  and  W ( r )  is the imag ina ry  p a r t  of the opt ical  potential .  

Since neut ron  absorp t ion  is re la t ive ly  weak, Iu( r )  [ 
chiefly by the depth and s i z e  of the r e a l  p a r t  of the opt ical  potential  V ( r ) ,  

which f ixes  the  posi t ions of the s i z e  resonances .  

s t rength-funct ion curve  i s  de te rmined  chiefly by the magnitude and. 

spa t ia l  dis t r ibut ion of W ( r ) .  

2 
is  de te rmined  

Thus the shape of the 

If W is d is t r ibu ted  uniformly ove r  the nuc lear  i n t e r i o r ,  
2 

the  s t rength  function depends main ly  on the a v e r a g e  magnitude of Iu I 
inside the nucleus.  

sur face .  

t o  tha t  outs ide which, i n  t u r n ,  is  proport ional  t o  the incident  neutron 

wavelength, and hence the s t rength  function i s  large.  (That  i t  i s  f in i te  even 

At  resonance ,u( r )  has a n  antinode at the nuc lear  

In that c a s e  the ampli tude of u inside the nucleus i s  comparable  

J. ‘8. 

Work pe r fo rmed  under  the ausp ices  of the U. S .  Atomic Energy  
Commiss ion .  

{Read by t i t le  only. 
1 

C .  E. P o r t e r ,  Phys .  Rev. - 100,  935 (1955).  
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at z e r o  energy  i s  due to  the l imiting effect  of W v & i p r o d u c e s  a 

peak height proport ional  t o  W ,) . If, on the other  hand, u ( r )  has 
-1  2 

a node at the su r face ,  then the in t e r io r  ampli tude of u is  small 

compared  to  that  outside the nucleus roughly in  proport ion to  the 

r a t i o  of i n t e r io r  to  incident neutron wavelengths. The re fo re  the 

ampli tude of u inside the nucleus is  of the o r d e r  of the in t e r io r  

neutron wavelength and the s t rength  function i s  s m a l l  and is ,  i n  

f a c t ,  proport ional  to  W / V .  This  f ami l i a r  dependence of the 

s t r eng th  function on the magnitude of the volume absorp t ive  

potent ia l  i s  shown in  the top panel of F i g .  1. 

small va lues  of W requi red  to  f i t  the strength-function data a r e ,  

however , i n  conflict with the opt ical-model  ana lys i s  of sca t te r ing  

expe r imen t s  in  the keV and MeV regions .  

The ex t r eme ly  

It has  the re fo re  been n e c e s s a r y  to  cons ider  o ther  

spa t i a l  dis t r ibut ions of W -in pa r t i cu la r  , su r face  absorp t ion .  In 

tha t  c a s e  the s t rength  function depends on u not only through its 

in t e r io r  ampli tude but,  m o r e  important ly ,  through i t s  phase at the 

r ad ius  where  W ( r )  i s  concentrated.  Again a n  antinode at the su r face  

produces a strength-function maximum,  but now because  of the coin- 

c idences of the r ad ia l  peaks in  W ( r )  and l u ( r ) l  S imi l a r ly ,  a node 

at the sur face  again produces  a strength-function minimum.  More-  
ove r ,  by making the dis t r ibut ion of W ( r )  sufficiently n a r r o w ,  the 

s t rength-funct ion minimum can  be made a l m o s t  a r b i t a r i l y  small even 

for  a l a r g e  peak value. of W.  

of F i g .  1. 

t h i s  fami ly  of cu rves  d e c r e a s e s  much m o r e  rapidly than does the width 

of the absorp t ive  l aye r .  

decreas ing  width even i f  W is  i n c r e a s e d  so  as  to main ta in  W X b 

constant ,  i n  which c a s e  the s t rength-funct ion max imum is maintained 

approximate ly  constant  . 

2 

This  i s  i l lus t ra ted  in  the center  panel  

It should be noted that  the strength-function m i n i m u m  in  

The re fo re  the min imum wi l l  d e c r e a s e  with 

2 
F o r  a complete d iscuss ion  see  P. A.  Moldauer ,  Nucl. P h y s .  4 7 ,  - 

65 (1963) .  

359 
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FRINGE ABSORPTION 

I t  is  a l s o  c l ea r  that  s,,ifting the position of the absorp t ive  

peak with r e s p e c t  to  the sur face  wil l  sh i f t  the strength-function pat tern;  

and in pa r t i cu la r ,  i f  the absorpt ive peak is  shifted outside the su r face ,  

the strength-function minimum is shifted while the maximum is vir tual ly  
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3 
unaffected.  Th i s  phenomenon, which has  been called fr inge absorption, 

is i l lus t ra ted  in the bottom panel of F ig .  1 .  @ 
The l a r g e  exper imenta l  uncer ta in t ies  and pronounced 

s c a t t e r  of present ly  available s -wave neutron strength-function data 

preclude anything approaching a unique opt ical-model  f i t .  Moreove r ,  

to  a r r i v e  at a meaningful mu l t ipa rame te r  model  it is n e c e s s a r y  to  f i t  

a l a r g e r  c l a s s  of data .  F o r  these  r easons  a n  opt ical  mode l  has  been 

obtained which gives  a good account not only of s t rength  functions and 

potential  sca t te r ing  r ad i i  but a l s o  of neutron e las t ic -sca t te r ing  c r o s s  

sect ions at ene rg ie s  below 1 MeV. 

indicated in F i g s .  2 and 3. 

The ag reemen t  with the  data  i s  

The model  i s  specified by 

40 I I I I I I I I I I I  

Fig .  2. Neutron s t rength  functions 
and potent ia l -scat ter ing rad i i  f o r  

sphe r i ca l  nuclei according to the O4 30 40 50 60 70 BO 90 100 110 120 130 140 

optical  model  specified i n  the 
text.  

8 

6 
h 

E 
y. 
v 

4 
E 

A 

L +h 
SETH e t  a l .  

o B I L P U C H  e t  a l .  

3 
P. A .  Moldauer ,  Phys .  R e v .  L e t t e r s  9 ,  1 7  ( 1 9 6 2 ) .  - 
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Fig .  3. Neutron total  c r o s s  sections 
and Legendre  coefficients of the 
e las  t i c  - sca t te r ing  angular  d i s  t r i  - 
bution, assuming no inelast ic  s c a t -  
t e r ing  according to  the optical 
model  i n  the text  and f o r  0 . 4  MeV 
neutrons.  

w 
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A 

where  V = 46 MeV, W = 14 MeV, R = 1. 16 A i l 3  t 0 . 6  f m ,  a = 0 .62  f m ,  

b = 0 . 5  fm,  c = 0 . 5  fm.  

theore t ica l  predictions 

nucleon-scattering da ta  at higher  ene rg ie s .  

This  model  is  i n  quali tative ag reemen t  with 

and with the resu l t s  of optical-model f i t s  of 
4 

5 

4 
G. L.  Shaw, Ann. P h y s .  (New York) - 8, 509 (1959);  L. C .  C o m e s ,  

Phys. Rev.  116, 1226 (1959). 

C .  B .  Duke, and M. A. Melkanoff, Phys .  Rev.  - 125, 975 (1962). 

- 
5 

F.  P e r e y  and B .  Buck, Nucl. Phys .  - 32, 353 (1952);  J .  S.  Nodvick, 



IV -7  

i 

--.-*- -*._.PILL- , - - * _  

f: 

IV-7. SPIN O F  SOME LOW-ENERGY NEUTRON RESONANCES -- 
B Y  RESONANCE SCATTERING':' --- ...---_ - I e- 

F. Poor tmans  and H. Ceulemans  

SCK - C E N ,  Mol,  Belgium 

A method w a s  developed to  m e a s u r e  the r a t io  r /r of 
n 

low-energy neutron resonances  by means  of a c r y s t a l  spec t romete r  and 

a sca t te r ing  chamber .  

have been  published previously.  ' 

The method and some  re su l t s  obtained with it 
1 2  

We have fu r the r  applied this method 
15 7 

and Gd 
149 147 

to some resonances  i n S m  , Sm , 

The resu l t s  a r e  s u m m a r i z e d  in Table I. F r o m  the  

m e a s u r e d  value of I' /r and the published values  of g r  n n 
the s ta t i s t ica l  fac tor  g (and consequently the spin value)  i s  deduced. 

( o r  r o )  and IT, 

193 I r  

363 

Si( 11 I )  was used  a s  monochromator  fo r  two reasons  : (1)  

to  avoid sca t te r ing  of the second-order  neutrons by the 5. 36-eV resonance  

i n  I r  

u sed  w e r e  r a t h e r  thick.  The m e a s u r e d  t r a n s m i s s i o n  at the  resonance  

energy was  T = 0.326. 

taken f r o m  a paper of Landon et al. 

19 1 and ( 2 )  s ince high resolution was not requi red  because  the s a m p l e s  

The p a r a m e t e r s  ro and I? of this  resonance  were  
3 

-- 

149 Sm 

Our  evaluation of the spin of the f i r s t  resonance  at 0.096 
1 

eV has  a l r e a d y  been communicated.  The r e su l t  ( J =  3) being i n  d i sag reemen t  

.L -8- 

O r a l  r e p o r t  p resented  by P a u l  Fe t tweis .  

H. Ceulemans  and F. Poor tmans ,  Bull. Am. Phys .  S O C .  - 8, 70 (1963). 

H. Ceulemans ,  M. N\eve de Mgvergnies ,  and F. Poor tmans ,  Nucl. 

1 

2 

I n s t r .  and Methods - 17, 342 (1962). 
3 

H. H. Landon, Phys .  Rev. - 100,  1414 (1955). 



TABLE I. Spin values  of slow-neutron r e sonances .  

- -  I J = l + 5  

work r e su l t s  

g ( theo r . )  g ( t h e o r . )  
t - This P rev ious  Ta rge t  Ta rge t  Resonance 100 (I? n /r) g (exp. 1 

nuclide spin,I ene rgy  (eV) 

I. 303 0 . 8 4  f 0 .  13 0.618 + 0 . 0 9  0. 625 0.375 2 193 Ir 
149 Sm 

Gdi57 

0.87 

0.0314 

1.8 f 0 . 2  0.38 f 0.05 0.56 

< 0.48 >, 0.574 0.625 

0.44 

0.375 

3 

2 

7/  2 3.4 3.3 f 0.5  0. 20 f 0.04 0.56 0.44 (3) 
147 

Sm 

a 
H. 

bG. 
C 
A. 

Marshak  e t  al. Phys .  Rev. 128, 1287 (1962). 

A. Bartholomew (p r iva t e  communication).  
-- - 

Stolovy, Phys.  Rev. ( to  be published). 
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4 5 6 
with those  of Marshak  e t  al., Brockhouse,  and Rober t s ,  we  have r e -  

peated this  measu remen t  with another  monochromator  [Be( 10 11) ins tead  

if Cu(  11 l)]  

the exper imenta l  e r r o r .  

_ -  - 

and with other  s amples  but we found the  s a m e  re su l t  within 

M a r s h a k  e t  al. have m e a s u r e d  the spin s t a t e s  of the follow- _ -  
ing r e sonances  i n  Sm149: 0.096 eV ( J = 4 ) ,  0.87 eV ( J = 4 ) ,  4.93 eV ( J = 4 ) ,  

and  8 .9  eV Con- 

s ider ing  that  the absolute  value of the spin obtained by this  method might 

be  questionable,  but that  the relat ive values a r e  not, we have m e a s u r e d  

a l s o  the spin of the  0.87-eV resonance ;  we found ( J =  3). In th i s  expe r i -  

ment ,  we used  Be(lO11) as monochromator  and m e a s u r e d  the sca t t e r ing  

counting r a t e  between 2 eV and 0.65 eV (Fig.  

w e r e  no dis turbing effects a s ,  f o r  example,  f r o m  higher  o r d e r  s c a t t e r e d  

neutrons o r  f r o m  impur i t ies  in the sample .  

( J =  4) using polar ized  neutrons and a polar ized  ta rge t .  

- 

1) t o  be s u r e  that  t h e r e  

Some informat ion  about the  spin of the captur ing s t a t e  i n  
149 

(Sm f n)  can  be obtained f rom the s tudy of the reac t ions  Sm149 ( therma 

We think that with the avai l -  n , a )  Nd 3 and Sm (n,y)Sm . 
able  r e su l t s  the conclusions a r e  not c l e a r  and that fu r the r  work  on these  

react ions is  necessa ry .  

146 7 s 8  149 150 9,'-0 

11 

4 
H. Marshak ,  H. P o s t m a ,  V. L. Sa i lor ,  F. J. Shore ,  and C.  A. 

Reynolds,  Phys .  R e v .  128, 1287 (1962) .  - 
5 

6 

7 

B. N. Brockhouse,  Can,  J. Phys .  31, 432  (1953). 

L. D. Rober t s ,  Phys .  Rev. 95, 105 (1954). 

R .  D. Macfar lane and I. Almodovar,  Phys .  Rev. - 127, 1665 (1962). 

E. Cheifetz ,  J. Gilat, A. I. Yavin, and S. G. Cohen, Phys .  L e t t e r s  

- 
- 

8 

- 1, 289 (1962). 
9 

1 0  

11 

R .  K. Smi the r ,  Bull. Am. Phys .  SOC. - 6 ,  316 (1962). 

E. Bieber ,  T.v.  Egidy, and 0. W. B. Schult, Z.  Phys ik  - 170, 465 (1962). 

H. Ceulemans ,  F. Poor tmans ,  and M. Ngve d e  Mgvergnies ,  Colloque 
d e  Physique Nuclgaire ,  Orsay ,  2-4 m a i  1963. 
Phys ique  e t  le Radium. 

To appea r  i n  Jou rna l  d e  
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Hoek spektrornetwarm - 
I I I I I 

3'30' 4' 30' 5' 30' 6' 

Fig .  1. Counting r a t e s  for 
neut rons  sca t t e red  (upper  
cu rve ,  left-hand sca l e )  
and t r ansmi t t ed  ( lower . 

curve ,  r ight-hand sca le )  
by Snl49. 

F o r  the 0.034-eV resonance  we quote a n  upper l imit  fo r  

r / I ' b e c a u s e  we have taken the calculated value of n r  (where  n is the 

number of a toms pe r  c m  

a s  the contribution f o r  nonresonant sca t te r ing .  

P 2 n 
and r i s  the potent ia l -scat ter ing c r o s s  sect ion)  

P 

T h e r e  might be a n  additional contribution due to impur i t ies  

in  the sample ;  this  i s  qui te  improbable,  but even if  it was the case ,  the 

value of g would be  higher .  

measu remen t s  ( s e e  Table I). 

The r e su l t  is i n  agreement  with previous 
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147 
Sm 

The alpha decay of the compound nucleus fo rmed  by 
147 

cap tu re  of a t h e r m a l  neutron by Sm i s  v e r y  s imi l a r  to  that  of 
149 146 7 9 8  147 Sm (n ,a )Nd , so the study of (Sm f n )  might he lp  i n  solving 

149 t h e  problem of (Sm t n )  mentioned above. 

Up to now we have only p re l imina ry  r e su l t s  f o r  the f i r s t  

resonance  at 3.4 eV. The published values of uo and needed to  ca l -  

culate  g, a r e  not accu ra t e  so  that  it i s  s t i l l  difficult to  give a f i r m  r e -  

sul t  f o r  the spin of this resonance. Be t t e r  t r a n s m i s s i o n  m e a s u r e m e n t s  

a r e  needed to confirm this .  

A. I. YAVIN, University of Illinois: In the l a s t  New York meeting, 

your l abora to ry  presented  da ta  which d i sag reed  with s e v e r a l  exper iments  

on the ass ignment  of the spin of the f i r s t  resonance  of Sm149. At that 

t i m e  I mentioned that ( n ,  a )  exper iments  done with the I s r a e l  R e s e a r c h  

Reac tor  and published last year  i n  Phys ic s  L e t t e r s  a l s o  indicated J = 4 

f o r  this  resonance,  i n  d i sag reemen t  with your labora tory .  Your a s s ign -  

ment  of 5 = 3 f o r  the second resonance  i n  Sm again d i s a g r e e s  with ex- 

per iments  done by Marshak  e t  al. in Brookhaven. As t o  Sm , we found 

on the bas i s  of our (n,  a)  work  tha t  our  da t a  a r e  consis tent  with a 4- l eve l  

v e r y  c lose  to  E 

eV has  J'" = 4 . 
level  has  J = 3. 

s t a t e  with J'" = 4 v e r y  c lose  t o  En = 0. 

contr ibutor  t o  the absorpt ion c r o s s  sect ion of t h e r m a l  neutrons.  

- '" 

149 

i 47 
-- 

= 0 and we the re fo re  f e l t  that  the first resonance  at 3 .4  

The da ta  which you presented  tentatively claim 

If this i s  the c a s e ,  I f e e l  that  t h e r e  i s  probably a bound 

n - 
that  this  

- 
This  s ta te  would then be  the  main 

H. E. JACKSON, Argonne National Labora tory :  In capture  -gamma-  

r a y  exper iments  h e r e  at Argonne, R. T .  Carpenter12  has  studied the 

cap tu re  s p e c t r a  for  the resonances  in  Smi49 a t  0.096, 0.87, and 4 . 9 3  eV.  

1 2  R. T. Ca rpen te r ,  "The E lec t r i c  -Dipole Gamma -Ray Strength Function 
f o r  Heavy Even-Even Nuclei, " Argonne National Labora tory  Repor t  
ANL-6589, August 1 9 6 2 .  
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He finds that  the intensi ty  of the p r i m a r y  t r ans i t i on  f r o m  the cap tu re  s t a t e  

t o  the  2 

t hese  resonances .  

f i r s t  excited s t a t e  of SmiSO by e lec t r ic -d ipole  radiat ion would be observed.  

I t  i s  highly unlikely that f luctuations i n  the pa r t i a l  widths would r e su l t  

in unobservably sma l l  in tens i t ies  fo r  all t h r e e  of these  r e sonances .  

This  s t rongly sugges ts  that  i f  the  spins  of t hese  t h r e e  resonances  a r e  

the s a m e  a s  indicated by m e a s u r e m e n t s  with polar ized  neut rons  and 
t a r g e t s ,  then the spin value is 4- and not 3 - .  

t f i r s t  excited s t a t e  of S m i S o  i s  z e r o  within s t a t i s t i c s  fo r  each of 

If the capture  s t a t e  w e r e  3 - ,  de-exci ta t ion to  the 
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IV -8. SMAL L-SAMPLE TRANSMISSION MEAS UREMEN-TS 
o N PU 2 4 1, 'u~ZE"-ZC~EEE c-TRO NTL~NE-PULS ED -NE u TR o N -SOUR c E ._ 

---c-c----------~ TIME-OF -FLIGHT SPECTROMETER"' 

N. J. Pat tenden and S. Ba rds l ey  

A.E.R.E. .  Harwel l ,  B e r k s . .  England 

In compar ing  the relat ive m e r i t s  of r e a c t o r s  and pulsed 

a c c e l e r a t o r s  a s  neutron sources  fo r  slow -neutron t ime -of -flight spec t ro -  

m e t e r s ,  t he re  i s  considerable  ag reemen t  that,  i n  t h e  region below a few 

e lec t ron  volts,  r e a c t o r s  have m o r e  advantages,  and in the region above 

a few hundred e lec t ron  volts,  pulsed machines  have a c l e a r  advantage.  

Also,  pulsed machines  have s o m e  advantage in many pa r t i a l - c ros s  -sect ion 

applications.  However,  i n  the field of t r ansmiss ion  measu remen t s  on 

s m a l l  s amples  of separa ted  isotopes in the  region between a few eV and a 

few hundred eV, it is  s t i l l  considered that choppers  on r e a c t o r s  a r e  

supe r io r  to  pulsed a c c e l e r a t o r s .  

machine with a subcr i t ica l  f a s t  r eac to r  t a rge t  (boos te r )  f o r  such a n  exper i -  

ment .  It can  thus be cons idered  a s  a combination of both techniques.  

This paper  d e s c r i b e s  the u s e  of a pulsed 

The Harwel l  28-MeV e lec t ron  l inear  a c c e l e r a t o r  and neutron 
1 

boos te r  t a rge t  used a s  a pulsed neutron source  have a l r eady  been descr ibed .  

The  sma l l - sample  t ime -of -flight spec t romete r  uti l izes one of the beam 

posit ions f r o m  the boos te r  t a rge t ,  and the exper imenta l  a r r angemen t  i s  

shown i n  F ig .  1. The beam dimensions a re  p rogres s ive ly  reduced along 

t h e  flight path f r o m  the 25 c m  squa re  of the wa te r  modera to r  tank t o  one 

of a range of s i zes  at the sample  position, the sma l l e s t  s i ze  being 1.8 m m  

i n  d i ame te r .  

detector  i s  located about 1 m f r o m  the sample ,  and cons is t s  of a lithium 

g la s s  scint i l la tor  (Nuclear  E n t e r p r i s e s  NE. 905)  with 7. 3% l i thium, enriched 

The flight path f r o m  source  to  de tec tor  is about 14.6 m.  The 

.e, ' C  

P r e s e n t e d  by N. J. Pat tenden.  
1 

M. J .  Poole  and E. R .  Wiblin, P r o c .  2nd Geneva Conference 14, - 
266 (1958). 
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IS METRE FLIGHT PATH r 

Fig .  1. Experimental  a r -  
rangement  of sma l l -  
s ample  t r ansmiss ion  
me as  ure  ment. 

6 
to 9670 Li , 1. 3 cm i n  d i a m e t e r  and 1. 3 cm thick. 

mounted on a E. M. I. 9524B photomultiplier. 

was obtained on the width of the neutron peak. 

The  scint i l la tor  is 

A resolution of about 1670 

The detector  pulses  a r e  fed to  a t ime analyzer  system 

consisting of a n  on - l ine  16-track tape recorder ,  a n d  a n  of f - l ine  1024- 
2 

channel analyzer .  In this  application, the sys tem was coded to provide 

4096 channels f o r  each of the four  combinations of sample-changer  posi-  

t ions.  A typical observed neutron t ime spec t rum is  shown in Fig.  2. 

A boron f i l t e r  i s  kept in the beam to 
NEUTMN ENERGY (cV) . .  

5- xy)o loo0 500 100 100 5 0  2 0  IO 5 2 
IO' 

f . 

O2 
10 

TlME OF FLIGHT (use<) 

avoid overlapping of pulses .  The 

background curve  shown i n  the fig- 

u r e  was obtained by inser t ing a 

range of f i l t e r s  with l lb lackt l  r e s o -  

nances.  The observed counting r a t e  

a t  100 eV was  about 20 counts p e r  

minute per  resolution width p e r  c m  

beam a r e a  a t  the sample ,  with a 

background of about 8%. 

2 

The energy resolution 
Fig.  2. Observed neutron t ime 

spec t rum and background ra te .  of the spec t romete r  c a n  be approx-  

imately represented  by 

2 
J. R .  Waters  and J .  R .  Bi rd ,  Nucleonics - 19, No. 3 ,  70 (1961). 
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where  E, t, and 1 denote energy,  t ime,  and d is tance ,  respec t ive ly ,  and 

AE, At, and A1 denote the uncer ta in t ies  i n  these  quant i t ies .  The width 

a t  half height of t h e  unmoderated neutron b u r s t  w a s  cons idered  to  be about 

0. 23 p s e c ,  the channel width was 0. 25 p s e c ,  and all o ther  t i m e  j i t t e r s  

appea red  to be sma l l  compared  to  these .  

0. 25 p s e c .  

flight path was  not perpendicular  to the sou rce ,  the geomet r i ca l  d i s tance  

uncer ta in ty  was about 4 c m .  To this m u s t  be added a n  effective d is tance  

uncer ta in ty  due to the modera t ion  t ime,  and a n  effective value of A1 

4.3  c m  was taken. 

the high-energy region where  the d is tance  uncertainty was negligible, and 

There fo re  At was  taken to be 

Because  of the s i ze  of the neutron s o u r c e  and the f a c t  that  the 

of 

These  give values  f o r  t he  resolut ion of 17 n s e c / m  i n  

A E / E  = 0.6% in  the  low-energy region where  the t ime  uncertainty w a s  

negligible. 

of the s p e c t r o m e t e r  resolut ion a re  cons is ten t  

have been obtained on thorium resonances .  

The two effects a r e  equal  a t  about 150 eV. The above e s t i m a t e s  

with exper imenta l  da t a  which 

24 1 
The P u  samples  w e r e  p repa red  by D. Boreham (Chem-  

i s t r y  Division, A. E. R .E*)  f r o m  two batches of ma te r i a l  enr iched  by the 

A.E.R.E.  e lec t romagnet ic  s e p a r a t o r  HERMES. The isotopic ana lyses  of 

t h e s e  two batches sho r t ly  a f t e r  s epa ra t ion  a r e  shown in Table  I. 

380 mg of plutonium was avai lable .  

t h i cknesses  w e r e  p repa red ,  the th icknesses  being shown in Table  I. 

Al together  

Oxide powder s a m p l e s  of four  different  

In the t r a n s m i s s i o n  m e a s u r e m e n t s ,  a sufficient t i m e  was 

spent on each  sample  to give a t  l e a s t  4000 counts pe r  channel  between r e s o -  

nances,  except  for  the  th ickes t  s ample ,  f o r  which a t  l e a s t  1000 counts  p e r  

channel  w e r e  obtained. 2 
i s  shown in F igs .  3, 4, 5, and 6, covering the ranges  3 to  15 eV, 15 to  39 eV, 

39 t o  87  eV, and 70  to  5000 eV, respect ively.  

The obse rved  total  c r o s s  sec t ion  p e r  PuO molecule  



24 1 
TABLE I. P u  s a m p l e s ,  

(a) Isotopic analysis .  

Atoms per  cent 
Date of 

measu remen t  
Batch No. 

HB41 0 . 9 3  f 0.01  2.67 f 0.02  95.7 0.7 f 0 . 0 0 6  9 March  6 2  

HB50 1.085 0.02 5 . 4 9 f 0 . 0 3  93.02 0 . 4 1 3 ~ 0 . 0 1  2 4 M a y  6 2  

- 239 240 24 1 24 2 

Q 

(b)  Thickness .  (The  es t imated  e r r o r  i n  thickness  is f 370.) 

