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Abstract :    The  occurrence  of  resonance  spin  effect  in  low – energy  gamma – ray  spectra  from de-excitation  of  even – even  and  odd – odd  compound  nuclei  has  been  found  for  a  number  of  nuclides  [ 1- 8 ].  The  prediction  of  the  effect  in  a  strictly  theoretical  way  is  difficult  or  impossible.  Wetzel  and  Thomas  observed  a  regularity  that  allowed  them  to  propose  a  simple  model  which  could  be  used  for  estimating  of  the  strength  of  the  effect  [ 2 ].  The  present  paper  examines  the