Weight of PuOz Thickness  
(mg)  ( P u  a t o m l b a r n )  

Batch No. 

HB41 
t 

HB50 

0. 117 1 1 7 f  3 

248 jI 4 
t 8.01 x 

HB50 I 0. 1 1 7  248 f 4 I 4 . 67  x I O - ~  

~ ~ ~- 

HB41 I 0.317 I 1 7 3 f  3 I 1 . 2 1  x 
HB50 I 0.895 I 1 235 ?c 2 5 .79 x 

3000 

HARWELL LINAC 
2500 

n F i g .  3 .  Observed  total  
g c r o s s  sect ion of PuO, a 2 0 0 0  

8 
v 

(about 9470 Pu241) f r o m  
3 to  15 eV. F 8 1500 

I! 
1 

5 0 0  

0 
4 6 8 10 14 

NEUTRON ENERGY (ev) 

24 1 
The  P u  total  c r o s s  sect ion has  been previously 

3 
measured  by Simpson and Schuman 

sample .  

with p o o r e r  resolution and a l e s s  pu re  

Our  da ta  may  be compared  with the Doppler -broadened  c r o s s  

3 
0. D. Simpson a n d R .  P. Schuman, Nucl. Sci .  and Eng. 11, i l l  (1961) .  - 
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F i g .  4. Observed  total 
c r o s s  sect ion of PuO, 
(about 9470 Pu241 ) 
f r o m  15 to  39 eV. 

F i g .  5 .  Observed total  
c r o s s  sect ion of Pu02 
(about 947'0 Pu241)  
f rom 39 t o  87 eV. 
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I250 

G 

U $loo0 

z 

Y 7 5 0  

P 

3 
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" s o 0  
2 
2 

Is0 
1 

0 

NEUTRON ENERGV [*V) 

3M3 

0 
U w v) 

v) 

8 100 
J 

4 0  5 0  55 60 
NEUTRON ENERGY (eV) 

Fig .  6 .  Observed total  
c r o s s  sect ion of PuO, 
(about 947'0 Pu241) 
f r o m  7 0  t o  5000 eV. 

NEUTRON ENERGY (cV) 

P"02 (94% P"249 

HARWELL LINAC 

L 
75 eo 
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. sect ion calculated f rom 

the resonance  p a r a m e t e r s  

which they have obtained i n  

the region below 11 eV. In 

the regions between r e s o -  

nances,  the ag reemen t  is 

within 470 and frequent ly  

much be t te r ,  but on the 

peaks of narrow resonances 

our  observed  values  a r e  

energy .  considerably higher  than 

4 

NEUTRON ENERGY (*V) 

Fig.  7 .  Number of Pu241 resonances  against  

t he i r  values for  the  c r o s s  
0 

sec t ion  w i t h  Doppler broadening corresponding to 27 C ,  and  sometimes 

higher than the i r  un-Doppler-broadened values .  I n  genera l ,  the energy  

sca l e s  of the two m e a s u r e m e n t s  a r e  i n  good ag reemen t .  

F i g u r e  7 shows a plot of the number of observed  resonances  

aga ins t  energy.  

50 eV have been  observed ,  and the  mean observed  spacing is 1.25 0.2 eV. 

A mult i level  ana lys i s  of the resonances  below 50  eV is proceeding. 

F r o m  th is  i t  appea r s  that  mos t  of the  resonances  below 

~~ ~~ 

4 
0. D.  Simpson and N. H.  Marsha l l ,  100-16679 (1961). 

L. M. BOLLINGER, Argonne National Labora tory :  At  the r i s k  

of being impoli te  to  a guest ,  I would l ike to c o m p a r e  the counting r a t e s  

given by the speake r  with what one can  obtain with a chopper .  

energy, namely 100 eV, with a resolution that  is sl ightly worse ,  perhaps 

22  n s e c / m ,  we obtained a counting r a t e  of about 140 counts /min  p e r  r e -  

solution width. 

power acce le ra to r .  

At the same 

We appea r  to be be t t e r  off by a fac tor  of 5 than this  high- 
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PATTENDEN: Could you mention what your background r a t e  i s ?  

BOLLINGER : I cannot s t a t e  i t  accura te ly .  However,  the back-  

ground ra te  i s ,  I would think, in the neighborhood of 5% at 100 eV. 

F. B. SIMPSON, Phi l l ips  Pe t ro leum Co . :  How does  the a r e a  of 

t he  sample  c o m p a r e  in the two exper iments?  
2 

BOLLINGER: The a r e a  i s  the s a m e ,  I cm . 
M. S. MOORE, Phi l l ips  Pe t ro l eum C o .  : I wanted to r e m a r k  that 

the sample  measu remen t s  that  you r e f e r r e d  to w e r e  taken with a sample  

s l ight ly  too thick on the resonance peaks.  

K. KO SETH, Northwestern Universi ty:  Did you do the ana lys i s  

for  the widths,  and could you quote a strength-function va lue?  

PATTENDEN: This  has not been done as  yet, but w e  shall  do this 
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IV -9.  A TIME -SHA&E,*.-C%PUTER a ;CENTERED DATA -COLLEC TION 

SYSTEM AT THE BROOKHAVEN GRAPHITE RESEARCH REACTOR:i*t 

R .  E .  Chr ien ,  S. Rankowitz, and R .  J. Spinrad 

Brookhaven National Labora tory ,  Upton, New York 

-*.id.'_ -_. - 

3 ie 
7 3  Yb 

(3 fl ' ,p' 
v The increasing complexity of the da t a  of nuclear  physics 

has led to  widespread in t e re s t  i n  the possibi l i ty  of utilizing a digital  

computer  f o r  on-line data  collection. 

the Instrumentat ion Division of the Neutron Phys ic s  group at Brookhaven, 

such a sys tem has  been placed into operation. 

sys t em a r e  believed to be unique and of i n t e r e s t  to  r e s e a r c h  groups 

cen te red  about a ma jo r  faci l i ty  like a r eac to r  or a n  acce le ra to r .  

Through the  combined efforts of 

Seve ra l  f ea tu re s  of this 

The sys tem provides  for  effectively simultaneous data  

collection for  two physically unrelated neutron t ime -of-flight experiments  

a t  the Brookhaven Graphi te  reac tor .  

computer  provides  a 1024-channel time-of-flight ana lyzer  for  total  o r  

pa r t i a l  neutron c r o s s  -sect ion exper iments  , t h ree  auxi l ia ry  clocks,  t h ree  

total-events  s c a l e r s ,  and two monitor  s c a l e r s .  The 1024 channels can  be 

spli t  into halves to  p e r m i t  recording of da t a  obtained in sample-cycling 

operat ions.  At the s a m e  t ime a 256-channel t ime ana lyze r ,  a clock, a 

total-events  s c a l e r ,  and a monitor s c a l e r  a r e  provided for  slow-neutron- 

chopper exper iments  dealing l a rge ly  with tlcold" neutron sca t te r ing  f r o m  

F o r  the f a s t  neutron chopper ,  the 

sol ids ,  l iquids,  and g a s e s .  Completely independent operat ion of both ex-. 

per iments  i s  always maintained. 
1 

A genera l -purpose ,  t rans is tor ized ,  digital  computer  of a 

2048 24-bit-word memory  i s  the hea r t  of this  sys tem.  The computer  pos - 
s e s s e s  a "pr ior i ty  interrupt"  fea ture  making it especial ly  useful f o r  t ime - 
sha red  operation. A signal  on any one of 16 in te r rupt  l ines  fo rces  the 

.b -0 

Work supported by the U.S. Atomic Ene rgy  Commiss ion .  

[ P r e s e n t e d  by R .  E .  Chr ien .  
1 

The SDS-9 10, manufactured by Scientific Data Sys t ems ,  Inc . ,  Santa 
Monica, Cal i fornia .  
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compute r  t o  suspend i t s  c u r r e n t  operat ion a n  d e i e r  - a spec ia l  subrout ine 

de t e rmined  by the in t e r rup t  l ine which w a s  signaled. Appropr ia te  act ion 

i s  taken by the compute r ;  e. g . ,  incrementing a s c a l e r ,  incren-ienting the 

contents of a t ime-of-fl ight channel,  responding to  a typewri te r  r eques t ,  

e tc .  

o r d e r e d  a s  to t ime of execution. 

c e s s e d  in  o r d e r  according to their  p r io r i ty  a s s ignmen t s .  

a l s o  accep t s  24-bit pa ra l l e l  input into i t s  m e m o r y  and i s  ab le  t o  send out 

24 -bit  p a r a  11 e l  -output info r m at  ion. 

m a y  be  eas i ly  t r a n s f e r r e d  to  and f rom the machine.  

The in t e r rup t  sys tem i s  h i e ra rch ica l  i n  na ture ,  each l ine being 

Thus s imultaneous r eques t s  a r e  p r o -  

The computer  

Ac c o rding ly b ina ry  e nc oded da ta  

The da ta  words  a r e  encoded by ex te rna l  c i r c u i t r y  using 

conventional modular  logic c a r d s .  

reques t ,  a n  encoded time-of-fl ight a d d r e s s  i s  p resented  to the input t e r -  

mina ls  of the  computer ,  and it i s  subsequently accepted by  the in t e r rup t -  

ini t ia ted subrout ine.  

however ,  a computer  modification i s  avai lable  which will  reduce this  to  

16 p s e c .  

2 
Immedia te ly  following a n  in t e r rup t  

The data- taking subroutine takes  96 p s e c  f o r  execution; 

A block d iagram of the en t i r e  sys t em is p re sen ted  i n  F i g .  1. 

To  faci l i ta te  connection of ex terna l  analog-to-digital  c o n v e r t e r s ,  a m a t r i x  

type of connection board  i s  employed. The in se r t ion  of pins in  this board  

a s s igns  the s ignif icance of the bi t  pa t t e rns  t r a n s f e r r e d  between the com-  

puter  and the ex terna l  equipment,  and a l s o  a s s i g n s  the s ignif icance of the 

var ious  in t e r rup t  l ines .  

i n  the p re sen t  sys tem.  

3 

F i g u r e  2 shows a photograph of the boa rds  employed 

The p rogram package placed i n  the computer  m e m o r y  

ut i l izes  the computer  typewri te r  keyboard for  cont ro l  of the data-taking 

operation. 

s ta r t ing  and stopping runs ,  printing s c a l e r  readings,  generat ing da ta  tapes ,  

Sixteen 4 - l e t t e r  mnemonic codes  a r e  avai lable  to  the u s e r  f o r  

2 
C ompute r C ont ro  1 C o rpo ra t io  n,  F r a m i  ngham, Mas s achus e t t s  (S -Pac  

Se  r i e  s )  . 
3 

tlS ea lec  toboard,  t t  manufactured by Se a lec  t r o C o rpo rat ion Mama r onec k,  
New York. 
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EXTERNAL EQUIPMENT I COMPUTER 

b CONTROL 6 
~ N T E R F A c E - ~  6 SWITU(LI 6 

CRT D TO A 10 DISPLAY f-i CONVERTER 

I 
S D S  
910 rV-1 !i: 6 COMPUTER 

MULTIPLEXER 

_ _ _ - - _ _ _ - - _ _ _ _ - -  
I EXPERIMENT I I 

! 
I 

I 
~ - 

EVENT RATE I I - 
SAMPLE - 

h BEAM MONITOR I POSITION - - 

I 
I 

~ MULTIPLEXER I I 

I I 

I 

I 

~ - 

- 
LIVE TIME I I > - 
1 

~ 

I CHOPPER RATE I 

SAMPLE POSITION I 
~ 

CHOPPER RATE n 

- 

I 
I 

I 
EXP. I 
n 

GATE 
I 

EXP. 
n 

GATE 

TYPEWRITER 

OUT 

PAPER TAPE 

READER 

Fig .  1. A block d iagram of the t ime-sha red  data-collection sys t em.  

and s o  on. 

the  following sequence of events:  

F o r  example,  the code " F P U N "  typed by the operator  causes  

(1) Data taking with the fast-chopper  analyzer  i s  t e rmina ted .  

( 2 )  The computer  types,  with headings, the following : 

(a)  a mas ter -c lock  reading 

(b )  the accumulated l ive t imes  fo r  sample-in,  sample-out 

and bac kg round, 

( c )  the total number of detected events f o r  sample- in ,  sample-  

out, and background t ime per iods,  

(d)  beam -monitor readings during sample- in  and sample-out 

t imes ,  and 

( e )  a calculation of the ro tor  speed in rpm.  

8 

8 

J 
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F ig .  2. A photograph of the t ime-shared  data-collection sys tem showing 
the t tSealectoboardrt  connection board for  data  t r ans fe r  between the 
computer  and per iphera l  equipment. 

( 3 )  The computer genera tes  a perforated tape containing the  1024- 

channel contents preceded by a readable  a r r a y  of holes denoting 

the absolute t ime a s  a tape ident i f ier .  

None of the above ope rations affect  slow-chopper da ta  taking 

in any  way except for  a slight i nc rease  in deadt ime (about 0. 3%) during 

punchout. S imi la r  commands exist  fo r  data  typeouts, s c a l e r  and clock 

typeouts,  data-taking terminat ions and initiations, etc.  The t ime out 

occupied i n  input-output and data-taking is used in generating a display, 

which to the visual  obse rve r  appears  to be continuous. 

maintained at  a l l  t imes with a switch controlling the choice of spectrum 

presented .  The  typed commands and corresponding responses  f r o m  the 

The display i s  
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computer  const i tute  a permanent  exper imenta l  log. 

sect ion of that log, i l lustrat ing s e v e r a l  operat ions and f o r m a t s .  

F i g u r e  3 shows a 

The  bas ic  p rogram package of dual. ana lyze r  simulation 

and typewri te r  control ,  output rout ines ,  b inary-dec imal  conversion,  e tc .  

occupies approximately 700 words.  With 1296 words  of computer  m e m o r y  

devoted to  s c a l e r s  and da ta  channels ,  l i t t le  room i s  avai lable  f o r  on-line 

da ta  p rocess ing  p rograms  in the remaining memory .  

made  f o r  reading i n  spec ia l  p rocess ing  p rograms  when d e s i r e d  f rom a 

spool of punched p rogram tape.  

the computer  can  be maintained during t h e s e  operat ions,  with only type- 

w r i t e r  cont ro l  t o  be given up. 

a f t e r  da t a  process ing  i s  completed,  the ope ra to r  w i l l  b e  ab le  to r ead  back 

i n  the normal  p rogram sys tem.  

P rov i s ion  w i l l  be  

The t ime-sha red  data-taking abi l i ty  of 

When norma l  operat ion i s  t o  be r e sumed  

' 

Memory  expansion t o  4096 words  and the addition of a 

magnet ic  tape deck  will  g rea t ly  enhance the power of the p r e s e n t  sys tem.  

Ultimately,  the computer  w i l l  a c t  a s  a mul t ipa rame te r  ana lyzer  on both 

slow-chopper and fas t -chopper  exper iments  and will  pe r fo rm on-line data 

process ing  when requi red .  

The ve r sa t i l i t y  of the computer  data-taking sys tem proi,ides 

a built-in protect ion aga ins t  obsolescence.  

these  s y s t e m s  a r e  l imi ted  only by  the ingenuity of the p r o g r a m m e r  and u s e r .  

We expect to  s e e  a I-apid i n c r e a s e  i n  the u s e  of these  s y s t e m s  i n  the near  

fu tu re  and believe that  the use  of t ime -shared  compute r s  w i l l  become c o m -  

mon p rac t i ce  among r e s e a r c h  t e a m s  using a l a r g e  faci l i ty  such  a s  a nuclear  

r eac to r  or  an  a c c e l e r a t o r .  

In a sense ,  the capabi l i t ies  of 

R e  C .  BLOCK, Oak Ridge National Labora tory :  That  is all nice, - 
Bob, but how much does  i t  c o s t ?  That is  one thing you did not mention. 

CHRIEN: Well, the p r i c e  i s  a nebulous fac tor  because  c o s t s  a r e  

F o r  example,  w e  could have made a significalnt reduction coming down. 

in  p r i ce  had we waited.  
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Fig .  3 .  A segment  of the experimental  log sheet  automatically produced 
Severa l  of the mnemonic codes by the  typewri ter  program package. 

a r e  shown. 
resu l t s  in the typewri ter  producing the c h a r a c t e r s  N G. 

Also  shown i s  the effect of typing an inco r rec t  code which 
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The p r i ce  of the bas ic  computer  is about $45 000. The 

When you 

The ADC: 

input-output units (the punch and the typewri te r )  a r e  ex t ra .  

add this  per iphera l  equipment,  the p r i c e  comes  to  $ 6 2  000. 

units and the sealectoboards I showed you provide a flexible input-output 

connection and cos t  another  $ 1 2  000. So the en t i r e  sys t em,  as you saw 

it, cos t s  about $ 7 7  000. 

However,  the p r i c e s  keep  coming down all the t ime, and 

i t  i s  a l i t t le  ha rd  to give you a p r i c e  quotation because  I think it is ra ther  

meaningless  

L. M. BOLLINGER, Argonne National Labora tory :  It wasngt  

c l ea r  to m e  f rom what you sa id  what you think you w i l l  achieve ult imately 

i n  the way of a s imple  t ime ana lyzer .  

a c t e r i s t i c s  that you think you w i l l  have achieved: the number of channels,  

capaci ty  p e r  channel, channel width, counting r a t e s ,  and that s o r t  of thing? 

CHRIEN: A r e  you re fer r ing  to  the p re sen t  sys tem,  o r  do you 

Could you s ta te  br ief ly  the c h a r -  

w a n t  to  include the mul t iparameter  analysis  that  we hope t o  be doing 

l a t e r  on? 

BOLLlNGER: I a m  asking about what you a r e  a iming at by  the 

t ime you have added the pe r iphe ra l  equipment-which I would guess  was  

not included in the cos t  that  you jus t  gave. 

that equipment i n  your project ion of what you would achieve i n  the way of 

I would want you to include 

a s imple t ime ana lyzer .  In other  words ,  what I a m  getting a t  i s  this:  It 

s e e m s  that what you have now descr ibed  i s  not a v e r y  useful device a s  a 

s imple t ime ana lyzer .  

with some fu r the r  complication. 

But  this  does not s a y  that you cannot. achieve it 

CHRIEN: It. is a n  ex t remely  useful device because  it i s  ea sy  to 

control.  

have not had a t  Brookhaven ove r  the pas t  ten y e a r s  o r  s o .  

this ,  but I w i l l  b r ing  i t  up at the p re sen t  t ime.  

in operation (and this r ep resen t s  some months of operation),  we have 

had only one This f a i lu re  was at t r ibutable  

It i s  flexible and i t  i s  v e r y  rel iable ,  which i s  something that we 

I didn't mention 

Since this sys tem has  been 

fa i lure  of the computer .  
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t o  somebody pushing the wrong switch on a voltage cont ro l  somewhere .  

This  i s  one impor tan t  f e a t u r e  that I did not s t r e s s  i n  m y  ta lks ,  but it i s  

a v e r y  impor tan t  one, i. e . ,  re l iabi l i ty .  

We have a l s o  f r e e d  by essent ia l ly  doing all our da ta  co l -  

W e  have f r eed  s e v e r a l  ana lyze r s  because  t h e r e  lect ion in  one sys t em.  

i s  a n  e s sen t i a l  duplication of effort  within our  group;  that  i s ,  we are  

doing two exper iments  with two different  t ime  ana lyze r s .  Essent ia l ly ,  

we have wasted mos t  of the t i m e  because  of the counting r a t e s ,  which 

a r e  not v e r y  high. 

This  sys t em enables  us to  m o r e  efficiently use  our  e l e c -  

t r o n i c s ,  I would say.  But the p re sen t  sys t em r e p r e s e n t s  no pa r t i cu la r  

advance i n  the number of t ime channels ,  o r  the number of t i m e  de lays ,  

o r  the channel-width se lec t ion  that we have. 

select ion of channel widths. 

We have a r a t h e r  wide 

This  sys t em gives  no par t icu lar  advance i n  t hese  s o r t s  of 

f ea tu re s .  I a m  not s u r e  that  I have answered  your question. 

BOLLINGER: Well, le t  m e  put it i n  a sl ightly d i f fe ren t  way. If 

you wanted to  a t tack  the problem i n  the way you have desc r ibed ,  could 

you c o m e  up with a n  ana lyze r  that  has  i n  the neighborhood of 4000 t o  

10 000 channels ,  that  could accept  1000 count:; /sec,  and that  has  a wide 

range  of channel widths? 

CHRIEN: Cer ta in ly ,  I do  not s e e  any  reason  why not. 

BOLLINGER : At a reasonable  p r i c e ?  

CHRIEN: Well, I do  not s e e  any  r e a s o n  why not. 

L e t  me add one m o r e  point, because  I forgot  t o  mention 

this .  

96 p s e c  f o r  i t s  execution. 

achieved in s tor ing  a band. 

the s h o r t e s t  t ime that i s  s imp ly  achieved without buying compute r  modi -  

f icat ions.  

adequate  f o r  all our  experimentsin the near  fu ture ,  but i t  does  r e p r e s e n t  

a l imitat ion on ce r t a in  kinds of exper iments ,  I would imagine.  

The p resen t  data-handling subrout ine in the p re sen t  sys t em takes  

This  i s  not the sho r t e s t  t ime that could be  

We can  get  down to  about 16 psec;but it is 

This  i s  adequate  f o r  our  p re sen t  counting r a t e s  and probably 
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IV-10. SLOW-NEUTRON CROSS SECTION OF-HeJ  B,  AND Au; AND 
A He3 *PR OPOR TIONAL COUNTER FOR THE ABSOLUTE'TETER - 

MINATION OF NEUTRON BEAM INTENSITY': 

----.-I -" .--., ~ .-.- i-̂ id-."-" 
5 "2-."-& -... I 

J. Als-Nielsen, A. Bahnsen, and 0. Die t r ich  

R e s e a r c h  Es tab l i shment  R i s d .  Roski lde.  Denmark  

This  paper  desc r ibes  a method f o r  the  m e a s u r e m e n t  of 
3 

the dens i ty  of neutrons in a beam by means  of He . 
3 

The f i r s t  r equ i r emen t  f o r  the method i s  tha t  the He (n ,p)  

If so, the de te rmina t ion  c r o s s  sec t ion  is known and obeys the  ( l / v )  law. 

of neutron densi ty  is  conver ted  to a measu remen t  of the number of (n ,p)  

3 p r o c e s s e s  taking place in a "thin" known amount  of the (i/v) a b s o r b e r  He . 
The ( l / v )  dependence and the absorp t ion  c r o s s  sect ion have been m e a s u r e d  

by a to t a l - c ros s - sec t ion  measurement  of He 

0 .0003 eV to 11 eV. 

3 
i n  the ene rgy  region f rom 

The monochromatizat ion was done on a s ingle-axis  spec -  

t r o m e t e r ,  using mica ,  Be  (1, 0, 0) ,  and Be (1, 2, 1) as  monochromator  

c r y s t a l s .  Higher  o r d e r  contaminat ion was completely avoided by  means  

of a veloci ty  se l ec to r  up  t o  0.05 eV and c o r r e c t e d  f o r  a t  h igher  energ ies .  
3 

The He was contained in a n  A1 box with d imens ions  of 

The box could be turned  so tha t  t h r e e  approximately 5 X 1 2  X 36 c m .  
3 2 

a t o m s / c m  values of N (number  of He along the neutron path) could b e  
3 

obtained with the s a m e  He 

miss ions  between 670 and 9% i n  t he  ene rgy  region 0 .0003  eV- 11 eV.  

filling of approximately 2 a t m ,  yielding t r a n s -  

I n  this  energy  region no deviation f rom the ( l / v )  law c a n  b e  

found f rom the da ta .  

b a r n s .  As a n  in s t rumen ta l  check,  the  c r o s s  sect ions u ( H e  ) = 5327 

of na tura l  boron and of gold w e r e  a l s o  m e a s u r e d ;  the r e su l t s  a g r e e  with 

the mos t  a c c u r a t e  exis t ing da ta .  The absorp t ion  c r o s s  sect ions a t  2200 

m / s e c  w e r e  found to  be u (B)  = 759. 1 f 2.0 b a r n s  and u (Au) = 98.6 f 0. 2 b a r n s .  

The r e su l t s  a r e  shown i n  F i g s .  1-3. 

The c r o s s  sec t ion  a t  2200 m / s e c  was  found to  be 
3 t 10 

- 9  

a a 

:; 
Read by t i t le only. 
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F i g .  1. The total  cross  
sect ion u of H e 3  v e r -  tot 
s u s  neutron ene rgy  E .  
F r o m  the ( l / v )  fit,it i s  
concluded that utot = u 
within the a c c u r a c y  of 

a 

the data .4;dE vs E i s  
a l so  shown. It i s  noted 
that the es t imated  u c c e r -  
ta int ies  a r e  only used i n  
the weighing procedure  
to  find the ave rage  value,  
the s tandard  deviation of 
which i s  calculated f r o m  
the actual  sp read  of the 
data .  
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Fig .  2. The  total  c r o s s  W 

sect ion cr of Au v e r s u s  B 
neutron energy  E. The  
absorpt ion c r o s s  section 
u i s  deduced f r o m  u 
f2r E < 0.005 eV. 

a D i s  a l s o  shown. Refe r -  C 

ence 6 i s  D. J .  Hughes 
and R .  G.  Schwarz,  VI 

t lNeutron C r o s s  Sections,  ' I  E 
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3 a BNL-325  (1958). 

0 measured value with estimated uncertalnty 

- weighted average value with calculated standard 
deviation I 

I I 

o measured value 

\ 
- best+ fit 

10; 
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Neutron energy(eV) 

measured value with estimated uncertainty 

-- weighted average value with calculated standard _ _ _ ~ -  

15.40 
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Neutron energy (eV) 
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- 0 measured value 
. measured value from ref. 3 

E 

- average value from ref. 3 

1 $1.6 

mz 2b0 ' 300 ' 400 ' $0 ' 600 ' 700 ' 800 . 900 ld00 
Flight t ime(psec/m)  

Fig .  3. Reproduction of pa r t  of 
F ig .  8 in ttRef. 3" [A. 
Deruyt te r  e t  a l . ,  "Measure-  
ment  of the The rma l  Neu- 
t ron  Absorption C ros  s 
Section of Boron by Means 
of a Time of Flight Tech-  
nique, '! E U R  . 12. e (1962) l  
together with the au thors '  ' 

measured  values of the 
boron c r o s s  section. 

@ 
-- 

F o r  the purpose of measuring the number of ( n , p )  react ions 
3 

taking place i n  a given amount of He , a proport ional  counter of well-  

known detection efficiency was  developed. 

c r o s s  section, and the anode wire  is perpendicular  to  the beam, which 

can then t r a v e r s e  e i ther  the  shor t  ( 3  c m )  o r  the long (5 c m )  dimension of 

the counting chamber  (F ig .  4).  In both c a s e s ,  the maximum energy  loss  

The counter has  a rectangular  

( b) 
turned Vdf rom (al Fig .  4. C r o s s  section of 

the He3 counter ,  shown 
with a neutron beam 
t ravers ing  the sho r t  (a)  
and the long (b)  d '  i r e c  - 
t ions.  The t r ack  d i s t r i -  
bution f o r  region A, t B, 
w i l l  be equal to that f o r  
region A, t B,, which 
leaves region C a s  a 

w a l l  - le s s '' counter . 
3 

f r o m  ionization t r acks  (shortened at the wal ls)  will be  zQ, react ion 

par t ic les  being expelled in  opposite direct ions.  

therefore  be counted with a d i sc r imina to r  leve l  below - Q. 

A l l  (n ,  p) reactions will 
1 
4 

Detailed calculations of the wall-effect  spectrum exhibit a 
1 
4 

s tep  at - Q ;  and this  i s  c l ea r ly  demonstrated by the measu remen t s ,  which 

a l so  show it i s  possible to d iscr imina te  effectively against  background. 
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Spectra ,  recorded  a t  1 and 2 a tm gas  p r e s s u r e ,  a g r e e  very  well with the 

calculated ones,  and the difference between the spec t ra  f o r  the two 

counter  lengths i s  very  c lose  to that expected f rom a wal l - less  counter,  

indicating that conditions in the counter a r e  c lose  to ideal  (F ig .  5 ) .  

The ra t io  between the counting r a t e s  of the long and the sho r t  dimensions 

of the counter  

and good agreement  was found. 

i. e . ,  the r a t io  between the number of counts and the number of (n ,  p) 

react ions,  i s  equal to 1 . 0 0 0  with an  uncertainty of f 0.470 f o r  both counter  

or ientat ions.  

was compared  to the ra t io  between the physical lengths,  

It i s  concluded that detection efficiency, 

F ig .  5. Spec t ra  of the H3 
counter  with the beam 
t r ave r s ing  the  shor t  
and long direct ions,  
and with a gas  p r e s -  
s u r e  of 1 and 2 a tm 
(absolute).  The back-  
ground has  been  sub- 
t rac ted ,  and the spec t r a  
at 1 and 2 a tm c o r r e s -  
pond to  the s a m e  
integrated number of 
counts. CHANNEL No 50 100 150 200 

A compar ison  between the usua l  gold fo i l  activation method 
3 and the He 

i n  a beam 

method sketched above f o r  determinat ion of the neutron density 

will be completed i n  t he  near  future .  

IV-11. Withdrawn at the  reques t  of the au thors .  
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IV-12. RADIOMETRIC DETERMINATION O F  THE NEUTRON-CAPTURE 
___u CR OSS SEC TION O F  35 -HR R h l s t -  

'L-"=?d ~ 

.,e*- I , 1-L 
__.. ..----- 

L. E. Glendenin and H. C .  Griffin 

Argonne National Labora tory ,  Argonne, Illinois 

and 

R .  A. Schmit t  

Gene ra l  Dvnamics /Gene ra l  Atomic.  San Diego. Cal i fornia  

The activation c r o s s  sec t ion  f o r  cap tu re  of r e a c t o r  
105 

neutrons by 35-hr Rh 

induced act ivi t ies  of 30-sec R h l o 6  and 2. 2-hr Rh 

t a rge t s  of Rh 

f r o m  neut ron- i r rad ia ted  ruthenium and exposed i n  a TRIGA reactor 

(pulsed operat ion)  f o r  production of 30-sec Rh 

f o r  production of 2 .2-hr  Rh 

used  f o r  counting the  induced Rh 

and ex t raneous  ac t iv i t ies  resul t ing f r o m  contaminants .  

2000 b and 5800 * 1200 b w e r e  obtained f o r  production of 30-sec and 2.2- 

h r  Rh , respect ively,  re la t ive  t o  a value of 36 b f o r  neutron cap tu re  by 

C o  This  yields a combined c r o s s  sect ion of 20 200 f. 3000 b f o r  cap tu re  

of r e a c t o r  neutrons.  A cadmium r a t i o  of Z 6 was observed  f o r  the f o r m a -  

tion of the 30-sec i s o m e r .  No de termina t ion  w a s  made  i n  the c a s e  of the 

has  been m e a s u r e d  by r ad iomet r i c  a s s a y  of the 
106 . C a r r i e r - f r e e  

105 (2-60 p C i )  w e r e  p r e p a r e d  by rad iochemica l  separa t ion  

106 
and i n  the C P - 5  r eac to r  

106 . A select ive y-y coincidence method was 
106 105 

ac t iv i t ies  i n  the p r e s e n c e  of Rh 

Values  of 14 000 f 

106 

59 . 

2. 2-hr i s o m e r ,  s ince  this act ivi ty  w a s  produced in  a flux with a s m a l l  f a s t  

component.  

t W o r k  pe r fo rmed  under the auspices  of the U.S. Atomic Ene rgy  

C om mi s sion. 
.e. ,a* 

Read by t i t le  only. 
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IV-13. W L A R  DIURIBUTIQN-0-F GAMMA _---). RAYS F,ROM -&. -.---- (n, _ I _ / f _ _ _ _  n'y) 
REACTIONS PRODUCED B Y  FAST NEUTRONS FROM A REACTOR": 

C_I_".. 
c_ 

R . D. Rober t s ,  Pennsylvania  State  Univers i ty  

and 

D. J. Donahue, Universi ty  of Ar izona  

Using a s ta t i s t ica l  assumpt ion  concerning the in te rmedia te  
1 

states involved in  nucleon inelast ic  scat ter ing,  Sa tch ler  h a s  obtained a n  

equation to  desc r ibe  the angular  dis t r ibut ion of y r a y s  emit ted after inelast ic-  

sca t te r ing  events .  

see if a nuc lear  r e a c t o r  could b e  used  as  a s o u r c e  of neutrons with which 

to  s tudy these  angular  dis t r ibut ions,  and to  check  the validity of Sa tch ler ' s  

equation. 

The exper iments  desc r ibed  h e r e  were  pe r fo rmed  t o  

The exper i -  

menta l  a r  r angeme nt us ed 

is  shown in F ig .  1. F a s t  

neutrons f r o m  the ZOO-kW 

Pennsylvania  State Univer - 
s i ty  r e a c t o r  pass through 

var ious  co l l imators  i n  the 

r e a c t o r  shield, and a r e  i n -  

cident upon a ta rge t  located 

about 15 f t  f r o m  the r eac to r .  

G a m m a  r a y s  produced by  

inelast ic  sca t te r ing  in the t a rge t  a r e  detected by  a 3-in. -d iameter  by 3 -  

in. -long NaI(T1) c rys t a l ,  and r eco rded  in  a 128-channel pulse-height 

ana lyzer .  The angle between the  incident neutrons and detected y r a y s  

could be va r i ed  f r o m  100 t o  165 . The t a rge t s  used  w e r e  thin enough 

so  tha t  l e s s  than 77" of the incident neutrons suffered a n  e las t ic  coll ision, 

Fig.  1. Expe r imen ta l  a r r angemen t .  

0 0 

and no cor rec t ions  w e r e  made  for  multiple neutron sca t te r ing .  
.II 

*' 'Presented by D. J. Donahue. 
1 

G. R .  Sa tch ler ,  Phys .  Rev. 104, 1198 (1956);  ibid. 111, 1747 (1958). - -- 
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A complication which m u s t  be cons idered  i n  using the 

neutron beam f rom a r eac to r  r e su l t s  f r o m  the fact  that  this beam contains 

neutrons with all energ ies  up to  about 10 MeV, whereas  the theoret ical  

equation depends on the energy  of the neutrons producing the reac t ions .  

Two fac ts  allow one to say  something about the energy  of neutrons which 

produce the observed reac t ions .  

F i r s t ,  the  shape of the c r o s s  sect ion fo r  inelast ic  s c a t t e r -  

ing through a par t icu lar  nuclear  s ta te  r i s e s  rapidly f r o m  threshold to  a n  

approximate ly  constant value.  

i n  the beam d e c r e a s e s  exponentially. 

maximum.  

the 2.6-MeV 3 -  s ta te  i n  PbZo8. 

median energy  of neutrons producing the s ta te  i s  4. 2 MeV and (b)  70% of 

all  react ions a r e  produced by neutrons with energ ies  between 3 .  2 and 6 . 0  

MeV. This  i s  r a the r  poor  energy  resolution, but as wi l l  be  shown, i t  i s  

sufficiently good to  allow compar ison  between our  exper iments  and theory .  

Second, the energy  dis t r ibut ion of neutrons 

Thus , the  product u (E)  4 (E)  has a 

This i s  i l lus t ra ted  i n  F i g .  2 fo r  the case  of sca t te r ing  f rom 

F r o m  this curve  we find that  (a) the 

The r e su l t s  f o r  the 

z angular  dis t r ibut ion of y r ays  f rom 

the 2.6-MeV a r e  
208 3 -  s ta te  i n  P b  

m 
U shown i n  F i g .  3 .  The points a r e ' e x -  

ii \ per imenta l  r e su l t s .  Curves  A, B, 

1 , , VI I ,\ and C a r e  calculated f r o m  Satch ler ' s  

equation f o r  incident neutron energ ies  
1 2 3 4 5 6 7 8 9  

E ( M E V I  

F i g .  2. A curve  showing the p ro -  of 3.5,  4.  1, and 6 . 0  MeV, respect ively,  
duct u(E)+ (E)  a s  a function 
of neutron energy.  

assuming that  the quantum number of 

the s ta te  i s  3 - .  Curve  D i s  calculated 
t f o r  4. I-MeV neutrons,  assuming quantum numbers  f o r  the s ta te  of 2 . 

F o r  all calculations,  the t r ansmiss ion  coefficients of Beys te r  e t  al. w e r e  

used.  F r o m  F i g .  3 we conclude: (a)  the energydependence  of the theory  

J .  R .  Beys t e r ,  R .  G. Schrandt ,  M.  Walt, and E.  W .  Salmi,  

2 

-- 

2 

Los  Alamos Scientific Labora tory  Report  LASL-2099 ( 1957) .  
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i s  sufficiently s m a l l  s o  that  the energy  

sp read  used in  these exper iments  can 

be  tolerated;  (b )  the exper imenta l  

points a g r e e  v e r y  well with the calcu-  

la ted c u r v e s ;  and ( c )  the calculated 

cu rves  a r e  sufficiently dependent o n  

the  quantum numbers  of the s ta te  s o  

that a 3- s ta te  can eas i ly  be  differ-  

entiated f r o m  a 2' s ta te .  

To  de te rmine  whether 

o r  not ag reemen t  with calculations 

could b e  obtained f o r  low-A nuclei, 

the  angular  dis t r ibut ion of 1. 37- 

MeV y r a y s  f rom ( n , n l )  react ions i n  

Mg was m e a s u r e d .  The median 

energy  of neutrons producing this 

react ion was calculated to  be 2. 4 

MeV. The resu l t s  a r e  shown in 

F ig .  4. The  c i r c l e s  a r e  our  ex-  

per imenta l  resu l t s ,  and the cu rves  

a r e  calculated dis t r ibut ions fo r  i n -  

cident neutron energ ies  of 2 and 3 

MeV, obtained by assuming that  the 

24 

I 

L 2 c  &-' - 
ID 

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 
I C O S  e1 

F i g .  3. Angular distribution of 
2.6-MeV y r ays  f r o m  
Pb208 ( n ,  n'y)Pb?o8 react ions.  
The var ious cu rves  a r e  ex-  
plained in the text .  

- 1  

0 7  ::: ~ 'TO" !lip"! If"" I l;5* I '"?e 

0 6  
0 2  0 4  0 6  0 0  

lcos el 

Fig .  4. Angular dis t r ibut ion of 
1. 37-MeV y r a y s  f r o m  the 
Mg24 ( n ,  n'y)Mg24 react ion.  
The  squa res  a r e  f r o m  Boring 
and McEl l i s t r em (Ref.  3 ) .  

quantum number of the s ta te  i s  2 ~ ' - .  

and McEl l i s t r em,  

acce le ra to r .  

culations.  

The squa res  a r e  resu l t s  of Boring 
3 

obtained using neutrons produced by par t ic les  f r o m  an  

Again, our  r e su l t s  a r e  in  excellent ag reemen t  with the ca l -  

3 
J. W .  Boring and M. T .  McEl l i s t r em,  Phys .  Rev. - 124, 1531 (1961). 
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Angular dis t r ibut ions of the  0.85-MeV y r a y s  f r o m  the  
t 56 

t ransi t ion i n  F e  2' - 0 and of the  I. 24-MeV y r a y s  f r o m  the 4' - 2' 
56 

t rans i t ion  i n  Fe  have a l s o  been measu red .  I n  all c a s e s  good ag ree , -  

IV-13  

@ 

ment w i t h  calculated dis t r ibut ions was obtained. Thus it s e e m s  r eason-  

able to conclude that ine las t ic -sca t te r ing  exper iments  using neutrons 

f r o m  a r eac to r ,  toge ther  with Sa tch ler ' s  angular-dis t r ibut ion equation, 

c a n  be  used to  invest igate  the quantum numbers  of the nuc lear  states 

involved i n  the reac t ions .  

J. A. HARVEY, Oak Ridge National Labora tory :  On your f i r s t  i i g -  

u r e  on lead, you showed a peak a t  2. 2 and then you did not go  into that  

anymore .  Y o u  worked on the 2.6-MeV g a m m a  ray.  Do you k.now where 

the 2. 2 i s ?  

DONAHUE: I think it was 2. 1. That  would be  the  f i r s t  escape  

f r o m  the 2.6. 

P. MOLDAUER : Argonne National Labora tory :  Your coeffic - 

ient involves a knowledge of the neutron t r a n s m i s s i o n  coefficients o v e r  

-- 

t h e  range  of the ave rage .  What did you use  f o r  t hose?  

DONAHUE: I should have mentioned that.  W e  used  the t r a n s -  

mis s ion  coefficients that a r e  tabulated i n  the Los  AZamos repor t .  
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IV-14. COHERENT NUCLEAR SCATTERING A M P L I T U D ~  AND CROSS .L 

SECTIONS AS DETER"MINED.~-BY NEUTRON-DIFFRACTION TECHNIQUES 'I. 

M .  H .  Muel le r ,  S .  S .  Sidhu, L.  Heaton, 
R .  L .  Hi t te rman,  and H.  W .  Knott r"/v/?... 

Argonne National Labora tory ,  Argonne, I l l inois ' Y l .  6 
c- - /'.. .? ?. - QL,,. 

The sca t te r ing  of slow neutrons has  been  employed f o r  

the study of unknown c r y s t a l  s t r u c t u r e s  i n  much the s a m e  way a s  x r a y s .  

Whereas  x - r a y  sca t te r ing  f ac to r s  f a r e  functions of a tomic number and 

can  be calculated with a fair  deg ree  of accu racy ,  this i s  not the c a s e  a s  

yet f o r  thermal -neut ron  sca t te r ing  ampli tudes b .  

The  nuclear  sca t te r ing  ampli tude cons i s t s  of two pa r t s ,  

potential  sca t te r ing  and resonance  sca t t e r ing .  In' the c a s e  of the potential  

sca t te r ing ,  the nucleus behaves a s  a n  impenet rab le  sphe re  i n  which the 

magnitude i n c r e a s e s  only slowly with a tomic  m a s s  number  A, and is p r o -  

port ional  t o  A ; i n  the c a s e  of resonance  sca t te r ing  i t  s e e m s  t o  v a r y  i n  

a random fashion f rom e lement  to e lement  and m a y  be  of the s a m e  o r  

opposite s ign (180 phase  d i f fe rence)  a s  the potential  s ca t t e r ing .  This  

leads  to  a n  i n c r e a s e  o r  d e c r e a s e  of the total  sca t te r ing  ampli tude.  The 

value of b may wel l  be  different  f o r  the different  isotopes of a n  e l emen t  

s ince  the i r  nuclei  may  have different  ene rgy  leve ls  and hence v a r y  con-  

s iderably  i n  r e s o n a n c e  sca t t e r ing .  

1 1 3  

0 

There fo re ,  i n  o r d e r  to  obtain a working se t  of neutron 

sca t t e r ing  ampli tudes f o r  u se  i n  c rys t a l  s t r u c t u r e  ana lys i s ,  a known 

c r y s t a l  s t r u c t u r e  m a y  b e  employed to  obtain the coherent  nuc lear  

ter ing p rope r t i e s  of the nuclei  of a n  e lement  o r  a n  isotope which m a k e s  

up the s t r u c t u r e .  The ampli tude b and c r o s s  sec t ion  u m a y  be obtained 

f o r  e lements  and isotopes by s e v e r a l  different diffract ion techniques:  

powder pa t te rn  using a Ni  powder sample  a s  a n  ex terna l  s tandard ;  (2)  a 

powder pa t t e rn  using one of the e lements  as  a n  in te rna l  s tandard ;  ( 3 )  single-  

c r y s t a l  da t a  together  with a s tandard  r e fe rence  c r y s t a l ;  and (4 )  s ing le-crys ta l  

s c a t -  

(1) 

- 
.l. -2. 

P r e s e n t e d  by M. H.  Muel le r .  
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data  using one element  a s  an in te rna l  s tandard.  
93. 

F r o m  t ime to t ime we a t  Argonne have made  coherent  

sca t te r ing  measu remen t s  on a number of different s amples  in o rde r  to 

obtain data  on elements  o r  isotopes not previously de te rmined  o r  to 

obtain data  to recheck previously repor ted  resu l t s .  

tion of the techniques and a s u m m a r y  of some of the r e su l t s  i s  given 

below. 

A brief  desc r ip -  

1 
In o r d e r  to  c a r r y  out the  powder diffraction method the 

integrated intensity P f r o m  a s e t  of hkQ planes is  
hkP 

m 
(1) 

- 2w 
hkP F‘ (0)e  1, 

- k 2  - C N  2 
PhkP P o  c 2 hkP s i n  6 cos  6 

i n  which P i s  the integrated intensity,  k i s  a constant,  p ’ / p o  is the 

r a t io  of the m e a s u r e d  densi ty  to the t r u e  densi ty  of the solid, N i s  the 
hkP 

C 

number of unit ce l l s  p e r  cubic cent imeter ,  F ( 0 )  i s  the s t r u c t u r e  f ac to r  

at (6’ / 1) = 0, W i s  the Debye-Waller t empera tu re  fac tor ,  and A ( 0 )  is 

t h e  absorpt ion cor rec t ion .  

In p rac t i ce  k i s  de te rmined  f r o m  a known substance such 

a s  Ni, and then a f t e r  running the unknown under ident ical  exper imenta l  

conditions this  k can be used to  obtain the value f o r  F which cons is t s  
hkP 

of the sca t te r ing  b and a t r igonometr ic  t e r m  re la ted  to  the atom 

Detai ls  of the method f o r  obtaining b and the ca l -  
1 

posit ions in  th ,,,e Crystal .  

culation foy u w e r e  desc r ibed  i n  a n  e a r l i e r  paper  in  which fo r  a bound 

where  i s  the 
2 b  - 2 f 

coh - t~ (“Coh9 
/d = 41~b ; and f o r  a f r e e  a tom u 

uc oh atom , 

reduced m a s s .  
9 9  All of the r e su l t s  shown in Table  I fo r  Z r ,  Tc  , Os,  and 

the Os isotopes w e r e  obtained using method (1) in which neutron powder 

pa t te rns  were  obtained fo r  the ma te r i a l  under study together  with a nickel 

powder s tandard  using b a s  1.03X 10 cm.  P a t t e r n s  w e r e  obtained 
- 1 2  

Ni 

1 
S. S. Sidhu, L. Heaton, and M. H .  Muel le r ,  J .  Appl. Phys .  - 30, 

1323 (1959).  
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TABLE I.  S u m m a r y  of coherent-nuclear-scat ter ing data .  

f 
0- 

b 
c oh coh 

0- Element  Data b 

o r  isotope IrOm ( iO-12cm)  (ba rns  ) (ba rns )  

Z r  

Tc 99 

o s  
188 

189 

190 

192 

os 
o s  

os 
o s  

K 

K39 

Rb 

Rb 
85 

I r  

met  a1 

meta l  

meta l  

me ta l  

meta l  

me ta l  

m eta1 

c hl o r id  e 

chlor ide 

chlor ide 

chlor ide - oxide 

oxide 

0. 70 

0.68 

1. 07 

0. 78 

1. 10 

1. 14 

1. 19 

0. 34 

0. 37 

0. 85 

0. 83  

1. 06 

0.48 

6 .  16 

5. 81  

14. 39 

7.65 

15. 21 

16. 33 

17. 80 

1.45 

1. 72 

9.08 

8.66 

14. 12 

2.90 

6 .  13 

5 . 7 9  

14.49 

7.70 

15.31 

16.44 

17.92 

1 . 4 1  

1.66 

9 .02  

8.60 

14.22 

2. 72 

1 f r o m  samples  

reflections w e r e  then used i n  the Busing-Levy 

graphic  computer  p rogram fo r  evaluating the bes t  value f o r  the s c a t t e r -  

in. in d i ame te r  and the integrated intensi t ies  fo r  the 
2 

l ea s t - squa res  c rys ta l lo-  

- 1 2  
ing amplitude.  The value of b is  cons iderably  higher than 0 . 6 2 X  10 c m  

previously repor ted ,  
Z r  3 

but is i n  ag reemen t  with recent  r e su l t s  of o the r s .  
85 

How- 
-12 

In method (2 )  the value of k shown i n  

The r e su l t s  shown i n  Table  I f o r  K, K39, Rb, and Rb 

w e r e  a l s o  obtained init ially by  the powder technique of method (1).  

e v e r ,  they w e r e  a l s o  checked by method ( 2 )  in which b 

was used as a n  in te rna l  s tandard.  

Eq. (1) need not be  evaluated and a s e t  of re la t ive values  of F f o r  the 

= 0.99 X 10 c m  
c 1  

2 
W .  R .  Busing and H.  A .  Levy,  Oak Ridge National Labora to ry  

Repor t  59-4-37 (1959). 
3 

International Tables f o r  X-Ray Crys ta l lography (The  Kynock P r e s s ,  
1962),V01. 111, pp. 229-231. 



various choices  of hkl m a y  be used d i r ec t ly  i n  the l e a s t - s q u a r e s  c o m -  

puter  p rogram.  The sca t te r ing  ampli tude b f o r  K i s  i n  ag reemen t  with 
3 39 t h e  previous value reported,  but the K resu l t s  a r e  new. The value 

-12 3 
= 0.85 X 10 c m  i s  cons iderably  higher  than the previous value 

- 12 85 bRb 
of 0.55 X 10 cm and the value fo r  Rb has  not been repor ted  before .  

A value for  b was obtained f r o m  a powder pa t te rn  of 

T h e r e  
Ir 

0 0 

I r02.  

a r e  a l imited number of reso lved  l ines  i n  the fo rward  reflecting region. 

The re fo re ,  method (2 )  was employed, using the oxygen a s  a n  in te rna l  

s tandard.  

usedin  the l e a s t - s q u a r e s  p rogram 

the positional p a r a m e t e r  x i n  the xx0 position fo r  oxygen w e r e  t rea ted  

as variables. The resu l t s  a r e  shown  br ie f ly  i n  Table  I. 

Since I rO  i s  te t ragonal ,  a. = 4.49 A and co = 3 .  14 A. 
2 

The re la t ive  intensi t ies  f rom five reso lved  reflections w e r e  

and 
2 

bIr’ 
i n  which the sca le  fac tor ,  

. 
The resu l t s  shown i n  the table f o r  Mg w e r e  obtained f r o m  

neutron intensi t ies  f r o m  a single c r y s t a l  of MgO which was  being used 

f o r  i n s t rumen t  a l ignment .  Intensity data  were  obtained f r o m  approximate ly  

150 hkP which occur red  i n  t h r e e  octants of r e c i p r o c a l  space.  These  

intensi t ies  w e r e  then used i n  the l e a s t - s q u a r e s  p r o g r a m  i n  which the 

sca l e  fac tor  and t e m p e r a t u r e  fac tor  w e r e  t r ea t ed  a s  var iab les .  A c a l -  

culation was  then t r i ed  i n  which b was a l so  allowed to  v a r y  and con-  

s iderable  improvement  was noted i n  the ag reemen t  fac tor .  It was then 

concluded,on the bas i s  of method (4)  desc r ibed  above, that  the previous 

value of 0 .54 X 10 c m  f o r  b was too high and a value of 0 .48 X 10 

cm shown i n  Table  I i s  m o r e  nea r ly  c o r r e c t .  

recent ly  

Mg 

-12 -12 

Mg 
It has  a l s o  been r epor t ed  

that powder diffraction data  for  MgO give a value of 0 .5  16 X 10 
4 -12 

4 
T. M. Sabine and J. D. Browne, Acta  C r y s t .  - 16, 834 (1963). 
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IV-15. NMR O F  SHORT-LIVED I .~.-_.C..I'--*- NUCLIDES --=..-- e.,-- BY POLARIZED NEUTRON 
-/-- 

CAPTURE AND ~ D E C A Y  ANISOTROPY':' 

D.  W .  Connor,  T. Tsang, and D. L. Davis 

Arponne National Labora torv .  Areonne.  Illinois 

Introduction 

In this paper  we shall  d i scuss  br ie f ly  the nuclear  po lar iza-  

tion result ing f rom the capture  of polarized neutrons,  the relaxation p ro -  

c e s s e s  which tend to des t roy  the nuclear polarization, the spat ia l  anisotropy 

of P-particle emiss ion  f r o m  polar ized nuclei, and the experimental  

techniques which we have used. These  m a t t e r s ,  and par t icu lar ly  the 

nuclear  magnetic resonance (NMR) aspec ts ,  a r e  t rea ted  m o r e  fully i n  
1 

a forthcoming paper  where re ferences  to re la ted work w i l l  be found. 

1. Nuclear Polar izat ion 

Since the capture  of polar ized neutrons gives a net angular 

momentum to the ta rge t ,  it i s  intuitively evident that some  nuclear  po lar i -  

zation must  resu l t ,  In fact, for  cap ture  into the  higher spin compound 

s ta te ,  posit ive values of the magnetic quantum number a r e  emphasized,  

as shown in F ig .  1. F o r  capture  into the lower spin s ta te ,  the r e v e r s e  

is  t rue .  The resultant polarization of the compound s ta te  i s :  

F ig .  1. Relative p;obabil- 
i t ies  W ( J ,  , M, ) of the 
s ta tes  formed f rom the 
capture  of polarized 
s low neutrons b y  un- 
polarized nuclei of spin 
J o  - 

r t  

.I< e,. 

Presen ted  by D. W .  Connor.  
T .  Tsang a n d D .  Connor,  Phys .  Rev. - 132,  (fall 1963) .  1 
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II I 1  

1 P = (it J 1 ) / 3 J 1 .  F o r  J l  = Jo t z ,  
I 1  

P = - 1 / 3  (J;' # 0). 

P = O  ( J l  = 0). 
t t  

1 t I  

F o r  J = Jo - T ,  1 

The labeling of the s e v e r a l  s t a t e s  is given in Fig. 2. 

n -capture /jl---- 
L J,, P(JJ = 0 

IV-15 

The emiss ion  

of capture  gammas  in the 

t rans i t ion  to  the ground s t a t e  

(g. s.) genera l ly  reduces  the 

ground-  s t a t e  polarization 

but, typically,  not by  a l a rge  

f ac to r .  This  c a n  be t r ea t ed  

exactly,  of cour se ,  but 

' P -  
JZ 

(t  + L A )  2 

Fig.  2. Diagram i l lustrat ing the  p r o c e s s  of 
neutron cap tu re  and subsequent  p decay. 

s ince  nei ther  the capture-  

g a m m a  scheme  nor  the spins 

of the in te rmedia te  levels  a r e  usually known well enough, the calculation 

s e e m s  unprofitable. 

that  of the compound s t a t e s ,  the g. s. polar izat ion should usual ly  be between 

0. 05 and 0 .5 .  

t he  possibi l i ty  of accidental  cancellation ex is t s  but i t  i s  probably r a r e  that  

the  two capture  c r o s s  sect ions a r e  s o  neatly balanced. 

If the g.  s. spin d i f fe rs  by  only one o r  two units f rom 

Since the two compound s t a t e s  give opposite polarization, 

2. Relaxation P r o c e s s e s  

These  tend to  reduce the init ial  g . s .  polar izat ion to the  

much s m a l l e r  value corresponding to s ta t i s t ica l  equilibrium, typically a 

few p a r t s  p e r  mill ion i n  kilogauss magnetic f ie lds .  In  o r d e r  that  the nuclear  

polar izat ion be observable  via  a n  an iso t ropy  in p decay,  it is n e c e s s a r y  

that the relaxation t i m e  (7  

parable  to  the half-life. 

in conventional NMR usage)  be a t  l ea s t  com-  1 
Of the two relaxation p r o c e s s e s  which a r e  

2 
F. D. Shapiro,  Uspekhi F i z .  Nauk. 65, 133 (1958) .  - 
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s ignif icant  n usual  NMR expe r imen t s ,  that  of re laxat ion v ia  paramagnet ic  

impur i t i e s  

of product nuclei (.: 10 cm ) inhibits the p r o c e s s  of spin diffusion 

( t r a n s f e r  of angular  momentum between neighboring l ike nuclei)  which 

normal ly  couples a nucleus to  a dis tant  impuri ty .  

p r o c e s s ,  quadrupolar  relaxation, does occur  whenever  the nuclear  quad- 

rupole  moment  is apprec iab le .  

s ample  t e m p e r a t u r e  T (7 ccT 

ge t  compound. We have been able  t o  s tudy Li8 and F a t  room t e m p e r a -  

t u re  because the quadrupole moments a r e  for tui tously sma l l ,  In the case  

s insignificant i n  our work  s ince  the n e a r - z e r o  concentrat ion 
-19 -3 

The o ther  well  known 

It may  be inhibited only by reducing the 

) and, to  some degree ,  by choice of t a r -  
- 2  

20 
1 

12  0 
of B , re laxat ion i s  not negligible a t  80 K even though the  half-l ife is 

only 0 .02  sec .  

3 .  p-Decay Anisotropy 

F o r  allowed t rans i t ions ,  the angular  d i s t r ibu t ion  is 

W ( 8 )  = 1 t ( v / c ) P A  cos  8 ,  where  the coefficient A depends on the  sp in  

change i n  the p t rans i t ion  ( s e e  Table  I). 

of s i m i l a r  counters ,  each  subtending a t  the s o u r c e  a cone of half-angle 

8 

Detecting the bet,as with a p a i r  

about the polar izat ion ax is ,  the re la t ive  difference in counting r a t e s  is 1 

TABLE I. A s y m m e t r y  coefficient A fo r  allowed j3 emiss ion  
with angular  momentum change J - J i .  2 

AJ A 

1 J l / V  f J i )  

- 1  - 1  

0 0 (pu re  F e r m i )  
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2 
(N - N ) / ( N i t  Nz) = ( a /2 ) s in  8 /(i - c o s  el), 

1 2  i 

a = (v / c )PA.  

"1% = I  

We have source  and counters  in a strong magnetic field so  that 2 and 

4. Nuclear  Magnetic Resonance 

An over ly  simplified descr ipt ion will suffice to i l lus t ra te  

t h e  experiment .  

t ion axis) ,  the nuclear Zeeman levels a r e  separa ted  in ene rgy  by the  

amount 

f requency w 

a n  rf magnetic field of th i s  f requency) ,  t ransi t ions among the Zeeman 

levels  wi l l  des t roy  the polarization. Experimental ly ,  one va r i e s  w o r  H o  

and looks fo r  a d e c r e a s e  i n  the  P-decay a symmet ry .  F r o m  a de termina-  

t ion of y, one may obtain the nuclear  g fac tor  g f p/E J f rom the relat ion 

g = yfi /PN,where p 

In a n  applied magnetic field H o  (para l le l  to  the polar iza-  

AE = p H o / J I .  If the nuclei a r e  i r rad ia ted  with photons of angular 

= y H o r  where  y is  the gyromagnet ic  ra t io  (macroscopica l ly  
L 

1 
i s  the nuclear magneton. N 

B y  providing a c i r cu la r ly  polar ized rf f ield,  we have been 
3 

able  to  de te rmine  the sign of the magnetic moment.  - 

5. Experimental  

The a r r angemen t  i s  shown schematical ly  in Fig.  3. 

Neutron beam from 
reoctor  and col l imotor  

I 

Magnet  

90' pie-shaped l e o d  
block and cadmium sheet 

. 
I t 0  r t  oscillator h- ~o'O'%ean~u~olp"_ - c - S o m p l e  and r f  coil 

Rotot ing beam 
wheel Mognet ized neutron mirror  0 - 8  -ooun ter *2 

(magnet ic  f i e l d  d i r e c t i o n  
perpendicular  t o  p a p e r )  

pole f a c e  

Fig.  3 .  Exper imenta l  layout. 

3 
D. Connor and T. Tsang, Phys .  Rev. 126, 1506 (1962). - 
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Reac tor  neutrons pass  through a slow chopper,  a r e  polar ized by reflection 

f rom a magnetic m i r r o r ,  and i r r ad ia t e  a sample  held i n  the gap  of a l a r g e  

e lec t romagnet .  

in te r fe rence  b y  capture  gammas .  

Chopping the beam allows (half- t ime)  counting f r e e  f rom 

A typical 

room - tempera ture  sample-  

holder is shown in F ig .  4. 

The boron nitride end pieces 

s e r v e  t o  col l imate  the pol- 

a r i z e d  neutron beam,  thereby  

m i nim i z i ng radioactive 

background due to  capture  

of s t r a y  neutrons by nearby 

objects such as  the counters .  

The rf magnetic field i s  

generated by passage  of 

the appropr ia te  c u r r e n t  

through the coil  sur round-  

ing the  sample.  

The exper i -  

CONTAINED IN 
5 mil TEFLON BAG 

LUMINUM WIRES - \ B O R O N  NITRIDE 

Fig.  4. Targe t /co i l - form assembly .  
Neutron and nuclear polarization 
a r e  para l le l  to Ho. 

mental  procedure is usually the following. The  p-emiss ion  a s y m m e t r y  

for the nuclide under study i s  de te rmined  by comparing the r a t e s  of the 

two counters  with the neutron beam a1 te rna te ly  polarized and unpolarized. 

This compar ison  f r e e s  us f r o m  the difficult t a s k  of providing absolutely 

symmet r i ca l  counters  and experimental  conditions. 

l a r g e  enough (a few p e r  cent)  to make observation of the resonance 

feasible ,  a s e a r c h  f o r  the resonance i s  made  by turning on  the r f  f ield 

and measuring the a s y m m e t r y  during sys temat ic  var ia t ion of e i ther  w or  

H o .  

t o  shor ten  it by  modulating H o  a t  an audio frequency,  thereby ar t i f ic ia l ly  

If the a s y m m e t r y  is 

The s e a r c h  may  be v e r y  tedious and we have somet imes  been able  
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broadening the NMR line.  

ful  point-by-point study readi ly  gives y o r  g to  within a few hundredths 

of a p e r  cent. 

Once the resonance  has  been located, a c a r e -  

20 
Some resonance da ta  f o r  F appear  in  Fig.  5. 

1 

Yo 

1.0 L I 1 I 
996 998 IO00 IO02 1004 

FREOUENCY Y ,  kc 

Fig .  5. Exper imenta l  NMR 
a s y m m e t r y  data f o r  F 2 0  

in  a CaF, single c rys t a l .  
H o  = 1253 Oe para l le l  to  
the 110 a x i s ;  H, = 
5 . 3 X  1 0 - 3  Oe. The solid 
curve  was  calculated f rom 
a model  d iscussed  i n  Ref. 
1. The dotted l ines indi-  
ca te  the a s y m m e t r y  (with 
experimental  uncertainty) 
obtained i n  the absence  of 
rf field.  

6. Discussion 

We believe that  this  method w i l l  pe rmi t  observation of the 

NMR f o r  some fifty radionuclides f o r  which nei ther  conventional NMR nor 

the  atomic-beam method i s  feasible.  C r o s s  sections of a few mil l ibarns  

have sufficed for  the work to date  and it appears  that  the sensi t ivi ty  can 

b e  improved considerably by careful  reduction of background. 

in most  c a s e s  a sample t empera tu re  i n  the liquid-helium range wi l l  be  r e -  

qu i red  i n  o rde r  to extend the quadrupolar  relaxation t ime sufficiently. At 

low tempera ture ,  it  may be possible to observe the quadrupole splitting. 

This would pe rmi t  an unambiguous determinat ion of the spin and probably 

f a i r l y  good es t imates  of the quadrupole moment.  

However, 
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H. MAIER -LEIBNITZ, Technischen Hochschule,  Munich: I think 

that  I f i r s t  should s a y  that I have always thought i t  was one of the  nicest  

expe r imen t s  i n  the f ie ld  i n  t he  l a s t  few y e a r s .  

Secondly, I would l ike to a sk  you whether  you have thought 

of applying th i s  t o  the f i ss ion  p r o c e s s  - I mean ,  looking a t  some  f a s t -  

decaying  be ta  m a t t e r  and looking f o r  s o m e  polar izat ion that you ge t  f r o m  

f i s s ion  by polar ized neutrons.  

don't suppose i t  i s  too easy .  

It might be a n  in te res t ing  application. I 

CONNOR: L e t  m e  answer ,  f i r s t ,  by thanking you f o r  the comment  

and  acknowledging that the or iginal  notion f o r  this expe r imen t  is due t o  Ted 

Novey of Argonne and Valentine Telegdi  of the Univers i ty  of Chicago. 

The  nicest  thing about this i s  thinking of it, but I did not 

do that.  Secondly, we s imply have not thought about it,  p r i m a r i l y  because  

I a m  not r ea l ly  a nuclear  physicis t  any m o r e .  

I would be  delighted to  have anyone apply the  technique to  

anything useful.  I a m  not going any  f u r t h e r  with i t  myse l f .  
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Next au tumn wil l  m a r k  a qua r t e r  of a century  s ince the 

CLppearance  of the now c l a s s i c  pape r  by Niels Bohr and John Wheeler 

ent i t led "The Mechanism of Nuclear  F iss ion .  ' I  

theory of the phenomenon, and  i t  invoked the l iquid-drop model  suggested 

by Mei tner  and  F r i s c h .  

This  was the f i r s t  detailed 

The  l iquid-drop model  has  a c e r t a i n  esthet ic  beauty of its 

own, a p a r t  f r o m  any relevance i t  m a y  have to the f i ss ion  p rocess .  

assumpt ions  upon which i t  r e s t s  a r e  of the g rea t e s t  simpl.icity: 

Stat ics  ( 1 )  uniform nuclear  and  cha rge  densi ty  ( s h a r p  su r face ) ,  ( 2 )  s u r -  

f a c e  energy  proport ional  to su r face  a r e a .  

i r ro t a t iona l  flow. 

The 

Dynamics (1) no viscosi ty ,  

We wil l  r e t u r n  to a cr i t ique  of these  a s sumpt ions  l a t e r .  

In spi te  of i t s  s implici ty ,  the implicat ions of the model  
I 

I 

have been maddeningly difficult to a sce r t a in .  

ene rgy  about the sphe r i ca l  shape in  t e r m s  of Legendre coefficients has  

An expansion of the s ta t ic  

v-  1 

been  useful,  but undoubtedly fails to converge in regions of g r e a t  i n t e re s t .  

Beginni.ng with the nume rical calculat ions of Frankel .  and Metropol is ,  

the potential  su r f ace  has  been surveyed  by s e v e r a l  w o r k e r s  until  now, 

thanks to the definitive calculat ions of Cohen and  Swiatecki, the na ture  

of the saddle-point configurations is well  understood: the saddle  point: 

configurations a r e  s y m m e t r i c  in shape, and  a r e  s table  aga ins t  s m a l l  

a s y m m e t r i c  deform a t  ions . 
The situation with r e s p e c t  to dynamics is  l e s s  c l ea r .  Beyond 

the smal l -deformat ion  region, numer i ca l  calculat ions m u s t  be invoked; 

and f o r  this  we have on1.y the f r agmen ta ry  r e su l t s  of D. L. Hill,  Without 

a dynami.ca1 calculation, such  impor tan t  quest ions as m a s s  a s y m m e t r y  

cannot be sett led.  Even without the dynamics,  however,? s e v e r a l  fa i l .ures  

of the s imple  l iquid-drop mode l  a r e  evident. 

..L ..p. 

Invited paper .  
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( 1 )  Most  f i ss ion  thresholds  l ie  sys t em L; t i ca l ly  5-10 MeV 

higher  than the l iquid-drop model  pred ic t s .  

d i screpancy ,  i t  is t rue  that i t  is  s m a l l  compared  with the individual 

Coulomb and  s u r f a c e  t e r m s  contributing to the deformat ion  energy. 

saddle  point de t e rmines  the threshold energy,  independent of the dynamics.  

The exper imenta l  value of the kinetic ene rgy  of the f r a g -  

Although this  is a l a rge  

The 

( 2 )  

m e n t s  ( in  t h e r m a l  and spontaneous f iss ion)  co r re sponds  to the Coulomb 

ene rgy  of touching o r  s epa ra t ed  s p h e r e s ;  

low in the region of s y m m e t r i c  fission. 

the kinetic ene rgy  is  especial ly  

Both the s m a l l  magnitude of the 

kinetic ene rgy  and the fac t  that i t  does  not i nc rease  with inc reas ing  

exci ta t ion ene rgy  i s  r a t h e r  difficult (but not imposs ib le )  to understand on 

the b a s i s  of a v iscos i ty- f ree  model. 

( 3 )  The mass -y ie ld  c u r v e s  a r e  c l e a r l y  connected with 

nuc lea r  she l l  s t ruc tu re .  

82-neutron c o r e  (and possibly the 50-neutron c o r e )  is outside the domain 

of the l iquid-drop model.  

The  p re fe rence  f o r  p r e s e r v i n g  the 50-proton 

What can  we do with the liquid drop  m o d e l ?  We could s y s -  

temat ica l ly  r a i s e  the leve l  of sophis t icat ion of each  of the four  assumpt ions  

l i s t ed  above. 

s ca t t e r ing  exper iments ,  ( 2 )  l e t  the su r face  energy  depend upon f a c t o r s  

o the r  than su r face  area ( s u c h  as  cu rva tu re  and  nuc lear  she l l  s t ruc tu re ) ,  

as suggested by T e r r e l l ,  Vandenbosch, and  Fong. Dynamics: (1) a l low 

f o r  viscosi ty ,  thus admit t ing the t r a n s f e r  of ene rgy  f r o m  col lect ive motion 

into in t e rna l  (nucleonic)  excitation, an'd ( 2 )  u s e  a n  a l te rna t ive  d e s c r i p -  

tion f o r  calculat ing the flow (i. e . ,  the Inglis "cranking model").  

Stat ics : ( l )  take the nuc lear  densi ty  as  given by the electron-  

The  logical  s u c c e s s o r  to the l iquid-drop model  is the 

adiabat ic  model,, Like the l iquid-drop model ,  i t  c a n  be defined cr i sp ly .  

It m e e t s  some  of the fai l ings of the l iquid-drop mode l  but not all. 

p re sc r ip t ion  of the adiabat ic  mode l  is  that the s ta t ionary  s t a t e s  of the many-  

body sys t em a r e  calculated subject  to a s m a l l  number  of cons t ra in ts .  

These  cons t r a in t s  specify the amount  of deformation in t r ins ic  in the nucleus,  

The  
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f o r  example,  the quadrupole,  octupole, etc. moment s  of the m a s s  d is -  

tr ibution: 

where  Q is the s e t  of o p e r a t o r s  whose expectation value is specified,  a 

is the cor responding  s e t  of Lagrangian multipliers,and the €.(a) a r e  the 

adiabat ic  energy  levels .  T h e s e  cons t ra in ts ,  in  turn,  become the 

‘u “v 

1 -  

dynamical  va r i ab le s  of col lect ive motion. In o r d e r  to c a r r y  out a ca l -  

culational p r o g r a m  f o r  the adiabat ic  model,  one m u s t  uti l ize a t  l ea s t  

modera t e ly  r ea l i s t i c  two -body in te rac t ions ;  the s implif ied pair ing-plus-  

quadrupole in te rac t ion  used  so  successfu l ly  by the Copenhagen group fo r  

studying low-lying exci ta t ions would be inadequate here .  

Even  though the complete  adiabat ic  model  is not l ikely 

to be calculated in the n e a r  fu ture ,  we can  neve r the l e s s  deduce (and  

speculate  on) s e v e r a l  in te res t ing  f ea tu res  of the model. 

p re sc r ip t ion  f o r  calculat ing each  of the r equ i r ed  general izat ions of the 

T h e r e  is a definite 

l iquid-drop model  l i s ted  above. 

a na tu ra l  consequence. 

in te rna l  excitation - c a n  be calculated in pr inciple ,  and  has  been  

e s t ima ted  numer i ca l ly  under  simplifying assumpt ions .  In genera l ,  these  

nonadiabatic p r o c e s s e s  a r e  found to be v e r y  la rge .  

c i ta t ional  ene rgy  space  ove r  which diffusion occur s  during t r ans i t  of one 

unit in P is roughly 

The incorporat ion of the she l l  model  is 

Viscosi ty  - the t r a n s f e r  of col lect ive energy to 

The dis tance in ex- 

J 

where  V, is the depth of the nuc lear  potential ,  T 

of col lect ive ( p - )  motion, and  ( )  denotes some appropr ia te  average ,  

Taking T z MeV, this  number  turns  out to be about 2 2  MeV. The  

exception a p p e a r s  to be that the lowest  in t r ins ic  s t a t e s  a r e  at l e a s t  

is the kinetic energy  
P 

P 
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I 

par t i a l ly  isolated f r o m  higher  s ta tes .  

b r i u m  m a y  wel l  be es tab l i shed  among s t a t e s  of high excitation, but these  

wil l  not feed  the lowest  s ta tes .  F u r t h e r m o r e ,  if  the nucleus p a s s e s  ove r  

the saddle  point only in the lowest  exci ta t ional  s t a t e s ,  i t  m a y  not t he rma l i ze  

by the t ime of sc i ss ion .  

That  is  to say, s t a t i s t i ca l  equili-  

At  this point i t  i s  appropr ia te  to make  some  comment s  about 

the concept of channels.  

f r eedom in the f inal  s t a t e )  is  in  the o r d e r  of billions. 

the m e a s u r e s  which we use f o r  the number of channels  tu rn  out to be 

small .  

f i s s ion  p r o c e s s  the re  is a "bottle neck, 

through which the nucleus m u s t  pass. 

saddle  configuration a r e  in t e rp re t ed  as the channels.  

The number  of exit  channels  ( o r  d e g r e e s  of 

On t h e  o ther  hand, 

The resolut ion of this minor  paradox is  that a t  some  point in  the 

namely  the saddle  configuration, 

The few ( in te rmedia te )  s t a t e s  a t  the 

T h e r e  a r e  cu r ren t ly  two m e a s u r e s  f o r  the number  of 

channels.  The f i r s t ,  due to Bohr  and Wheeler ,  i s  given by 

H e r e  f m a y  be in te rpre ted ,  roughly, a s  the pene t rab i l i ty  through the 

f i ss ion  b a r r i e r .  Thus f f 1, where  a denotes the channel. 
a 

a 
The o ther  m e a s u r e  is based  upon the f luctuat ions in the 

f i s s ion  widths, 

Th i s  expres s ion  yields  the P o r t e r - T h o m a s  value of the channel  number  

when the re  a r e  ( s a y )  v 

able  (equal  penetrabil i ty).  However,  the fo rmula  has  a b roade r  in t e r -  

pretat ion,  

d e g r e e s  of f reedom,  all of which a r e  equally ava i l -  2 

If the channels  do not par t ic ipa te  equally (unequal pene t rab i l i t i es ) ,  
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the dis t r ibut ion of f i ss ion  widths will  not, in genera l ,  be  of the P o r t e r -  

Thomas  f o r m  nor  need v ,  be a n  integer .  The phys ica l  in te rpre ta t ion  of 
2 L 

v is expres sed  by (E f )2/zf . 
2 a a 

One finds f r o m  Eqs.  (2)  and  ( 3 )  that 

v-I 

Th i s  inequality is  wel l  ver i f ied  experimental ly ,  where  fo r  thermal-neutron 

f i s s ion  v is the o r d e r  of tenths and v is the o r d e r  of ones. Indeed, the 
I 2 

r a t io  v / v  i s  anomalously small .  The f appea r  to be s m a l l  in a region 

where  the pene t rab i l i t i es  should indicate a t  l e a s t  one open channel. 

explanation of the anomaly is afforded by the isolat ion of the low-lying 

adiabat ic  s ta tes .  

penetrabi l i ty ,  but a l s o  ( o r  ins tead)  to the inabili ty of reaching  the s ta te .  

The  question of whether  t h e r m a l  equi l ibr ium is reached  a t  

o r  n e a r  the t ime of s c i s s ion  is of c ruc ia l  impor tance  to Fong’s  s ta t i s t ica l  

model  of f ission. The  avai lable  theore t ica l  appa ra tus  - in  t e r m s  of 

s m a l l  deviations f r o m  the adiabat ic  model  - is probably adequate to 

answer  the question, but no one has  yet come fo rward  with the resu l t s .  

However,  the implicat ions of the preceding  d iscuss ion  a r e  that the con-  

ditions n e c e s s a r y  f o r  the validity of the Fong model  m a y  not be m e t  f o r  

the t h e r m a l  f i s s ione r s ,  but that  a t  s e v e r a l  MeV above threshold the 

s ta t i s t ica l  conditions m a y  wel l  be valid. 

1 2  a 
An 

A small value f o r  f c an  be a t t r ibu ted  not only to a low 
a 

At  this point I would l ike to defend Fong in one a r e a  of 

attack. 

model.  

Newton has  proposed  a n  a l te rna t ive  formulat ion of the s ta t i s t ica l  

Both the Fong a n d  the Newton expres s ions  fo r  the m a s s  yield m a y  

be wr i t ten  

2 k 
ET-E 

T 
E 

Y ( Z  A Z A ) = c o n s t . J  d E k J  de (R )p EkWi(E1)W2(ET-Ek-E1) J 1 s s  
0 0 

1 1 2 2  
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where  E i s  the total  energy,  E i s  the kinetic ene rgy  of a f ragment ,  

W is  the leve l  densi ty ,  p is the reduced m a s s  of a f ragment ,  and R 

P 

T k 
and 

S 

a r e  the channel  rad ius  and  penetrabil i ty.  
S 

The f a c t o r s  R and  P do not appea r  in F o n g ' s  express ion .  
S S 

The distinction between the two c a s e s  is that in F o n g ' s  expres s ion  the 

quant i t ies  a r e  evaluated a t  s c i s s ion  and in Newton's they a r e  evaluated a t  

infinite separat ion.  

the kinetic energy,  the fo rmulae  differ only in the f ac to r  E 

Fong  is  c l e a r l y  c o r r e c t ,  f o r  only the sc i s s ion  configuration values  a r e  

re levant .  

equi l ibr ium a t  sc i ss ion .  

is not s o  c l e a r  in that case .  

f r e e  of s c i s s ion  effects  - a s  c la imed - because they en te r  into R 

P 

In the c l a s s i c a l  l imi t  where  P is a s t ep  function of 

but then k' 

The bas i c  assumpt ion  in the Fong model  is c l ea r :  t h e r m a l  

The  Newton a s  sumption of equal  r educed  widths 

F u r t h e r m o r e ,  Newton 's  calculat ions a r e  not 

and 
S 

in the f o r m  of nuc lear  deformat ion  and polar izabi l i ty .  
S 

Although the s ta t i s t ica l  model  once held p r o m i s e  of being 

f r e e  of a r b i t r a r y  p a r a m e t e r s ,  i ts  pred ic t ions  a r e  so  sens i t ive  to the input 

data  - espec ia l ly  the f o r m  and energy  a rgumen t s  of the level-densi ty  

fo rmulae  - that  a " f i r s t -pr inc ip le"  calculat ion lo ses  much  of i t s  meaning. 

In conclusion, I would l ike to s ta te  two bas i c  theore t ica l  

quest ions which can  be studied prof i tably with some  ref inement  of c u r r e n t  

techniques: 

between the saddle  point and  sc i ss ion .  

that  f inal  t ear ing  of the nucleus.  

model ,  while ve ry  impor tan t ,  is a far m o r e  ambit ious en te rp r i se .  

(1) The question of es tabl ishing thermodynamic  equi l ibr ium 

( 2 )  The s c i s s i o n  p r o c e s s  i tself  - 

A detai led calculat ion of the adiabat ic  

J. J. GRIFFIN, Los  Alamos  Scientific Labora tory :  I wonder i f  

you could repea t ,  a l i t t le  m o r e  slowly, the point about the l imit ing 

s i tuat ion ( the step-function c a s e )  where  the Newton model  is inapplicable 

but the Fong model  would be applicable.  
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WILETS: In the c l a s s i c a l  l imit ,  the penetrabi l i ty  becomes  a s t ep  

function of E (sc i ss ion) ,  jumping f r o m  z e r o  to unity a t  the b a r r i e r  energy. 

What happens beyond the point of s c i s s ion  can  be of no consequence to us  

whatever! 

the velocity fac tor  E (sc i ss ion) .  

f E(Cou1omb). 

a r e  quite distinct:  F o n g ' s  f ac to r  begins f r o m  z e r o  and i n c r e a s e s  l inear ly  

with E ( sc i s s ion ) ;  Newton's fo rmula  a l so  i n c r e a s e s  l i nea r ly  with E (sciss ion) ,  

but because of the l a r g e  constant  Coulomb ene rgy  i t  is re la t ive ly  insensi t ive 

to E (sc i ss ion) .  

k 

Now F o n g ' s  fo rmula  contains the f r agmen t  KE leve l  densi ty  and 

k k k Newton has  the f ac to r  E (a) = E ( sc i s s ion )  

This  is  the only way the fo rmulae  differ. These  f ac to r s  

k k 

k 
GRIFFIN: Let  m e  jus t  a s k  about the penetrabi l i ty .  Is this the 

penetrabi l i ty  f o r  two f r agmen t s  coming together  ? 

fac tor  that Newton uses  ? 

What is the penetrat ion 

WILETS: It  is de r ived  f r o m  the Coulomb wave functions and  is 

equal  to one minus  the ref lect ion coefficient. 

f r agmen t s  coming f r o m  infinity will  actual ly  pene t ra te  over  o r  through 

the Coulomb b a r r i e r .  

It is the probabi l i ty  that two 

N. ROSENZ WEIG, Argonne National Labora tory :  Someone once 

told m e  that a long t ime ago  K r a m e r s  cons idered  a Brownian-motion 

model  to desc r ibe  s ta t i s t ica l ly  a c e r t a i n  port ion of the dynamica l  aspec t .  

I have neve r  found a p a p e r  that  s ays  anything about  this, 

thing about i t  ? 
I Do you know any-  

WILETS: No, I a m  a f r a i d  I don't .  But now that I have you "on the 

phone, ' I  l e t  m e  make  a comment  concerning a question which we d i scussed  

e a r l i e r .  

pene t rab i l i t i es ,  a t  l eas t ,  in  a language which is s i m i l a r  to the one you use.  

You had on the boa rd  yes t e rday  the expres s ion  f o r  the t rans i t ion  r a t e  

which de te rmines  the width - a n  expres s ion  (a, V@) where ,  as I reca l l ,  

Q, was  a n  exit  channel,  9 was  a m e m b e r  of the ensemble,  and V was a 

potential  ope ra to r  which, however,  is a constant.  Th i s  is not to be 

I think that one might  be ab le  to put the questionof these var ious  
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identified with the off-diagonal m a t r i x  e lements  but is a constant.  

not a constant .  

(IS i t  

Is i t  s t a t i s t i ca l  a l s o ? )  

ROSENZ WEIG: In the example I u sed  f o r  the radiat ion width, i t  

would obviously be something l ike a dipole ope ra to r  fo r  dipole radiat ion 

width. 

WILETS: Yes,  but would i t  not be essent ia l ly  of constant  

s t r eng th  over  all of the va r ious  f inal  s t a t e s  a ?  
ROSENZWEIG: It  is defined independently of a. In the c a s e  

which I d i scussed ,  i t  is  j u s t  a n  ope ra to r  caus ing  a t ransi t ion.  In the c a s e  

of f i s s ion  I don ' t  r ea l ly  know what to wr i te  down, and  pe rhaps  you wil l  t e l l  

us. 

WILETS: What I w a s  going to sugges t  i s  that in the c a s e  of 

f i s s ion  i t  m a y  not be s o  e a s y  to wr i t e  i t  in this  form,  but one would make  

an identification with a V which is a l s o  a function of the f ina l  s t a t e  and  

could v a r y  in s t r eng th  to s imula te  in  some way the f a c t  that  these  va r ious  

s t a t e s  have different  pene t rab i l i t i es .  That  would, I think, lead  to ex -  

p r e s s i o n s  quite s i m i l a r  to those that I put on the board.  

ROSENZWEIG: I don ' t  want to l e t  this  point go by s ince  i t  is 
I 

r igh t  h e r e  in  f ron t  of us. 

the f i s s i o n  width shows s o  much  fluctuation can  then be e x p r e s s e d  in 

t e r m s  of the language which I l ike by showing why the c o r r e l a t i o n  coefficient 

(which is e x p r e s s e d  in t e r m s  of s c a l a r  products  of this  kind) i s  s o  s t rongly  

posit ive.  

Maybe when this is done B o h r ' s  idea  of why 

WILETS: Fine! 

P. MOLDAUER, Argonne National Labora tory :  I am a f r a i d  I 

d idn ' t  unders tand  that l a s t  point. 

d i f fe ren t  channels ,  t he re fo re  two different  @, t he re  is no need  f o r  suppos-  

ing that one wil l  get the s a m e  value of the ensemble  a v e r a g e  (Q,  V @ )  fo r  

both channels .  I t  is  p r e c i s e l y  these  differing a v e r a g e s  which yield the 

d i f fe ren t  t r a n s m i s s i o n  coefficients f o r  different  channels ,  even  though 

we use  the s a m e  V;  and  i t  is  these  t r a n s m i s s i o n  coefficients which 

C lea r ly ,  i f  you a r e  talking about two 
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determine  v What de t e rmines  v i s  essent ia l ly  the fluctuations about 

the average  a s  one v a r i e s  the m e m b e r s  of the ensemble  9. 
1' 

WILETS: Actually I a m  s u r e  there  a r e  different  ways of looking 

at i t ,  and I was trying to use  a language s i m i l a r  to Rosenzweig's.  

point is that i t  is v e r y  difficult to wri te  down this  express ion  in this 

p ic ture  - to wr i t e  down a 9, and a @, and a V in  between. I was saying, let  

us  take the + ' s  a s  being a nondescr ipt  s e t  of wave functions which do not 

have any  pecul ia r  c h a r a c t e r i s t i c s  in them, and le t  u s  put the blame on some  

potent ia l  opera tor .  

one can  build pecul ia r  behavior into (9, V @ )  

doesn ' t  m a t t e r  which way you build i t  in a s  long as i t  i s  built in. 

The 

What you a r e  saying i s  that  the d>'s a r e  pecul ia r  and 

that way; I think i t  probably 

P. FONG, Cornel1 University: I would l ike to make  a point 

concerning s t a t i s t i ca l  equilibrium. W e  can  e s t ima te  the t ime a nucleus 

takes  f r o m  the saddle  point to the moment  of sciss ion.  

about 1 0  t imes  a s  long a s  the t ime r equ i r ed  f o r  a nucleon to move a c r o s s  the 

This  t u rns  out to be 

1 nucleus,  which i s  comparable  to the t ime  to move a m e a n  f r e e  path. The 

relaxat ion t ime of a gas  i s  of the o r d e r  of magnitude of the la t te r .  

a s  the t ime i s  longer  than the relaxat ion t ime we have good r e a s o n  to 

believe that,  in the gas model,  s t a t i s t i ca l  equi l ibr ium will  be establ ished.  

On the other  hand, in the adiabat ic  approximation one r equ i r e s  a much 

longer  t ime f o r  the approximation to be valid. 

not s eem to be long enough to just i fy  the adiabat ic  t rea tment .  

As  long 

The e s t ima ted  t ime does 

WILETS: You c a n ' t  have i t  both ways. A long t ime f o r  col lect ive 

motion impl ies  adiabat ic  motion. 

than in t e r m s  of time. 

in o ther  words ,  thermal iza t ion  r a t e s .  

b r e a k  down when you have the v e r y  spec ia l  c a s e  of the ground s ta te  

f i r s t  few excited s t a t e s ,  which a r e  highly c o r r e l a t e d  with important  de- 

viations f r o m  the gas model. 

above this point, so  that one has  many s t a t e s  avai lable  where  the pair ing 

I e x p r e s s e d  i t  h e r e  in t e r m s  of p r a the r  

You do get v e r y  rapid diffusion in energy  space ;  

But all of the approximations ju s t  

o r  

I think that a s  soon a s  one i s  a t  a n  ene rgy  
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has  broken down, 

that this would be 

m o r e .  
I FONG: 

mation, I think i t  

' 4' 

then your e s t ima tes  a r e  probably r ight  and I should think 

a good place f o r  the s ta t i s t ica l  model  to be val id  once 

In o r d e r  that  the ground s ta te  go by an  adiabatic approxi -  

would take a much longer t ime. This  i s  a point which is 

de te rmined  by per turba t ion  theory and i s  independent of any  nuc lear  model.  

WILETS: 

FONG: 

I think i t  depends v e r y  much on the nuc lear  model. 

The nuc lear  model  te l ls  you the in t r ins ic  f requency and 

the per turba t ion  theory  te l ls  you that the t ime involved m u s t  be much 

longer  than the in t r ins ic  per iod,  to apply the adiabatic approximation. 

WILETS: But you a l r eady  sa id  that that  was right.  Didn't  you 

s a y  that the t ime f r o m  saddle to sc i s s ion  i s  10  t imes  longer than the 

intr insic  per iod ? 

FONG: Well, this is  not long enough to just i fy  the adiabat ic  

approxima tion. 

WILETS: Gee, 1 0  t imes  is  p re t ty  goodl 
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c I have jus t  r e m a r k e d  ( s e e  d iscuss ions  following paper  V-1)  

on the theore t ica l  just i f icat ion of taking a s t a t i s t i ca l  approach  to the f i s s ion  

problem. 

suppor ts  this view. 

coincide in the heavy-fragment  region where  the f i ss ion  f r agmen t s  have 

c losed  she l l s  of 50 protons and 82 neutrons.  

tr ibution c u r v e s  of all f iss ioning nuclides seem to coincide and the relation 

to c losed she l l s  i s  again evident. 

In addition, I wish to point out the e m p i r i c a l  evidence that 

The m a s s  dis t r ibut ion cu rves  of all f iss ioning nuclides 

The prompt-neut ron  d is -  

These  r e su l t s  s eem to indicate that the 

f i s s ion  p r o c e s s  i s  de te rmined  by the f i ss ion  products  instead of by the 

f iss ioning nuclides.  In o ther  words,  the p r o c e s s  i s  de te rmined  by the 

f ina l  condition ins tead  of by the ini t ia l  condition. 

the r e s u l t s  a r e  de te rmined  by the ini t ia l  condition; 

no way of knowing i t s  fu ture  and does not ad jus t  i tself  in anticipation of 

the f inal  condition. 

r e g a r d  the f i s s ion  p r o c e s s  a s  a quas i - s ta t ic  p r o c e s s  in  which equi l ibr ium 

is  es tab l i shed  instantaneously.  The re la t ive  probabi l i ty  i s  de te rmined  by 

the s t a t i s t i ca l  weight a t  the moment  equilibrium i s  l a s t  es tabl ished,  i. e , ,  

a t  the moment  of sciss ion.  

condition, 

c repancy  between the s t a t i s t i ca l  theory and the exper imenta l  r e su l t s  a s  

m o s t  l ikely due to the deficiency of the physical  data  used in the theory 

r a t h e r  than the bas ic  assumpt ion  i tself .  

cus  s ing th ree  problem s. 

In any dynamical  theory 

the phys ica l  sys t em has  

On the o ther  hand, in a s t a t i s t i ca l  theory we m a y  

The r e su l t s  a r e  thus de te rmined  by the f inal  

Because  of these  a rguments ,  one tends to r e g a r d  the d is -  

I will  i l l u s t r a t e  this point by d i s -  

The f i r s t  i s  the m a s s  distribution. It was found that the 
23 5 23 9 s t a t i s t i ca l  theory works well  with U but not with P u  . The predic ted  

m a s s  dis t r ibut ion cu rve  f o r  P u  23 9 has four  peaks instead of two. The 
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difficulty was  t r a c e d  to the use  of a n  atomi&r&iss fo rmula  based  on ex-  

pe r imen ta l  data  p r i o r  to 1951. 

s e v e r a l  l a t e r  m a s s  fo rmulas  show that in e v e r y  c a s e  the cu rve  has  two 

Calculat ions c a r r i e d  out by making  u s e  of 

peaks  ins tead  of four .  

The second is  the energy  dependence of the mass  d is t r ibu-  

tion. When the bombarding ene rgy  of the incident pa r t i c l e  is inc reased ,  we 

find a n  i n c r e a s e  of the yields  of f i ss ion  products  in the va l ley  and in the 

wings of the double-humped m a s s  dis t r ibut ion curve .  

by the s t a t i s t i ca l  t heo ry  but the theory  p red ic t s  that  the va l ley  and the 

wings wil l  i n c r e a s e  by about  the s a m e  amount.  

i n c r e a s e s  much  f a s t e r  than the wings and  eventually we have s y m m e t r i c  

f iss ion.  Th i s  d i sc repancy  probably m a y  be a t t r i bu ted  to a nuc lear  she l l  

effect  on the energy- leve l  dens i ty  function which w a s  not cons ide red  in  the 

prev ious  t rea tment .  

ground s t a t e s ,  and  becomes  weake r  and  weake r  f o r  higher  excitation s ta tes .  

I t  is poss ib le  that a t  a sufficiently high energy  the she l l  effect  becomes  

vanishingly s m a l l  and the nucleus would behave l ike one without she l l s ,  i. e . ,  

a l iquid drop. 

Th i s  m a y  be explained 

Exper imenta l ly  the va l l ey  

It is  known that the she l l  effect  is s t ronges t  f o r  the 

In this c a s e  one would expect  s y m m e t r i c  f iss ion.  

The th i rd  i s  the kinetic ene rgy  and  the p r o m p t  neut ron  d i s -  

I t  is  nowwel l  es tab l i shed  that the c u r v e  of to ta l  kinetic energy  t r ibut ions.  

v s  m a s s  r a t i o  h a s  a l a r g e  dip in  the s y m m e t r i c - f i s s i o n  reg ion  and  the 

cu rve  of number  of p r o m p t  neut rons  v s  f r agmen t  m a s s  h a s  a saw-tooth 

s t r u c t u r e  with a n  appa ren t  b r e a k  in the symmet r i c - f i s s ion  region. 

f ac t s  a re  c o n t r a r y  to the pred ic t ions  of the s t a t i s t i ca l  theory  a s  worked  

out in a n  e a r l i e r  paper .  The  difficulty is  t r a c e d  to a nuc lea r  she l l  effect  

on the deformabi l i ty  of the nucleus which was  not known a t  the t ime of the 

e a r l i e r  p a p e r  but has  been  made  known l a t e r  by the co l lec t ive-model  

s tud ies  of nuc lea r  s t ruc tu re .  The e a r l i e r  calculat ion on deformat ion  

T h e s e  

1 

~~ ~ 

1 
P e t e r  Fong,  Phys .  Rev. - 1 0 2 ,  434 (1956).  
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a energy  i s  based  on the l iquid-drop model  which shows no she l l  effect. 

Now we can calculate  deformation energy  without the l iquid-drop model 

by making use  of exper imenta l  information obtained in Coulomb-excitation 

ana lys i s  which includes the she l l  effect. 

k inet ic-energy and prompt-neut ron  dis t r ibut ions i s  repeated;  

of thermal -neut ron  f i ss ion  of U a g r e e  well  with the exper imenta l  

r e su l t s .  

this yea r  and wi l l  be published in the next i s sue  of Phys ica l  Review 

Le t t e r s  [Phys.  Rev. L e t t e r s  - 11, 375 (15  October 1963)] .  

On this  bas i s  the calculation of 

the r e su l t s  
23 5 

2 
This  work has  been repor ted  at the Washington meet ing e a r l y  

Since the Washington meeting, additional calculations have 

been made  in two ex t r eme  c a s e s :  the deuteron f i ss ion  of Ra226  and the 

spontaneous f i ss ion  of Cf The kinetic energy  dis t r ibut ion i s  shown 
252 . 

23 5 
in Fig.  I .  The ag reemen t  i s  not a s  c lose  as  in U . This  i s  not 

MOSS Ratio 

su rp r i s ing  because in these calculations we made use of the s a m e  se t  

of extrapolated deformation-energy p a r a m e t e r s  (the spr ing  constant)  a s  
23 5 :in U , which i s  m e r e l y  an approximation. Nevertheless  the r e su l t s  

br ing out the experimental ly  es tabl ished fac t  that  the peak of the kinetic- 

energy dis t r ibut ion curve  moves towards symmet r i c  f iss ion a s  the m a s s  

of the fissioning nucleus inc reases ,  and r eaches  symmet r i c  f iss ion near  

2 
P e t e r  Fong, Bull. Am, Phys .  SOC. - 8, 385 (1963). 



v-2 

2 20- 
Fig.  2. Deformation - 

419 

Cf252. 

together  in  F ig .  2. 

The deformation-energy cu rves  of the th ree  isotopes a r e  plotted 

They show the saw-tooth shape and they coincide 

23 5 
f i ss ion  of U is  calculated; the value i s  about 5 MeV, which is  s m a l l e r  

than the then known exper imenta l  value of 7 MeV. 

p r e s e n t  calculat ion is 6.  3 MeV, which a g r e e s  much be t te r .  

menta l  r e su l t s  do not a g r e e  among themselves .  S te in ' s  width i s  c lose  to  

the prev ious ly  known value of 7 MeV, while Milton and F r a s e r ' s  is much  

l a r g e r .  

ra t io ,  we plot  the calculated width fo r  thermal -neut ron  f i ss ion  of U 

a function of the mass  r a t io  in Fig.  3 .  

in  the symmetr ic - f i ss ion  region to the maximum of 6 .3  MeV in the mass-  

ra t io  region of 1 .3  to 1. 5. 

The value f r o m  the 

La te r  exper i -  

4 
Regarding the var ia t ion  of the width with r e s p e c t  to the mass  

23 5 
as 

The width i n c r e a s e s  f r o m  5 .3  MeV 

It then d e c r e a s e s  to 4. 1 MeV a t  m a s s  r a t io  2, 2. 

3 
J a m e s  T e r r e l l ,  Phys.  Rev. - 127, 880 (1962). 

W. E. Stein, Phys.  Rev. - 108, 94 (1957); J. C. D. Milton and 
4 

J. S. F r a s e r ,  Can. J. Phys.  - 40, 1626 (1962). 
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F ig .  3,  Half-width a t  half-maximum 
of the total-kinet ic-energy d is -  
tr ibution curve  fo r  thermal -  
neutron f i ss ion  of U235 a s  a 
function of the m a s s  ra t io  of 
the two f ragments .  

1 1  1 I I I , 
118 120 - 130 - 140 - 150 - 160 - 110 p 2  
118 116 I06 96 86 16 66 81 
- _  

The predic ted  var ia t ion of the width with r e spec t  to the m a s s  ra t io  i s  

j u s t  opposite to the exper imenta l  resu l t s  of Milton and F r a s e r  

show a minimum in the m o s t  probable modes.  

the i r  observed  inc rease  in width in the far a symmet r i c - f i s s ion  region 

could be ins t rumenta l  in origin. Gibson and Thomas have established 

that the i r  observed  inc rease  in width in the symmetr ic - f i ss ion  region, a t  

l e a s t  in the c a s e  of U 

c o r r e c t e d  curve  actual ly  shows a dip a t  symmet r i c  fission. 

e t  a l e  

of isotopes ( U  not included) fo r  high-energy fission. The i r  r e su l t s  

show that the t r end  of var ia t ion i s  s i m i l a r  to  that of the calculated 

resu l t ,  thus contradicting Milton and F r a s e r .  

4 
which 

They mentioned that 

5 

23 3 
, i s  definitely ins t rumenta l  in or igin and the 

Huizenga 
6 

determined  the width a s  a function of the m a s s  ra t io  in a number -- 
23 5 

In conclusion, we r e m a r k  that the detailed application of 

the s t a t i s t i ca l  theory r equ i r e s  physical  information on nuclear  m a s s e s ,  

on nuclear  level  density,  and on nuc lear  deformabili ty;  and that nuc lear  

she l l  s t ruc tu re  affects  all three.  The relat ion of the she l l  effect  on 

nuc lear  m a s s e s  to the f i s s ion  p rocess  has  been recognized and investigated 
I 

in the e a r l i e r  paper .  The she l l  effects  on the level-density function and 

5 

6 

W. M. Gibson and T. D. Thomas (pr iva te  communication),  

J. A .  Huizenga (pr iva te  communication),  
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on nuclear  deformabil i ty  have not been completely invest igated;  

cat ion to the f i ss ion  problem has  jus t  begun. Qualitatively many  of the 

mys te r ious  f ac t s  in f i s s ion  m a y  be explained by the t h r e e  kinds of she l l  

effects .  On the o ther  hand, a conclusive s tudy b y  the s t a t i s t i ca l  theory 

s t i l l  awai t s  a detai led investigation of all a s p e c t s  of the she l l  effect  and 

much  r e m a i n s  to be done. 

the i r  appl i -  

.L -I- .*, ::: -,- 

N. ROSENZ WEIG, Argonne National Labora tory :  Some y e a r s  ago  

I studied the question as  to how rapidly the she l l - s t ruc tu re  effects  on the 

l eve l  densi ty  d e c r e a s e  with increas ing  excitation energy.  

model  I u sed  was  not v e r y  r ea l i s t i c ,  one i m p r e s s i v e  f a c t  emerged ,  The 

e f fec ts  decline r a t h e r  slowly, essent ia l ly  because  of the appea rance  of a 

co r rec t ion  A in  the exponential  

Although the 

a .&c-x dens i ty  a e 

Of c o u r s e ,  i f  i t  is untrue in na ture  that the she l l -model  leve ls  themselves  

move  about a s  the energy  is inc reased ,  then the ma in  a s sumpt ion  on which 

m y  insight  is based collapses.  

I would a l s o  l ike to a s k  a question. I think Dr.  Wilets s a id  that  

If this the f i s s ion  yield depends v e r y  s t rongly  on the leve l -dens i ty  law. 

i s  so ,  why not t u rn  things a round and  use  f i s s ion  to give information 

about the leve l  d e n s i t y ?  

FONG: I have not come  to this point yet. My effor t  s o  far h a s  

been  to t r y  to convince people that the s t a t i s t i ca l  theory  is c o r r e c t  in 

f iss ion.  

With r e g a r d  to the s t a t emen t  preceding  Dr.  Rosenzweig ' s  question, 

I would guess  that without any  she l l  effect  the nuc lear  leve l  s c h e m e  would 

change s lowly f r o m  one nuclide to i t s  neighboring ones. When the she l l  
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effect is  introduced, I would suspec t  that the low-lying leve ls  a r e  pushed 

down to a l a r g e r  extent than the higher  exci ted leve ls  and the lowering of 

the level  becomes  s m a l l e r  and  s m a l l e r  as the ene rgy  i n c r e a s e s ;  when 

the energy  i s  sufficiently high the change becomes  v e r y  s m a l l  and  the 

she l l  effect  is washed out. This  is m y  guess.  If we take this,  then we 

can  explain the change of the f i ss ion  yields with r e s p e c t  to incoming energy,  

ROSENZWEIG: I think we m e r e l y  d i sag ree  about the energy  a t  

which the level  densi ty  becomes  independent of the she l l  effect. 

think that this ene rgy  is higher  than you think. 

I s e e m  to 

FONG: If you look a t  the data concerning the energy  dependence of 

f i s s ion  yields,  one suspec t s  that  the energy  a t  which the she l l  effect is 

washed out is something l ike 40 MeV, so  the energy  is  ce r t a in ly  high. 

ROSENZWEIG: Th i s  does  not sound s o  different  f r o m  what one 

gets  on the b a s i s  of the s imple  model  which I studied in 1957. 

the r e su l t  depends on a tomic  weight. 

d i sappear  m o r e  quickly f o r  heavy nuclei. 

Naturally,  

she l l  effects F o r  the s a m e  energy,  

Po MOLDAUER, Argonne National Laboratory:  I would like to 

make  a comment  on the quest ion of how the appropr i a t eness  of different  

theore t ica l  concepts  depends on excitation energy. 

neutron f iss ion,  we know ( f rom the fac t  that the r e sonances  a r e  wel l  

isolated)  that  the pe r iod  of col lect ive motion up to the saddle  point is long 

compared  with the per iod  of motion of the in te rna l  d e g r e e s  of f reedom 

of the nucleus and  therefore  that the adiabat ic  descr ip t ion  of the f i ss ion  

p r o c e s s  is valid a t  l e a s t  up to the saddle  point. 

to the sc i s s ion  point will  depend on whether  the t ime r equ i r ed  in  going 

f r o m  the saddle  point to the sc i s s ion  point is a l s o  long. 

with o ther  reac t ion  p r o c e s s e s ,  I would s a y  that the f ac to r  of ten mentioned 

by Dr .  Fong i s  plenty to make  the adiabat ic  descr ip t ion  valid. 

a s  the ene rgy  inc reases ,  one m u s t  expect  this f ac to r  of ten to dec rease ;  

and as i t  does,  the s t a t i s t i ca l  a s p e c t  of the descr ip t ion  will  become m o r e  

I At low ene rg ie s  in 

Whether i t  is  a l s o  v a l i d  

F r o m  experience 

However,  
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important .  Eventually,  when resonances  overlap,  even the per iod  of motion 

to the saddle  point becomes  s m a l l e r  than the in te rna l  pe r iod  and  the 

col lect ive descr ip t ion  becomes  problemat ica l  even up to the saddle  point. 

The re fo re ,  

probably m o r e  appropr ia te .  

in this l imi t  of overlapping resonances  the t r a n s m i s s i o n  coefficients f o r  the 

impor tan t  f i s s ion  channels  can  be expected to approach  unity. Hence, f o r  

ene rg ie s  above the saddle point the number  of channels  can  be appropr ia te ly  

desc r ibed  by Wilet ' s  v 

a t  these  higher  ene rg ie s  a s t a t i s t i ca l  descr ip t ion  is 

It might a l s o  be worthwhile to ment ion that 

a s  de te rmined  by the f i s s ion  c r o s s  section. 
1 
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v-3 .  EXPERIMENTS ON FISSION USING THERMAL NEUTRONS-'. 
___."_"I -_ . --.- .-. ICI..,C..I-7V 

-I 1 

l-.mw*" - "  -I I -- 
H. Maier -Leibni tz  

T e c  hnis c hen Hoc hs  c hule, Munich 

The  usefulness  of r e a c t o r  neut rons  in s tudies  of the f iss ion 

p r o c e s s  m a y  be s e e n  in two fields.  

compound nucleus can  be va r i ed  in v e r y  small s t eps  if neu t rons  in the 

resonance  region a r e  used. 

neut rons  f r o m  a l inea r  acce le ra to r .  

producing a maximum of f i s s ion  p r o c e s s e s  in a sample.  

c a s e s  where  f i ss ion  c a n  be effected by slow neutrons,  a v e r y  detailed 

investigation of the f i s s ion  p r o c e s s  can  be made.  

sha l l  d i s r e g a r d  the work  using resonance  neutrons and sha l l  ins tead  t r y  

to d i scuss  what a r e  the poss ib i l i t i es  and  l imi t s  in gaining complete  expe r i -  

men ta l  data  on the f i s s ion  p r o c e s s  in  the few examples  that co r re spond  to 

the cap tu re  of t h e r m a l  neutrons.  I t  will  be  s e e n  that, a p a r t  f r o m  c e r t a i n  

s ide  f ie lds ,  cu r ren t ly  avai lable  methods  wil l  al low one to obtain all data  

that c a n  poss ib ly  be m e a s u r e d  so that  we m a y  expect  that  the expe r imen ta l  

knowledge m a y  be comple te  in a few y e a r s .  

F i r s t ,  the excitation energy  of the 

This  m a y  a l s o  be achieved  using modera t ed  

Second, a r e a c t o r  is quite unique in  

Thus,  in the few 

In the p r e s e n t  paper ,  we 

Af te r  sc i ss ion ,  t he re  wil l  be two nuclei  with a tomic  weights 
23 5 

A 

f i ss ion) ,  total  kinetic ene rgy  T, and  excitation ene rg ie s  E and E The 

and  (236 - A ), a tomic  n u m b e r s  Z and (92 - Z )  ( in  the c a s e  of U 
P P 

1 2' 
probabi l i ty  dis t r ibut ion W ( A  Z ,  T,  E l ,  E ) contains the ful l  knowledge 

P P' 2 
of the p r i m a r y  f i s s ion  p r o c e s s  with the following exceptions.  

additional p a r t i c l e s  m a y  be emit ted,  espec ia l ly  a lpha pa r t i c l e s  and  probably 

F i r s t ,  

1 
a s m a l l  f rac t ion  of p r i m a r y  neutrons.  

t he re  is s t i l l  a n  in te rac t ion  between the two f i s s ion  products ,  and  thus will  

These  p a r t i c l e s  a r e  emi t ted  while 

.b *P 

Invited paper .  

I 
H. W. Schmit t ,  J. H. Nei le r ,  F. J. Walter ,  and A. Chetham-Strode,  

Phys.  Rev. L e t t e r s  - 9, 427 (1962). 
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fu rn i sh  in te res t ing  information on the l a t e s t  s tage of sc i ss ion .  

if the f iss ioning nuclei  a r e  aligned, the f i s s ion  products  m a y  be emi t ted  

an iso t ropica l ly  with r e s p e c t  to the or ig ina l  s y m m e t r y  a x i s  in  the uran ium 

Second, 

c 

nuclei. 

Thi rd ,  a f t e r  f iss ion,  t he re  m a y  be some polar iza t ion  of the f i s s ion  products  

with r e s p e c t  to the i r  d i rec t ion  of flight. 

in  the moving sys t em,  of neutron and  gamma emiss ion .  In what follows, we 

sha l l  not t r e a t  any  of these effects.  

T h e r e  is a l s o  a possibi l i ty  that W wil l  be angle  dependent. 
P 

This  might  show up i n  a n  anisotropy,  
3 

Among the va r i ab le s  in  W only Z can  be m e a s u r e d  and  

Al l  the o the r s  a r e  unmeasurab le  because  of 
P’ 

that  is v e r y  difficult to do. 

the p rompt  neutrons.  

tion 

Af te r  the i r  emiss ion ,  t he re  is a probabi l i ty  d is t r ibu-  

where  p is  the momentum of the i t h  neutron,  and  E a n d  E a r e  the exci-  

tation ene rg ie s  a f t e r  neut ron  emiss ion .  
Y i  Y2 - i 

Of the va r i ab le s  in Ws, not many  

can  be m e a s u r e d  s imultaneously in  a single f iss ion.  The re fo re ,  t he re  

wil l  a lways  be a n  inherent  uncer ta in ty  in the de te rmina t ion  of the va r i ab le s  

in W f r o m  m e a s u r e m e n t s  on W 

if the experimental  e r r o r s  a r e  smal le r  than these  basic uncer ta in t ies .  

and  the t a sk  of the expe r imen te r  i s  fulfi l led 
P S 

M a s s  and  Energy  Distr ibut ion 

The  g r e a t e s t  number  of m e a s u r e m e n t s  h a s  s o  far been made  
4 , 5  

on the d is t r ibu t ion  of m a s s  and  energy.  The t ime -of-flight method has  

2 
Le D. Rober t s ,  F. J. Walter ,  J. W. T. Dabbs,  G. W. P a r k e r ,  and  J. 

0. Thomson,  P r o c .  Seventh Internat ional  Conference on Low T e m p e r a t u r e  
P h y s i c s ,  edi ted by G. M. G r a h a m  and A .  C. H. Hal le t  (Univers i ty  of 
Toronto  P r e s s ,  Toronto, 1961), p. 174. 

3 
S .  S .  Kapoor and  R. Ramanna  ( a b s t r a c t  V - 6  of this conference) .  

J. S. F r a s e r ,  J. C .  D. Milton, H. R e  Bowman, and S. G. Thomson  
4 

(p r iva t e  communicat ion) .  

ence) .  

5 
F. J. Walter ,  H. W. Schmitt ,  and  J. H. Nei le r  (pape r  V-5 of this confe r -  
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reached  a n  a c c u r a c y  of 0. 570 and  m a y  be s t i l l  f u r the r  improved  (e.  g. , by 

introducing quadrupole l enses  to make  long flight paths  feasible) .  

old double ionization chamber  has  been  abandoned in favor  of sol id-s ta te  

de tec tors  which m e a s u r e  the ene rgy  of the f i ss ion  products  to f I. 5 MeV. 

It  wil l  probably be difficult to improve  much  over  the l a t t e r  f igure because 

m o s t  of the uncertainty s e e m s  to be due to fluctuations i n  the energy  that 

goes into coll isions with a t o m s  ins tead  of into ionization while the 

f i s s ion  products  a r e  being slowed down. 

The 

Impress ive  r e su l t s  have been obtained both by t ime of flight 

and  by energy  m e a s u r e m e n t s ,  combining these with the known data on  the 

ave rage  number  and ene rgy  of the prompt  neutrons.  

s t i l l  a n  uncertainty of about 2 a m u  and  a n  equivalent amount  in energ ies ;  

s o  individual fluctuations a r e  not v e r y  c l ea r ly  seen,  and the theoret ical  

l imi t  of our  knowledge has  not been reached.  The cu rves  of Fig.  1 show 

a n  example of this work. 

lower fo r  s y m m e t r i c  f i ss ion  than f o r  a s y m m e t r i c  f iss ion,  and  recent ly  

some  f ine s t r u c t u r e  has  been seen  in  these curves .  

However, there  is 

The total  kinetic energy  of the f r agmen t s  is 

F ig .  1. The ave rage  total  
kinetic energy  as a 
function of the m a s s  of 
the heavy f ragment .  
In the m a s s  region 
130 - 150, the expe ri- 
men ta l  cu rve  is d e t e r -  
mined by over  20 points,  
each  with a s ta t i s t ica l  
e r r o r  of l e s s  than 
0. 25 MeV. 
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An optimum m e a s u r e m e n t  would include a c c u r a t e  d e t e r -  

and  A 
1 2 minat ion of A 

products .  and  n ) would be known and 
1 2 

they could be a t t r ibu ted  to A i  and A so as  to make  the momenta  on both 2 
s ides  approximate ly  equal. F r o m  many such  m e a s u r e m e n t s ,  a d is t r ibu-  

tion W(A1, A , T,  n , n ) will  be obtained, subject  to some  uncertainty a s s o c i -  

a t ed  with the l a c k  of knowledge of the neutron momenta ,  

and  of the veloci t ies  o r  kinetic ene rg ie s  of both 

Then the numbers  of neutrons ( n  

2 1 -  2 
F r o m  this,  one 

will  obtain a dis t r ibut ion W (A, T )  and a neut ron  dis t r ibut ion W(A, T ,  n i ,  n2 )  
P 

2' which is  a r a t h e r  good indication f o r  the excitation ene rg ie s  E and  E 
1 

One method of achieving our  a i m  is to m e a s u r e  the veloci ty  

of both f i s s ion  products  by t ime of flight, and  the i r  e n e r g y  with so l id-s ta te  

de t ec to r s .  

with the f i s s ion  r a t e s  avai lable  in a c c e l e r a t o r  exper iments .  

This  expe r imen t  s e e m s  quite feas ib le  and could even  be  done 

Since the d e t e r -  

minat ion of A and  A is  not unambiguous, the dis t r ibut ion W(A ,A T, n l ,  n2)  1 2 1 2' 
wil l  take m o r e  unfolding than was  explained above and the f inal  distribution 

wil l  be l e s s  accu ra t e .  

Oak Ridge. 

An exper iment  of this type is in p r o g r e s s  a t  

Recently,  i t  has  become possible  to apply s t r o n g e r  methods.  
6 

Ewald 

that s e p a r a t e s  m a s s e s  by e / m  and  has  both space  and  veloci ty  focusing, but 

with the veloci ty  reso lved  to 1 - 2%. F i g u r e  2 shows this  i n s t rumen t  which 

al lows the de te rmina t ion  of W(A., T i )  with exac t ly  s e p a r a t e d  masses .  

intensi ty  is  s t i l l  somewhat  low. 

use  a double-focusing parabola- type  m a s s  s p e c t r o m e t e r ,  with e l e c t r i c  and  

magnet ic  deflections a t  r ight  angles  to one another .  In such  a n  i n s t r u m e n t  

a pa rabo la  is  obtained f o r  each  e / m ,  and  e v e r y  point on the pa rabo la  

co r re sponds  to a velocity. 

would be about  1 0  . 
through-tube in  the r e a c t o r )  with a t ime-of-f l ight  method to obtain the 

h a s  cons t ruc ted  a n  outs ize  Mattauch-Herzog type m a s s  s p e c t r o m e t e r  

The 
1 

W e  a r e  a g r e e d  that i t  would be be t t e r  to 

The  detect ion efficiency a t  a given A and  T 
-6  

Such a n  in s t rumen t  c a n  be combined (us ing  a 

6 
H. Ewald, E. Konecny, and H. Opower,  Advances in --- M a s s  Spec-  

t r o m e t r y  ( P e r g a m o n  P r e s s ,  London, 1963) ,  Vol. 2, p. 189. 
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F i g .  2, Large  Mattauch-Herzog 
type m a s s  spec t romete r  
cons t ruc ted  by H. Ewald. 

-+- measured values F 
t 
uo 135 140 M 

Fig. 3. Mass  yield of U235 f i ss ion  
products  for  m a s s  value of 
131 - 138. 

velocity, and a sol id-s ta te  detector  to 

m e a s u r e  the energy of the s e c o n d p a r -  

ticle. I t  would even be feasible  to use 

two parabola  spec t romete r s  in coin- 

cidence. In this  ca se ,  however, i t  

would be n e c e s s a r y  to have s e v e r a l  

detection sys t ems  on each side o r  the experiment  would take a v e r y  long t ime. 

One of the f i r s t  achievements  with this ins t rument  i s  given 

in F i g .  3 which shows the m a s s  yield, a t  one velocity, in the neighborhood 

of A = 134. 

suggests  that  the peak i s  caused  by a var ia t ion  in the emiss ion  of neutrons 

a f t e r  p r i m a r y  fission. 

The dip adjacent  to the well-known peak in the yield curve  

Mas s -Charge-  Ene rgv Distribution 

Until l a s t  year  all information on the cha rge  dis t r ibut ion 
7 

for  var ious  m a s s e s  ( p r i m a r y  yields)  came f r o m  radiochemical  data  

7 
F o r  a recent  example,  s ee  A. C. Wahl, R. L. Ferguson ,  D. R. Netha- 

way, D. E. Troutner ,  and K. Wolfsberg, Phys.  Rev. - 126,  1112 (1962). 
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which w e r e  not v e r y  sa t i s fac tory  because low half-l ives a r e  s o  difficult to 

invest igate  using rad iochemica l  methods,  

a tomic  number  Z ( A )  and a l s o  of the Z dependence of W (A, Z ,  T )  is of 

fundamental  impor tance  to the understanding of the f i ss ion  p rocess .  

cent ly  a number  of new methods have been applied o r  have become available.  

The  knowledge of the ave rage  

P 
Re-  

( a )  Coar se  m a s s  separa t ion  of the f a s t  f i s s ion  products  in  

a helium-fil led region in  

a magnet ic  field, as was  

f i r s t  done by B. Cohen a t  

Oak Ridge. A r m b r u s t e r  

and Mei s t e r  have done 

this using the a r r a n g e -  

men t  shown in Fig.  4. 

The method depends up- 

on the fac t  that  the 

equi l ibr ium cha rge  on 

a f i ss ion  f r agmen t  is 

proport ional  to the 

veloci ty  s o  that  a m a s s  

separa t ion  is achieved, 

even f r o m  a thick 

target .  The f i ss ion  

products  a r e  col lected 

on a foi l  and the num-  

b e r  and ene rgie s of the 

p r a y s  a r e  m e a s u r e d  

over  a long t ime. Thus,  

the average  number  of 

decays and the ave rage  

beta-decay energy  pe r  

f i s s ion  product  a r e  

8 

Fig .  4. Arrangement  used  by A r m b r u s t e r  and 
M e i s t e r  to sepa ra t e  f a s t  f i s s ion  products  in  
a helium-fil led region in  a magnet ic  field,  

- 
8 
P. A r m b r u s t e r  and H, Mei s t e r ,  Z .  Phys ik  - 170, 279 (1962). 
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obtained f o r  var ious  values 

of A not too far f rom the 

yield maximum. F igu re  5 

gives the r e su l t s  that were  

obtained in this way. One 

s e e s  that the heavier  a toms,  

both in the light and in the 

heavy f rac t ion  of the 

f i ss ion  products ,  emi t  

m o r e  beta r a y s  than the 

l ighter  a toms .  This i s  

s t rong  evidence fo r  the 

validity of the Whetstone 

model,  because the neck 

connecting the heavy and 

the light f ragment  p r i o r  

to sc i s s ion  would contain 

a high neutron excess  a s  

a r e su l t  of Coulomb repul-  

sion; and any f ragment  

receiving a l a rge  p a r t  of 

d &I - Fissimpoduct mot. 

Fig.  5. Upper cu rves :  Mass dependence 
of the number of p par t i c l e s  p e r  
f i ss ion  product.  These  cu rves  a r e  the neck would tend to 
the r e su l t  of four  different s e t s  of 
data.  Lower curves :  M a s s  d is t r ibu-  
tion f rom radiochemica l  data. betas ,  in ag reemen t  with 

emi t  a l a rge  number of 

these r e su l t s .  

(b )  Using the same  a r r angemen t  f o r  separat ion,  effor ts  

c a n  be made to investigate low-half-life decays with be ta -gamma coin- 

cidence techniques and thus inc rease  our  knowledge of the decay chains  

and independent yields.  

u rements  a r e  des i rab le  in o r d e r  to obtain m a s s  values for  f i ss ion  isotopes,  

These a r e  important  f o r  the f i ss ion  energy  balance.  

We m a y  note h e r e  that m o r e  Q-value m e a s -  
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( c )  Again using Cohen ' s  a r r angemen t ,  the product ion of the 
9 

L x r a y s  of f i s s ion  products  pas s ing  through m a t t e r  has  been observed,  

F r o m  the ave rage  L - x - r a y  energ ies ,  Z is found as a function of A. 
- 

(d )  Dur ing  the r ea r r angemen t  of the e lec t ronic  she l l s  which 

takes  place a f t e r  f i s s ion ,  K x r a y s  a r e  emi t ted  in about 10% of the f i s s ion  

events .  These  have been de tec ted  with a propor t iona l  counter  in coin-  

c idence with a double ionization chamber  observ ing  the f i s s ion  products .  

The  reso lu t ion  s o  far obtained was  11% f o r  the x r a y s ,  but a n  improvement  

of n e a r l y  a f ac to r  of two would s e e m  possible .  

consecut ive a tomic  numbers  among the light f i s s ion  f r a g m e n t s  would be 

n e a r l y  sepa ra t ed ,  and W ( Z ,  A)  could be observed.  Sol id-s ta te  de t ec to r s  

would be used,  of cour se ,  in  the fu ture  f o r  the f i ss ion  products .  The 

method has  one drawback.  

i n t e rna l  convers ion  of p rompt  gamma rays .  

i r r e g u l a r l y  f o r  a number  of nuclides.  

10 

In this c a s e ,  the x r a y s  f r o m  

Coincident K x r a y s  a r e  a l s o  f o r m e d  by the 

Th i s  m a y  enhance the yield 

( e )  By converting Ewald ' s  spec t romete r  to a parabola  
13 

s p e c t r o m e t e r  and  using i t  with a r e a c t o r  of f lux somewhat  higher  than 10  

neut rons  c m  s e c  , enough f i ss ion  products  accu ra t e ly  s e p a r a t e d  by 

m a s s  could be col lected to p e r f o r m  a comple te  ana lys i s  of the i r  be ta  decays 

and  obtain independent yields  and  c1 values.  Each  such  m e a s u r e m e n t  would 

be done a t  one energy,  and h e n  finally W(A, Z ,  T )  would be obtained. 

-2 - 1  

( f )  An attempt,that m a y  o r  m a y  not succeed,to obtain the 

s a m e  r e s u l t  with l e s s  neut ron  intensi ty  cons i s t s  i n  col lect ing the f i s s ion  

products  in a sandwich of two nuclear  emuls ions  (which i s  opened f o r  a 

v e r y  s h o r t  t ime in the beam of the s p e c t r o m e t e r )  and then counting the 

number  of beta  p a r t i c l e s  connected with each  f i ss ion  t rack .  

(8) With m o d e r n  m a s s  spec t romete r s ,  the reso lu t ion  m a y  
-5 

be as  good a s  10  . Thus ,  using Ewald ' s  ins t rument ,  i t  should be poss ib le  

9 
H. Specht,  A. Vol lmer ,  and P. A r m b r u s t e r  (pape r  V - 9  of this conference) ,  

H. Hohmann, Z .  Phys ik  - 1 7 2 ,  143 (1963). 
1 0  
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in pr inciple  to obtain a fine s t ruc tu re  in the l ines  f o r  each  A ,  with a peak 

fo r  each  Z .  The intensity,  however,  would be v e r y  low if  such  accu racy  

i s  wanted and i t  would be difficult to keep voltages and magnet ic  f ie lds  

sufficiently constant.  Consider ing the good chance that we s e e  now to 

observe  the same  data  by o ther  methods,  the high-resolut ion m a s s  spec -  

t rograph  m a y  not be necessa ry .  

(h)  With mos t  of the methods mentioned so  f a r ,  the investiga- 

tion of the low-yield f i ss ion  products  will  s t i l l  be a problem. 

we want to emphas ize  the importance of radiochemical  work. 

be s t i l l  m o r e  poss ib i l i t i es  f o r  the fast separa t ion  of f i ss ion  products .  

F o r  instance,  s h o r t  i r r ad ia t ions  using a pulsed r e a c t o r  m a y  make i t  pos-  

s ible  in many ins tances  to analyze the growth and decay of isotopes to . 

obtain independent yields of p r e c u r s o r s .  

The re fo re ,  

T h e r e  m a y  

Exci ta t ion of the P r i m a r y  and Secondary F i s s i o n  P roduc t s  

The g r e a t e s t  p a r t  of the excitation energy  of the p r i m a r y  

f i s s ion  products  wil l  appea r  in neutron emiss ion ,  and the number  of neutrons 

emi t ted  wil l  be a good indicator  of this energy. 

indicated a method that should allow one to de t e rmine  this number and i t s  

f luctuations a s  a function of A and T,  approximate ly  sepa ra t ed  for  the 

heavy and l ight f ragment .  

number  of neutrons a s  a function of A,  indicating that the number of 

neutrons i n c r e a s e s  with m a s s ,  both in the light and in the heavy f r a c -  

tion. 

a g r e e  with the beta-decay data  of Fig.  5. 

In the foregoing we have 

T h e r e  a l so  ex is t  m e a s u r e m e n t s  of the ave rage  

11,12 
This  is shown in Fig.  6 and we note that this r e su l t  s e e m s  to 

In n e a r - s y m m e t r i c a l  f iss ion,  

11 
J. T e r r e l l ,  Phys.  Rev. - 127, 880 (1962). 

F o r  a recent  measu remen t  on CfZ52, s e e  H. R. Bowman, J. C. D. 
12 

Milton, S. G. Thompson, and W. J. Swiatecki, Phys.  Rev. - 1 2 9 ,  2133 
(1 963). 
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the total  number of 

neutrons i s  definitely 

higher  than in  a s y m -  

m e t r i c  f iss ion.  This  

can  be seen  f r o m  the 

exper imenta l  points 

of Fig.  7. 
13 

The 

energy  dis t r ibut ion 

of the gamma rad ia-  

tion (F ig .  8) has  been 

m e a s u r e d  a s  a 

function of the m a s s  

14 
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Fig .  6. Summary  of neutron yields der ived f rom 
cumulative m a s s  yields,  a s  functions of ini t ia l  
f r agmen t  m a s s .  The approximate ini t ia l  
f ragment  m a s s e s  corresponding to var ious  
magic  numbers  a r e  shown (based  on constant  
cha rge - to -mass  ra t io  fo r  ini t ia l  f ragments ) .  

I 

ra t io  A /A  using a double-ioniza- 

t ion-chamber technique. Recent 

r e su l t s  f r o m  Trombay show the 

a s y m m e t r y  with r e spec t  to the 

direct ion of the light ( o r  heavy) 

f ragments ,  This  could be used 

along with so l id-s ta te  de tec tors  

F i g .  7. Measurement  of the 

1 2  

number of f i ss ion  neutrons 
aga ins t  the f ragment  m a s s  
ratio.  The dots a r e  ex- 
per imenta l  points,  The 
solid line denotes the ex-  
per imenta l  dis t r ibut ion of 
the f ragment  m a s s  ra t io  and 
the dashed line denotes the 
total  kinetic energy of the 
f ragments  . 
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13 
V. F. Apalin, Yu N. Gritsyuk, I. E. Kutikov, F. I. Lebedev, and 

L. A. Mikaetyan, Nucl. Phys.  - 41, 9 2  (1963) .  

F. Rau, Ann. Physik - 10, 252 (1963) .  
14 
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A. I. YAVIN, University of Illinois: 

F ig ,  8. Energy  distribution 
of the gamma radiation, 
plotted a s  a function of 
the m a s s  ra t io  A , /A2 .  
These  data  were  m e a s -  
u red  by a double-ioniza- 
ti on- c ham be r technique . 

fo r  the f i ss ion  products to 

m e a s u r e  the average  gamma 

excitation energ ies  E 

and E 

heavy f ragments  as a func- 

tion of A and T. 

Yi 
of the light and 

Y2 

From such 

data, along with the use of 

the energy  balance fo r  each  

A, Z ,  T to de te rmine  the 

total  excitation energy,  a 

f a i r  knowledge wil l  be 

available of the excitation 

energy-of the two p r i m a r y  

f i ss ion  products .  

When two f i ss ion  f r agmen t s  

a r e  observed in coincidence and their  energ ies  a r e  added, how many 

events a r e  found in which the sum of the energ ies  is l e s s  than 50- 60 

MeV ? 

MAIER-LEIBNITZ: I a m  af ra id  that I cannot answer  that question, 

You should a s k  Mr .  Armbrus t e r .  

A .  I. YAVIN: The r eason  I a m  asking the question i s  that  is has 

to do with a fascinat ing p rocess .  The re  i s  200 MeV of kinetic energy 
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involved in  a f i s s ion  event,  which is a s t rong- in te rac t ion  event. 

m a s s  of a pion i s  only 140 MeV, the question i s  r a i s e d  whether  pions c a n  

be emi t ted  in f iss ion.  

pion might  be,  although I can  think of s e v e r a l  v e r y  unlikely ways.  

t rouble  is that the kinetic ene rgy  c o m e s  f r o m  the Coulomb ene rgy  and is 

contr ibuted by the separa t ion  of the f r agmen t s ;  and once sepa ra t ed ,  i t  is  

h a r d  to expect  that the sho r t - r ange  nuc lear  f o r c e  would s t i l l  be effective.  

Never the less ,  I f ee l  that the possibi l i ty ,  though r emote ,  is fascinat ing 

enough to m e r i t  a n  exper imenta l  check. 

Since the 

I do not know what the model  f o r  the c rea t ion  of a 

The 

A S  I implied before ,  i t  might  be 

possible  to observe  a pion by looking f o r  an inc rease  in the low-energy  

s ide  of the kinetic energy  dis t r ibut ion below 6 0  MeV. 

MAIER-LEIBNITZ: The t rouble ,  of c o u r s e ,  is that  we a r e  all 

working on the l ine that j u s t  before  f i ss ion  the re  i s  ve ry ,  v e r y  l i t t le  ex-  

c i ta t ion ene rgy  left  a t  all. 

It would be quite complicated.  

That  is where  we get the mag ic -number  effects.  

J. S. FRASER, Chalk R ive r  Nuclear  Labora tory :  T h e r e  was  once 

a n  exper iment  done to look  fo r  pions o r  shower-producing  radiat ion f r o m  

a r e a c t o r ,  but with negative r e su l t s .  

D,  R, INGLIS, Argonne National Labora tory :  It would s e e m  that 

this  quest ion might  r e m i n d  us  of the difficulty of concentrat ing f i s s ion  

ene rgy  into one s m a l l  event and in a n  e x t r e m e  case - much  more  extreme 

than those we have cons ide red  in  o ther  connections.  

e a r l i e r  in the conference  t h e r e  w a s  a d iscuss ion  of the possibi l i ty  that  i f  

neu t rons  come out, maybe  we could have fou r  of them emerg ing  a t  once 

if the t e t r aneu t ron  w e r e  s table .  Here ,  too, i s  a quest ion of concentrat ing 

ene rgy  in one event,  

the gene ra l  s t a t i s t i c s  of what is  going on in  the f i s s ion  p r o c e s s .  

F o r  example ,  

r a t h e r  than having i t  diffused i n  s e v e r a l  events  in  

I would l ike to r e l a t e  this  a n d  a few of the other  things that  we 

have been  hea r ing  a t  this  conference.  The  beautiful  expe r imen t  P ro f .  

Ma ie r -Le ibn i t z  has  ju s t  told us about (giving the number  of be tas  as a 

funct ion of f r agmen t  m a s s  d is t r ibu ted  over  the l ight group of nuc lea r  
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f ragmen t s ,  r i s ing  to heavier  f r agmen t s ,  and again over  the heavy group 

of f r a g m e n t s )  i s  a n  indication of the validity of the p ic ture  that P r o f e s s o r  

Wilets drew on the board  - a s m a l l  f ragment  and a l a r g e  f ragment  with 

a neck between. 

m o r e  than i t s  s h a r e  of neutrons.  

The exper iment  s e e m s  to show that the neck contains 

This  i s  r e l a t ed  to P r o f e s s o r  F o n g ' s  p ic ture  in  the previous ta lk  in 

which we saw the number of neutrons a s  a function of f ragment  number,  

a s i m i l a r  plot, compared  with the expectation f r o m  the s t a t i s t i ca l  model. 

This  plot showed none of this tendency, but r a t h e r  a s y m m e t r i c a l  peak  

a c r o s s  each  f r agmen t  group. This  i s  a n  i l lus t ra t ion  of how the exper i -  

menta l i s t  can  show us  that the s t a t i s t i ca l  model  does not give the whole 

s tory.  

To  get back to the te t raneut rons ,  i t  s e e m s  f rom the graphs that 

P r o f e s s o r  Maier -Leibni tz  showed that t he re  might  be a n  excess  of one o r  

two neutrons in the neck. It is not a pu re  neutron neck by any means ,  but 

has  a value of N / Z  somewhat  l a r g e r  than i s  found in  n o r m a l  nuc lear  m a t t e r ,  

c l o s e r  to 2 / 1  than to l / l .  

think that i f  a drople t  of i t  should snap out, i t  would be ap t  to be a t e t r a -  

neutron. 

a n  alpha i s  observed  in m o r e  c a s e s ,  p re sumab ly  because  of i t s  much 

g r e a t e r  binding energy. 

Th i s  i s  not l a r g e  enough to make  i t  tempting to 

It makes  i t  m o r e  apt  to be a t r i ton than a n  alpha pa r t i c l e ;  but 

One o ther  thing. 

a function of s y m m e t r y  of f iss ion,  f o r  s y m m e t r i c  f i ss ion  the number went 

up, if I r e a d  the ordinate  co r rec t ly ,  to 3 .6  neutrons p e r  f iss ion.  If the 

idea of the neck snapping off i s  valid,  i t  would be tempting to think that 

these a r e  all f r o m  the f r agmen t  that r ece ives  the neck, thereby  identifying 

this as a r a r e  ex t r eme  c a s e  of the heavy end of the l ight-fragment  d i s -  

tribution. This  f r agmen t  might thereby  rece ive  all of the e x c e s s  neutrons 

and mos t  of the energy  of deformation-  e i ther  to boil off the neutrons o r  

perhaps ,  in this snapping p r o c e s s  before  thermalizat ion,  to snap  out not 

3 .6  but in the exceptional c a s e  4 neutrons,  if the te t raneut ron  should exis t ,  

On the graph showing the number  of neutrons a s  

- 
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MAIER-LEIBNITZ:  W e l l ,  I think we have now gotten accus tomed 

to cons ider ing  all the p r o c e s s e s  around the s y m m e t r i c  f i ss ion  a s  a 

different  p rocess .  

l eads  to m o r e  neutron emiss ion .  Now, whether that  i s  r ea l i s t i c ,  that  i s  

a p ragmat i c  approach.  

that  the s y m m e t r i c  f i ss ion  i s  something e l s e  than the things we d i scussed  

today. 

You have much excitation energy left over ,  and that 

T h e r e  a r e  s e v e r a l  a rgumen t s  fo r  it. We think 
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v-4. INSTRUMENTATION FOR FISSION-FRAGMENT ENERGY - ..- _-I- - -- -..--- _. - -.---- - --..--I-_------. - , - <" 
CORREIATION EXPERIMENTS WITH PILE-UP 

.L ~ , -,m.--s--"." -----..v"-- 
REDUCTION CAPABILITIES"' 

C. W. Williams, H, W. Schmitt, F. J. Walter,  and J. H. Nei ler  t 
Oak Ridge National Laboratory,  Oak Ridge, Tennessee  

Exper iments  have been pe r fo rmed  a t  the Oak Ridge 

National Labora tory  in which the kinetic energ ies  of c o r r e l a t e d  f ragment  

p a i r s  f rom the rma l -  and resonance-neutron-induced f i ss ion  have been 

measured .  In addition, a t h ree -pa rame te r  t e rna ry - f i s  sion exper iment  

has  been pe r fo rmed  in which the energ ies  of co r re l a t ed  f ragments  w e r e  

measu red  in coincidence with the ene rgy  of a third par t ic le ,  usually a 

long-range alpha par t ic le ,  

sur face  - b a r r i e r  de t ec to r s ,  

The de tec tors  used were  l a r g e - a r e a  si l icon 

The mul t ipa rame te r  data-acquis i t ion sys  tem assoc ia ted  

with these exper iments ,  shown in Fig.  I, includes a n  inspection sys tem 

TARGET AND 

SING -CH. 
CHG-SENS. 

FUEAMP 

\ I  I I 

L I 4 GATE d MONITOR 1 
ANALYZER 

\* 

e 
INSPECTOR 
AMPLIFIER 

DISC 

SLOW OUTPUT FROM 0.1 psec h S.C ANAL. 

0 1 2 3 4 5  
TI ME (psec) 

PULSE SEQUENCE 

Fig. I. Block d iagram for  f iss ion-energy co r re l a t ion  m e a s u r e -  
ments .  

J, -r 

P r e s e n t e d  by C. W. Will iams. 

tNow with Oak Ridge Technical  En te rp r i se s  Corporation. 
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f o r  reducing spec t rum dis tor t ion caused  by pi le-up (mult iple  pulses  

a r r i v i n g  within the ampl i f ie r  resolving t ime) .  Inspection i s  pe r fo rmed  
0 

now on only two p a r a m e t e r s  but m a y  be expanded to th ree  p a r a m e t e r s .  

The s t ra ight forward  approach of detecting pile-up pulses  

by examining the pulses  fo r  shape change cannot be used in this applica- 

tion because of the inaccurac ies  in the p re sen t  timing methods.  

method employed h e r e  cons is t s  of clipping the preampl i f ie r  pulses  with 

a 20-nsec clipping l ine,  then t r iggering a f a s t  d i sc r imina to r  with these 

pulses .  

P r o p e r  delay of the l i nea r  signals makes  i t  possible  to r e j ec t  coincident 

events,  d i s tor ted  by the "single" event, within f 2 psec  of the "single" 

event. This  logic i s  wel l  suited to multiple-detector sys t ems ,  and a n  

a l te rna t ive  method, fo r  use with a single semiconductor o r  scinti l lat ion 

de tec tor ,  i s  shown in the block diagram of F ig .  2. This  sys t em ut i l izes  

The 

A 4-psec inhibit pulse i s  generated fo r  each  "single" event. 

HV 
I 

I INFAR 
I L  PREAMP p, 

LINEAR SIGNAL 

LINEAR (DELAYED) 

FAST DISC. 

GATE OPEN PULSE 

INHIBIT PULSE 

LINEAR SIGNAL 

LINEAR( DELAYED) 

FAST DISC. 

GATE OPEN PULSE 

INHIBIT PULSE 

IDISCRIM~NATORI I GjL I - 
DELAY 

=-PULSE WIDTH 

Fig.  2. Block d iagram of an  
a l te rna t ive  method for  use  with 
a single semiconductor  o r  
scinti l lat ion detector .  
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a normal ly  c losed  gate and two one-shot  mul t iv ibra tors  to obtain the 

inhibit requi rement  n e c e s s a r y  to remove  the d i s to r t ed  events.  

The method used in tes t ing f o r  pi le-up in this sys tem 

ut i l izes  a pu l se r  and a monoenerget ic  a lpha-par t ic le  source  and provides  

rap id  accumulat ion of eas i ly  in t e rp re t ed  data. 

that  the inspection sys t em reduces  the effective reso lv ing  t ime of each  

ampl i f i e r  f r o m  3 . 3  * 0. f psec  to 0. 55 f. 0. 03 psec.  

Resul t s  of these t e s t s  show 
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V - 5. C OR R E  L A  T _I-- ED F R AGMS E - E N E R  G Y MEA S UR EME N T S 
/ .,. 

F O R  LOW-ENERGY NEUTRON-INDUCED FISSION” 
cI_ _-  ___I .--I-.--- . - “-4 

r.”. xC__,-_- 

F. J. Walter ,  H. W. Schmitt ,  and  J. H. Nei le r I  

Oak Ridge National Labora tory ,  Oak Ridge, Tennessee  

I would l ike to begin by giving a v e r y  brief descr ip t ion  of the 

expe r imen ta l  equipment f o r  the benefit of those who a r e  not f ami l i a r  with 

this type of experiment .  

a t t empt  to desc r ibe  the r a t h e r  lengthy and  involved compute r  operat ions 

which a r e  r equ i r ed  to t r ans fo rm the raw data  into m a s s  dis t r ibut ions,  

m a s s - e n e r g y  co r re l a t ions ,  e tc ,  

r e s u l t s  to what c a n  be l ea rned  f r o m  the m a s s  dis t r ibut ions.  Th i s  is done 

p r i m a r i l y  because  of t ime l imitat ions,  although the re  is  the addi t ional  

r e a s o n  that t h e r e  s t i l l  r e m a i n  s o m e  minor  questions about the energy  cali- 

bra t ions  of the de t ec to r s ;  

d r a w  conclusions which depend on p r e c i s e  ene rgy  ca l ibra t ions .  

F o r  the sake  of brevi ty ,  I sha l l  not make  any  

I wil l  a l s o  confine m y  d iscuss ion  of the 

these  should be se t t led  before  we a t tempt  to 

F i g u r e  1 shows the sou rce ,  de tec tor ,  and  vacuum-chamber  

a r r a n g e m e n t  used  f o r  m o s t  of these  exper iments .  Since many  of the de-  

ta i l s  shown h e r e  a r e  convenience f e a t u r e s  r a t h e r  than e s sen t i a l  e l emen t s  

in  the s y s t e m ,  we will  not take t ime to d i scuss  them,, 

v e r y  thin l a y e r  of a fissionable isotope deposi ted on a 50-pg/cm 

foi l  o r  on a 20-pg/cm 

4 -cm 

s o u r c e  and  outs ide of the high-intensity neut ron  beam. 

3 -pa r t i c l e  f i s s ion  exper iment ,  the th i rd  de tec tor  is located in  the reg ion  

above the target .  

The t a rge t  i s  a 
2 .  

The  two 

nickel  
2 

carbon.foi1 by vacuum evaporation. 
2 

s u r f a c e - b a r r i e r  de t ec to r s  a r e  located on opposite s ides  of the 

In the case of a 

:;: 
P r e s e n t e d  by F. J. Walter.  

Now at Oak Ridge Technica l  E n t e r p r i s e s  Corporat ion.  
t 



442 v-5 

Fig.  1. Source-detector  chamber  for  fission-fragment energy- 
co r re l a t ion  me  a s u r  em ent s . 
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The information obtained f rom these exper iments  i s  in  the 

f o r m  of two o r  th ree  co r re l a t ed  pulse  heights r eco rded  (event  by event) on 

punched paper  tape. This  information, when p rope r ly  sor ted ,  produces 

an  a r r a y  of the type shown in F i g .  2. 

neutron-induced f i ss ion  of U . In this f igure,  the pulse  heights have 

been converted to f ragment  energ ies ,  and l ines  of constant m a s s  and 

constant  total  kinetic energy  have been added. We fee l  that  much of what 

can  be l ea rned  f rom these exper iments  i s  dependent on our abi l i ty  to obtain 

This  i s  a n  a r r a y  f o r  t he rma l -  
23 5 

M. = 73 78 83 88 93 98 I03  I 08 I13 

40 50 60 ro Bo 90 IW 

4, FRAGMENT ENERGY (Maul 

Fig.  2. Contour d iagram represent ing  the co r re l a t ion  of f ragment  
energ ies  in the thermal-neutron-induced f iss ion of U 2 3 5 .  
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high resolut ion in measu remen t s  of v e r y  good s t a t i s t i ca l  accuracy.  

sequently, on observing one of these a r r a y s ,  one can  begin to apprec ia te  

our concern  about such things a s  s m a l l  amounts of pile-up o r  accidental  

coincidences.  Since the re  a r e  m o r e  than 2 decades between the highest  

contours  and the lower ones,  even a s m a l l  amount of tail ing ( f rom poor  

coll imation),  o r  the occur rence  of extraneous pulses  where they don't  

belong, can  significantly change the peak-to-valley ra t io  in the m a s s  d i s -  

tribution. 

tion to change the appearance  of the fine s t ruc tu re .  

Con- 

In addition, i t  does not take v e r y  much los s  in  energy reso lu-  

These  problems a r e  

to5 

5 

2 

to4 

l i 5  

4 
z z 
0 

2 2  a 

r = 103 3 
0 
V 

B 5  
cr 
W 
m 
I 
2 2  

t O2 

5 

2 

td 

DETECTOR AREAz4  crn: APPLIED BIAS=tOO volts; 
SILICON RESISTIVITY-50O~ohrn-crn 

60 too 1 4 0  180 220 260 

CHANNEL NUMBER 

par t i cu la r ly  acute  in an  

exper iment  such  as that 

in which we measu red  

re la t ive ly  s m a l l  changes 

in  the peak- to-valley ra t io  

f o r  an  alpha-active 

plutonium isotope a s  a 

function of incident-neutron 

energy. 
1 

Figure  3 

shows a typical single- 

s ide energy  spec t rum for  

Fig.  3. Pulse-height  
spec t rum f o r  f i ss ion  
f r agmen t s  f rom 
thermal-neutron-  
induced f i ss ion  of 
U235 

1 
F. J. Walter,  J. H. Nei ler ,  and H. W. Schmitt, Bull. Am. Phys.  

SOC. - 8 ,  3 6 9  (1963) .  
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u23 5 . This  i s ,  of cour se ,  obtained by summing the data  in F ig .  2 along 

l ines  of constant E o r  E and the m a s s  dis t r ibut ion i s  obtained by 
i 2' 

8 

appropr ia te  t ransformat ion  and summing of the data.  

c l ean  and s h a r p  3 decades down f rom the peak, 

of 2 2 / i  shown h e r e  i s ,  incidentally, a v e r y  sensi t ive indicator  of energy 

r e  s olut ion. 

The spec t rum i s  

The peak-to-val ley ra t io  

23 9 F igu re  4 i s  a compar ison  of our  m a s s  dis t r ibut ion fo r  P u  

to the radiochemical  and m a s s  spec t romet r i c  r e su l t s .  

r e su l t s  a r e  e s s entially post -neutron-  em is  s ion m a s  s di  s t r  ibutions , we 

expect them to be shif ted to lower m a s s  values,  a s  i s  indeed observed ,  

Since the l a t t e r  

The saw-tooth shape 

of the neut ron-emis-  

s ion curve  i s  c l ea r ly  

evident in this com-  

par i son ,  i . e , ,  the 

neut ron-emis  s ion 

probabi l i ty  i s  l a rge  

in the i 0 5 - i i 5 - a m u  

and 140-160-amu 

regions and s m a l l  

the 85- 100-amu 

and 125- 135-amu 

n 

regions.  The other  

f i s  s ionable isotopes 

show essent ia l ly  this 

s a m e  resu l t .  

10' 

5 

2 

IO0 

5 

2 
I 

8 
3 10-' 
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PRESENT EXPERIMENT 

MASS SPECTROMETRIC 
YIELDS FROM KATCOFF, 

0 RADIOCHEMICAL AND 

5 NUCLEONICS E, 201 (1960) 

70 90 ! !O 130 150 170 

FRAGMENT MASS (AMU) 

Fig .  4. Fiss ion- f ragment  mass yield f o r  Pu239 
the r m a l  -ne ut r on- induce d f i s s ion. 
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Fig.  5. Comparison of 
t ime -of-flight and 
c o r r e l a t e d  energy  
measu remen t s  of the 
f ragment  m a s s  yield 
fo r  P ~ 2 3 ~  the rma l -  
neutron-induced f iss ion,  

F igu re  5 i s  a compar ison  of the s a m e  Pu239  data with the 

In genera1,agreement i s  good, 
2 

t ime-of-fl ight data  of Milton and F r a s e r .  
23 9 F igu re  6 shows a compar ison  of the P u  r e su l t s  with 

241 
those f o r  P u  

in the compound sys t em appea r s  predominantly in the light f ragment  f o r  

n e a r - s y m m e t r i c  f i ss ion  but appea r s  to be sha red  between the light and 

heavy f ragments  f o r  m o r e  a s y m m e t r i c  fission. 

with the c lus t e r  model  of f i ss ion  in which the s tabi l i ty  of c losed-she l l  

s t ruc tu res  fundamentally influences the f ragment  m a s s  and energy  d i s -  

tr ibutions a t  low excitation energ ies .  

the low-mass  edges of the heavy-fragment peaks should occur  in the region 

of Z = 50 a n d / o r  N = 82, where  m a s s e s  a r e  in  the range 128- 135 amu.  

This effect  i s  i l lus t ra ted  somewhat m o r e  effectively in Fig.  7 in which 

. It i s  of i n t e re s t  to observe that the two-neutron inc rease  

This  r e su l t  i s  consis tent  
3 

F o r  these c a s e s ,  one expects that  

2 
J. C. D. Milton and J. S. F r a s e r ,  Can. J. Phys.  - 40, 1626 (1962). 

K. Wildermuth and H. F a i s s n e r ,  Proceedings of the International Con- 
3 

fe rence  on Nuclear  Structure ,  edited by D. A. Bromley  and E. W, Vogt 
(Univers i ty  of Toronto P r e s s ,  Toronto, 1960), p. 972; Phys.  L e t t e r s  - 2, 
212 (1962). 
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we have compared  the 

m a s s  dis t r ibut ions of 
23 9 241 

P u  , P u  , and 

U235 binary  f i ss ion  

and U t h r e e - p a r -  
23 5 

t ic le  f iss ion.  

F ig .  6. Comparison 
of f i ss ion- f ragment  
m a s s  dis t r ibut ions 
f o r  t he rma l -  
ne ut r on - induc ed 
f i ss ion  of ~ ~ 2 3 9  

and Pu241. 

F ig .  7, Comparison 
of f i ss ion- f ragment  
m a s s  dis t r ibut ions.  
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L. B. BORST, State University of New York at Buffalo: In Fig.  2 

you seemed  to have some  double-valued contour l ines.  

mean '?  

What does that 

How can  you have two contours  of the same  v a l u e ?  

WALTER: We believe these a r e  rea l .  If one t r i e s  to obtain a 

physical  p ic ture  of the topology involved h e r e ,  you can  visual ize  the ma in  

peak  a s  a mountain with a r a t h e r  smooth top, but with two r a t h e r  abrupt  

p ro t rus ions  cor responding  to the two shaded a r e a s .  

contour l ines  p a r t  way down the s ide can  be thought of a s  a f a i r l y  level  

"putting green" s l iced  out of the s ide  of the mountain. 

auxi l ia ry  exper iments  in which we looked v e r y  careful ly ,  and with v e r y  

good s t a t i s t i c s ,  a t  the regions containing the peaks  and we have been ab le  

to reproduce the f ine  s t r u c t u r e  shown in  F ig .  2. 

N. J. PATTENDEN, AERE, Harwell:  In your a b s t r a c t  you men-  

The double-valued 

We have done 

tioned that you have done some  work  with f i l t e r ed  neut rons  that appl ied 

pa r t i cu la r ly  to the 0 .3  eV resonance  of P u  23 9 

That  expe r imen t  was r epor t ed  in some  de ta i l  a t  the 

. 
WALTER: 

Washington A P S  meeting. 

thermal -neut ron- induced  f i s s ion  of P u  

f r o m  the 0. 3-eV resonance.  

peak-  to-val ley r a t io s ,  which a g r e e d  with the prev ious  radiochemical  

m e a s u r e m e n t s  of Regier  -- e t  a l e ,  

We m e a s u r e d  the m a s s  dis t r ibut ions fo r  
23 9 and f o r  f i s s ion  resu l t ing  p r i m a r i l y  

We did s e e  a definite difference in the re la t ive  

4 
within the a c c u r a c y  of the exper iments .  

4 
R. B. Reg ie r ,  W. H. B u r g e s s ,  R. L. Tromp,  and B. H. Sorensen,  

Phys.  Rev. - 119, 2017 (1960). 
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V-6.  EMISSION OF PRO-M-PT GAMMA RAYS IN THE 
2 3 5  t .// 

THERMAL-NEUTRON FISSION O F  U 
i/ 

_ a -  -... . .-_ - - . . _ _ .  

S ,  S. Kapoor and  R. Ramanna  

Atomic Ene rgy  Es tab l i shment ,  Trombay,  Bombay, India 

The angular  dis t r ibut ions of p rompt  f i s s ion  gamma r a y s  

with r e s p e c t  to the d i rec t ion  of se lec ted  f i s s ion  f r a g m e n t s  in  the t h e r m a l  
23.5 

neutron f i s s ion  of U have been  s tudied f o r  two different  g a m m a  energy  

groups  using a gr idded ionization c h a m b e r -  scint i l la t ion de tec to r  a s s e m b l y  

and  t ime-of-f l ight  method f o r  e l iminat ing f i s s ion  neut ron  background. 

F r o m  the m e a s u r e d  angular  dis t r ibut ions with r e s p e c t  to the d i rec t ion  

of the se l ec t ed  l ight f r agmen t s ,  the values  of the l abora to ry  an iso t ropy  

{N(O ) - N ( 9 0  )}/N(O ) f o r  gamma r a y s  of ene rg ie s  g r e a t e r  than 180 keV 

and  510 keV a r e  found to be  14. 970 and 12. 270, respect ively.  The  m e a s -  

u r e d  r a t io  of the in tens i t ies  of the gamma r a y s  n e a r l y  along the direct ion 

of motion of the l ight and  the heavy f r agmen t s  sugges ts  that the heavy 

f r a g m e n t s  e m i t  m o r e  g a m m a  r a y s  than the l ight f r agmen t s .  

u r e m e n t s  definitely show the exis tence of a significant an iso t ropy  of 

e m i s s i o n  of the gamma r a y s  in the emi t t ing  f r agmen t  sys t em a f t e r  

making  al lowance f o r  the motion of the f r agmen t s .  

e m i s s i o n  is explained a s  a r i s i n g  due to the po la r i zed  angular  momenta  of 

the f i s s ion  f r a g m e n t s ,  which a l so  l ead  to a n  enhancement  of the g a m m a - r a y  

emiss ion .  

r e s p e c t  to  the obse rved  number  and the spec t rum of the g a m m a  rays .  

0 0 0 

T h e s e  m e a s -  

The  an i so t ropy  of 

The emiss ion  of the gamma r a y s  in f i s s ion  is d i scussed  with 

TRead by t i t le  only. 
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V-7. DIRECT AND ABSOLUTE MEASUREMENT O F  AvVERAGE YIELD 
+ *&*hQ3”‘ 

OF NEUTRONS FROM THERMAL FISSION OF U235 t 
A. DeVolpi and K. P o r g e s  

Argonne National Laboratory,  Argonne, I l l inois 

- -  - . .  
xIIDI__**P--*- - - - _ - - -  

, 2  
L 

235 . The yield of neutrons f rom t h e r m a l  f i ss ion  of U is a 

quantity of i n t e re s t  both to bas ic  f i ss ion  s tudies  and a l s o  to r e a c t o r  physics.  

At the p r e s e n t  t ime the bes t  value i s  der ived  ind i rec t ly  f r o m  q ,  the 

number  of f i ss ion  neutrons p e r  neutron captured,  and  re la t ive  f i ss ion- to-  

capture  c r o s s  sec t ions ,  a s  well  a s  by compar ison  with Cf 

recent ly  repor ted .  

e r r o r  in these exper iments ,  a p r e c i s e  d i r e c t  de te rmina t ion  of v has  

been under way fo r  some time. 

having r e su l t s  independent of de tec tor  eff ic iencies ,  neutron leakage,  

f i s  sion ene r gy spec t r a ,  c r o s s  - sect ion value s, background subt rac t ions ,  

252 
measu remen t s  

Because of var ious  poss ib i l i t i es  for  sys temat ic  
- 

Grea t  impor tance  has  been a t tached  to 

counting s t a t i s t i c s ,  and o ther  ad jus tments .  Otherwise,  the exper iment  i s  

being pe r fo rmed  in such  a manner  a s  to have s m a l l  dependence on f ac to r s  

which cannot be d i r ec t ly  removed f rom influencing data. In consequence, 

the ove r -a l l  exper iment  i s  composed of s e v e r a l  impor tan t  s t ages ,  each  

of which i s  r equ i r ed  to exhibit  p rec is ion  in the o r d e r  of zyo. Moreover ,  

constant  review, improvement ,  and repet i t ion of technique a r e  requi red ,  

resu l t ing  in a lengthy exper iment  a imed  a t  a t ta ining 170 a c c u r a c y  in w .  

The m e a s u r e m e n t  m a y  be cons idered  to cons i s t  in  two 

1 

- 

independent phases :  

( 2 )  evaluation of f i s s ion  rate .  

and f i ss ion  r a t e  is ad jus ted  according to absolute  ca l ibra t ions  de te rmined  

in the two s e p a r a t e  phases .  

(1)  absolute  de te rmina t ion  of neutron intensi ty  and 

A simultaneous m e a s u r e m e n t  of neutron 

t Work pe r fo rmed  under the ausp ices  of the U. S. Atomic Energy  
Commission.  

+ P r e s e n t e d  by A; DeVolpi. 
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The source  of f i ss ion  neutrons is a wel l -moderated beam 

emerg ing  f r o m  the Argonne C P - 5  the rma l  column. 

Fig.  1, the beam is d i rec ted  into the beam channel  through the shielding 

tank and into the f iss ion chamber  located a t  the cen te r  of the manganese 

A s  indicated in 

THERMAL 
COLUMN 

______ 

BORATED 

B E M  
CATCHER 

Fig. 1. Diagram of exper imenta l  a r r angemen t  fo r  epoxy-coated 
aluminum slowing-down sphere.  

bath sphere.  Transmi t ted  the rma l  neutrons in the beam p a s s  through the 

r ema inde r  of the col l imator  and a r e  stopped in a n  ex terna l  beam ca tcher .  

The beam tube is  l ined with cadmium to keep s c a t t e r e d  t h e r m a l  neutrons 
23 5 

out of the slowing-down sphere ,  F i s s ion  neutrons f r o m  the U coating 

of the f i ss ion  chamber  undergo sca t te r ing  and absorpt ion in both the 

hydrogen and manganese of the aqueous solution of manganous sulfate.  

The t h e r m a l  neutron beam is monitored by four f i ss ion  

counters  located nea r  the beam hole. 

cen te r  of the sphere  has  a sufficiently thin coating to p e r m i t  long-term 

operat ion on a f la t  plateau. Adequate sou rce  r a t e  i s  obtained by adding 

a "booster  foil" consis t ing of additional enr iched  uranium placed i n  the 

shadow region of the chamber  coating. 

booster  a r e  not counted in  the ionization counter ,  but f i s s ion  neutrons do 

augment  the activation. 

The f i ss ion  counter  located a t  the 

F i s s ion  f r agmen t s  f rom the 

After mixing the solution by closed-loop c i rcu la t ion  with a 

pump, samples  a r e  withdrawn for  counting of the 2. 6 -hr  Mn'b activity,  

To p e r m i t  accu ra t e  counting of weakly act ivated solutions of Mn 
56 

SO4, a 
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8 1 
two- s tage counting faci l i ty  has  been developed. 

a r e  counted d i rec t ly  in a gamma-gamma coincidence a r r angemen t  which 

f ea tu res  re la t ive ly  high efficiency and long- te rm stabil i ty.  

delay, mixing, splitting, and repeat ing technique i s  used to allow ful l  

uti l ization of radiat ion detected in both NaI(T1) c r y s t a l s  while only two 

s ingle-channel  ana lyze r s  a r e  required.  

absolute  sca l e  through another  unit which counts s m a l l  aliquots of a s t rongly 

act ivated sample  mixed with liquid sc in t i l l a tor  in a   IT beta-gamma 

coincidence mode. 

stabil i ty,  efficiency, and a c c u r a c y  a r e  sa t i s f ied  by using this two-stage 

p r o c e s s  of d i r e c t  counting backed up by calibration. 

Two-l i ter  aqueous solutions 

An e lec t ronic  

This  sys t em i s  ca l ibra ted  on a n  

Othe rwis  e inc ompatible r e  quir  em ent s of convenience, 

The l a r g e s t  co r rec t ion  that m u s t  be made i s  fo r  t he rma l  

absorption of neutrons in wa te r  in d i r e c t  competit ion with manganese 

capture .  F o r  a typical 200-g j l i t e r  solution of manganous sulphate,  only 
56 

about 30% of the f i ss ion  neutrons yield Mn , the r ema inde r  being lo s t  

chiefly in hydrogen. 

knowledge of the t h e r m a l  and ep i thermal  c r o s s  sec t ions  for  manganese 

and hydrogen, a s  wel l  a s  a sa t i s fac tory  theory of slowing down in a 

hydrogenous medium. 

exper imenta l  evaluation of the re la t ive  manganese /hydrogen capture  in 

the medium used  with the ac tua l  sources .  

i s  of sufficient d i ame te r  to reduce leakage f r o m  f i ss ion  s o u r c e s  down to 

l e s s  than 1%. 

manganous sulfate  a t  d i f fe ren t  concentrat ions de t e rmines  the energy-  

and space-weighted manganese /hydrogen  c ross - sec t ion  ratio.  Smal l  

co r rec t ions  a r e  r equ i r ed  f o r  the su lphur /manganese  c r o s s - s e c t i o n  ratio,  

fo r  leakage, for  (n, a )  and (n, p )  reac t ions ,  for  the beam-tube cadmium 

l ine r ,  and  for  o ther  f ac to r s .  

prevent ing the Sz i l a rd -Cha lmers  reac t ion  f r o m  caus ing  precipi ta t ion of 

A computed co r rec t ion  fo r  this l o s s  r equ i r e s  p r e c i s e  

This  problem i s  c i rcumvented  through a n  independent 

The slowing-down sphe re  used  

Thus,  counting the act ivi ty  induced by a fixed source  in the 

Special  attention is given to the problem of 

Mn:::O 
2' 

1 
A. DeVolpi and K. G. P o r g e s ,  Argonne National Labora tory  Repor t  

6760 ( to  be published). 
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An independent ca l ibra t ion  of the f i ss ion  counter  i s  
23 5 

c a r r i e d  out a s  follows. The U was fabr ica ted  into a hemisphe r i ca l  cap  
23 5 

and p laced  back-to-back with the U -coated e lec t rode  of a f i ss ion  

chamber  of hemisphe r i ca l  shape, 

a c t o r  c o v e r s  both. 

button' '  in coincidence with f i ss ion  events in the chamber .  

shape of the l a t t e r  a v e r a g e s  out the angular  co r re l a t ions  between neutrons 

and detectable  f i s s ion  f r agmen t s ;  

pulse-height  se lec t ion  in the single neutron channel. 

o r d e r  of 1 0  ns throughout the counting sys t em allow re l a ib l e  f a s t  coinci-  

A wel l -col l imated beam f r o m  a r e -  

F i s s i o n  neutrons a r e  counted with a "Hornyak 

The hemisphe r i ca l  

delayed neutrons a r e  e l iminated by 

R i s e  t imes  of the 

dences  at  an  acceptable  t rue  /acc identa l  r a t i o  when the f iss ion-channel  

counting r a t e  i s  of the o r d e r  of 10  s e c  a Counting l o s s e s  a r e  avoided 

through use  of f a s t  e lec t ronics  throughout, including lOO-Mc/sec scaling. 

The two s ingles ,  the prompt ,  and the delayed coincidence counts provide 

enough information to compute the ra t io  of absolute  f i s s ion  r a t e  to f iss ion-  

channel  counting rate .  

4 -1  

A pulse-shape  recognition scheme  has  been developed which 

c a n  el iminate  a v e r y  l a r g e  f rac t ion  of the g a m m a  pu l ses  in  "Hornyak 

buttons" withoL;t integration. 

f a s t  pu lses ,  f o r  poss ib le  coincidence counting of f a s t  neut rons ,  o r  to 

p recede  an  integrat ion s tage,  thus extending the deg ree  of gamma dfs- 

c r imina t ion  by s e v e r a l  o r d e r s  of magnitude. C i rcu i t s  and r e su l t s  of a 

number  of t e s t s  have been r epor t ed  e l sewhere .  

This  s cheme  m a y  be used e i the r  to a b s t r a c t  

2 

At the p r e s e n t  t ime  improvemen t s  a r e  being made  on the 

counting and ca l ibra t ion  equipment so  that higher  long- te rm s tab i l i ty  may 

be der ived.  Improved e lec t ronic  techniques have been adapted to allow 

2 
A, DeVolpi and K. G, P o r g e s ,  "Reject ion of G a m m a  Background 

Radiation P u l s e s  in Hornyak Buttons, ' I  I R E  Transac t ions  on Nuclear  
Science NS-? (31, 320-326 (1962). 
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m o r e  re l iab le  counting s y s t e m s ;  in pa r t i cu la r ,  a single c u r r e n t  ampli-  

f i e r  following the d i r ec t  output of the f i s s ion  chamber  into 50-ohm cable  

can  be  used, s ince  i t  p rovides  3-nsec ove r -a l l  r i s e  t ime and has feedback 

stabil ization. 

the a id  of ex te rna l  pulse  gene ra to r s  m a y  be applied. 

ve r s ion  of the Hornyak-button background-suppression c i r cu i t  is now 

available.  Finally,  cons iderable  exper ience  has  been accumulated in 

operat ion of the Mn counting facil i ty,  indicating improved  accuracy  and 

reproducibi l i ty ,  After  some  exper iments  with Cf , a r e t u r n  to the 

U de te rmina t ion  a t  the t h e r m a l  column wil l  be scheduled, 

Recent  developments in  counting-system regulation with 

A t r ans i s to r i zed  

56 

252 

23 5 
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V-8. N E W  METHOD FOR THE DETECTION OF - ,-.I.-- 

SHORT-LIVED FISSION PRODUCTS"' - . Y _  il_ a- -,, ..- ' - 
D. Hovestadt and  P. A r m b r u s t e r  

455 

Labora tor ium f;'r Technische Phys ik  d e r  Technischen Hochschule Miinchen, 
Munich. Germanv  

Using m a s s  spec t romet r i c  separa t ion  devices ,  i t  is poss ib le  

to invest igate  the shor t - l ived  f i ss ion  products  without rad iochemica l  

s epa ra t ion  methods.  The  separa t ion  t ime amounts  to about  1 psec.  

Half- l ives ,  Q values ,  and  the genet ics  of the decay  cha ins  c a n  be in-  

vestigated.  
1,2 

The number  of f i s s ion  products  

A hel ium-fi l led magnet ic  m a s s  s e p a r a t o r  has  been  used  
23 5 

to s e p a r a t e  the f i ss ion  products  of U . 
4 - 1  

in a maximum-yie ld  chain amounts  to 10 m i n  ; the resolut ion of the 

in s t rumen t  is f 4 a tomic  m a s s  units. 

a stopping foi l  which is  t r anspor t ed  in t i m e s  of about 0. 1 s e c  into a 

p - y  coincidence counting setup. 

moving f i lm which i s  i r r a d i a t e d  by f i ss ion  products  f o r  a c e r t a i n  va r i ab le  

t ime.  Simultaneously,  the foregoing i r r ad ia t ion  i s  counted in the p-y 

coincidence setup. 

r e g i s t e r e d  by a TMC mul t ichannel  ana lyze r .  Known y l i nes  of i so topes  

with a half-l ife of about 10 min  have been used  to ca l ib ra t e  the magnet -  

c u r r e n t  s ca l e  in a m u  and to de t e rmine  the m a s s  reso lu t ion  of the in-  

F i s s i o n  products  a r e  stopped in 

The  stopping foi l  is  a discontinuously 

The  y spec t rum coincident with p p a r t i c l e s  is 

s t rumen t .  

ment .  

and  the ca l ibra t ion  curve .  

a n  a c c u r a c y  of about  * 0. 5 amu.  

F i g u r e  1 gives a schemat i c  view of the expe r imen ta l  a r r a n g e -  

F i g u r e  2 gives the m a s s  yield dis t r ibut ion of the m a s s  s e p a r a t o r  

The  m a s s  of a n  isotope c a n  be  de t e rmined  to  

~~ 

:;: 

1 

2 

P r e s e n t e d  by H. Maier -Leibni tz .  

C. F u l m e r  and  B. L. Cohen, Nucl. Phys .  - 6,  547 (1958). 

P. A r m b r u s t e r ,  Nukleonic - 3, 188 (1961). 
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Fig.  1. Exper imenta l  setup fo r  the measu remen t  of p-y coincidences 
of short- l ived f i ss ion  products .  

A 4-channel t ime analysis  and 64-channel y-spec t rum 

analys is  has  been used to give a rough determinat ion of the m a s s  of the 

emit t ing isotope, of the energy  of the y l ines ,  and the half-l ife (Fig.  3) .  

The s t ronges t  unknown y l ine,  a 1.42-MeV y line which has  been found in 

the light group of f i ss ion  f ragments ,  has  been used to demonst ra te  the new 

technique. 

f ied until now. 

All  o ther  y l ines  which have been found have not been identi-  

F igu re  4 gives the m a s s  determinat ion of the 1.42-MeV 

Exactly a t  

, 

line. 

the same  posit ion in the m a s s  sca le  the 0.92-MeV gamma line of Y 

with a half-life of about 20 min, has  been found. 

16-channel t ime and 64-channel y-spec t rum analys is  (Fig.  5) has  been 

used f o r  the half-life determination. 

72 f 7 s e c  i s  in good ag reemen t  with the known half-life 

78 sec .  

The m a s s  has  been determined to be A = 94 f 0. 05. 
94 

A two-dimensional 

The m e a s u r e d  half-life of 
94 3 

of S r  , namely 

Thus the 1.42-MeV gamma line could be definitely identified 
94 94 as coming f rom the S r  + Y decay. 

3 
J. D. Knight and D. C. Hoffmann, J. Inorg. Nucl. Chem. - 10, 18 (1959). 
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Fig. 2. Cal ibrat ion of m a s s  s e p a r a t o r  by known y l ines  (Rb88, Rb90, 
The s t ra ight  line in the lower port ion shows the and  Y94). 

theoret ical  I C C A Z / ~  dependence. 
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11 

10 
1 - 

2 
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4 

I 
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1,y mv 

.. 
2 MeV 

Fig.  3 .  The 1.42-MeV gamma line and i t s  decay  in a 4-channel t ime 
and  64-channel y -  spec t rum analysis .  
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i- Analysis: 

Fig.  5. Half-life ana lys i s  of the 1.42-MeV gamma line of S r94  in  a 
16-channel t ime and 64-channel y spec t rum analysis .  
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94 94 The Q value of the S r  -. Y decay  has  been m e a s u r e d  

by a two-dimensional  16 X 64 p-y  spec t rum analys is  (F ig .  6).  The max i -  

m u m  ene rgy  of the /3 spec t rum coincident with the 1.42-MeV gamma line 

amounts  to 2 .  05 f 0.1 MeV. 

cidence exper iment  and  by a two-dimensional  3 2  X 3 2  y - y  spec t rum 

ana lys i s  that  no o ther  y line is coincident with the 1.42-MeV gamma.  

Q value of the S r  

It has  been proved  by a t r ip l e  p-y-y coin-  

The  
94  

F i g u r e  7 gives the decay s c h e m e s  of s e v e r a l  even-even 

- Y94 decay amounts  to 3 .  45 rt 0. 1 MeV. 

nucl ides  in the A = 90 region. The spin and p a r i t y  a s s ignmen t  of the 
9 4 .  exci ted s t a t e  of Y is unambiguous and i s  de t e rmined  by the f t  value of 

the p decay. 
94 94  The invest igat ion of the S r  + Y decay  is  the f i r s t  

r e s u l t  of a new method f o r  the investigation of fission-product decays.  

The method is not r e s t r i c t e d  by any  sepa ra t ion  t i m e s ,  and  in pr inc ip le  

all half- l ives  might  be investigated.  
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V-9. INVESTIGATION O F  QUASI-ADIABATIC ATOMIC COLLISIONS BY 
. “.--..A*‘,” ~ -. ---*“purr 8 *%nQ*.l*--,,_*.l - 

FISSION PRODUCTS‘: - - . ~ -  -* -- 
P. A r m b r u s t e r ,  H. Specht, a n d A .  Vol lmer  

Labora tor ium f;r Technische Phys ik  d e r  Technischen Hochschule Munchen, 

Munich, Germany  

The  excitation mechanism of the inner -she l l  ionization has  

been invest igated using f i s s ion  products  as a source  of heavy ions. 

excitation of L x rays when f i ss ion  products  are slowed down can be used 

to de t e rmine  the p r i m a r y  cha rge  of the f i s s ion  products.  

hand,fission products  (heavy ions in  the ene rgy  range of 10 - 100 MeV) 

a r e  a n  excel lent  new m e a n s  to invest igate  the col l is ion mechanism in  

nea r ly  adiabat ic  coll isions.  

The  

On the other  

These  col l is ions are cha rac t e r i zed  by a d is turbance  of 

the e lec t ron  orb i t s ,  which is slow compared  to the veloci ty  of the 

e l ec t rons  in the d is turbed  orbi ts .  

a r e  r a r e  events.  The  c r o s s  sect ion f o r  these  col l is ions is s m a l l  and  

d e c r e a s e s  rapidly with the re la t ive  velocity of the coll iding a toms  and 

the ionization ene rgy  of the electrons.  

she l l s  by near ly-adiabat ic  col l is ions has  been invest igated by proton and  

a -pa r t i c l e  bombardment .  

E. Merzbache r  and H. Lewis.  Near ly  adiabat ic  col l is ions of f a s t  

heavy ions const i tute  a new field. 

f i s s ion  products  a r e  slowed down has  been  found by Po A r m b r u s t e r .  

C h a r a c t e r i s t i c  x r a y s  of the t a rge t  a tom as wel l  as x r a y s  of the f i s s ion  

products  could be detected.  

Near ly  ad iaba t ic  exci ta t ion p r o c e s s e s  

Ionization of the inner  e l ec t ron  

The  work  in this f ie ld  has  been  rev iewed by 
1 

The excitation of L x r a y s  when 
2 

.I. ‘1. 

P r e s e n t e d  by H. Maier-Leibni tz .  

E. Merzbache r  and H. W. Lewis ,  Handb. f. Phys ik  34, Spr inger  
1 

- 
Ver lag  (1958). 

2 
P. A r m b r u s t e r ,  Z, Phys ik  166, 341 (1962). - 
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3,4 The helium-fil led magnetic m a s s  sepa ra to r ,  which has  

been ins ta l led  a t  the Munich I - M W  swimming-pool r eac to r ,  gives a beam 

of m a s s - s e p a r a t e d  f i ss ion  products.  

counted by a low-pre s s u r e  ( 5  m m  Hg) me thane-flowed t r ansmiss ion  

proport ional  counter .  

m a t e r i a l s  a f t e r  they have passed  this t r ansmiss ion  counter .  

quanta produced by inner -she l l  ionization p r o c e s s e s  a r e  detected by a 

high- r e  solution proport ional  counter .  

product  s ignal  in the t r ansmiss ion  counter and the x - r a y  quanta gate a 

TMC multichannel ana lyzer  in which the x-ray spec t rum i s  reg is te red .  

F igu re  1 shows the exper imenta l  setup. 

The number of f i ss ion  products  i s  

The f iss ion products  a r e  stopped in var ious  stopping 

The x r a y  

Coincidences between the f i ss ion-  

1 

Tr~nsrnlsslon proportional 
counfu lor lhsion products 

Hclium 

F i g .  i .  Exper imenta l  setup f o r  measu remen t  of L x r ays  f r o m  
f i ss ion  products.  

The c r o s s  section fo r  inner -she l l  ionization depends on 

the energy  of the f iss ion p r o  duct,  the nuc lear  charge  of the f i ss ion  

product,  the atomic number of the t a rge t  a tom,  and the ionic cha rge  of 

the f iss ion product.  

exper imenta l  s e tup. 

Al l  these p a r a m e t e r s  can  eas i ly  be v a r i e d  in the 

The energy  dependence of the number of detected L x r a y  

quanta f rom light and heavy f i ss ion  products  has  been m e a s u r e d  f o r  s e v e r a l  

3 

4 
C. F u l m e r  and B. L. Cohen, Nucl. Phys.  - 6, 547 (1958). 

P. A r m b r u s t e r ,  Nukleonik - 3, 188 (1961).  



I * .  
to 40 60 80160 

h r m  01 lission products  PO^ 

Fig .  2. Energy  dependence 
of L - she l l  ionization f o r  
light and heavy f i ss ion  
products  and a beryl l ium 
target .  The L-x - ray  
energ ies  of the two groups 
amount to I .  9 keV and 
4.1 keV. The intensity 
is given in a re la t ive 
scale .  

v-9 

Atomic number 01 torgot atoms 

Fig. 3 .  L-she l l  ionization on a relat ive 
sca le  vs atomic number of stopping 
ta rge t  f o r  light and heavy f i ss ion  
products.  In the shadowed regions, 
L x r ays  of f i s s ion  products  cannot be 
separa ted  f rom the ta rge t  radiation. 

ta rge ts .  

The excitation c r o s s  sect ion d e c r e a s e s  rapidly with the energy  of the 

f i ss ion  products .  

the f iss ion-product  energy  has  been found fo r  all investigated t a rge t s ,  

F igu re  2 gives the energy  dependence for  a beryll ium ta rge t ,  

A dec rease  with a high power ( the third o r  fourth)  of 

The number of L x-ray quanta f rom light and heavy f i ss ion  

products  has  been measu red  f o r  a constant f iss ion-product  energy  (78  MeV 
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f o r  the l ight f r a g m e n t  and 46 MeV f o r  the heavy f r agmen t )  and  a g r e a t  

number  of stopping m a t e r i a l s .  

sec t ion  f o r  the two f i ss ion-product  groups,  when the a tomic  number  of the 

t a r g e t  is v a r i e d  over  the per iodic  sys t em.  C h a r a c t e r i s t i c  discont inui t ies  

have been  found in c e r t a i n  regions of the per iodic  sys t em.  

sect ion i n c r e a s e s  if  e lec t rons  in  the t a rge t  a t o m s  a r e  avai lable  which have 

the s a m e  ene rgy  a s  the L e l ec t rons  of the f i s s ion  products .  

exchange phenomena in  the quasi-molecule  configurat ion of the e l ec t ron  

she l l s  during the near ly-ad iaba t ic  col l is ion s e e m  to be respons ib le  f o r  the 

i n c r e a s e  of the c r o s s  section. 

F i g u r e  3 gives the var ia t ion  of the cross 

The c r o s s  

E lec t ron -  

The  energy  of the L x-ray quanta f r o m  78-MeV light 

f i s s ion  products  and 46-MeV heavy f i s s ion  products  have been  c o m p a r e d  

f o r  a bery l l ium a n d  a copper  ta rge t .  No dependence of the ene rgy  of the 

quanta on the a tomic  number  of the stopping m a t e r i a l  was  expected, 

Never the less ,  i t  has  been  found that the ene rgy  of the x-ray quanta of the 

f i s s ion  products  is (5. 5 k 2)0/0 s m a l l e r  in  a bery l l ium t a r g e t  than in a 

copper t a rge t  for  both the fission-product groups, 

of this effect  cannot  be given. 

of the Coulomb f ie ld  of the nuclei ,  which depends on the ionic c h a r g e 9  is 

d i f fe ren t  in the two stopping m a t e r i a l s .  

and  i t s  dependence on the ionic cha rge  wil l  decide whether  the  different  

ou te r  s c reen ing  in  the two m a t e r i a l s  might  be  respons ib le  f o r  the energy  

difference of the x-ray quanta. 

A definite explanation 

It  might  be poss ib le  that the ou te r  s c reen ing  

A calculat ion of the sc reen ing  

W. V. PRESTWICH, M c M a s t e r  Universi ty:  You mentioned that  in 

studying f i s s ion  products  s e p a r a t e d  by m a s s ,  you obtain a cha rge  d i s t r ibu -  

t ion [ Z  = f (A)]  f r o m  the L - x - r a y  e n e r g i e s  and  that this  a g r e e s  with r e s u l t s  

obtained by counting be tas ,  

r ad iochemica l  va lues  of Wahl ? 

Have you c o m p a r e d  your  r e s u l t s  with the 
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MAIER-LEIBNITZ: I think that the cha rge  values  that we get a r e  

somewhat  different f rom all the radiochemical  data  that have been obtained 

before .  F r o m  Wahl 's  data,  the dis t r ibut ion looked different  than what we 

got. 

alone. 

It i s  v e r y  difficult to do a thing l ike that f r o m  radiochemical  ana lys i s  
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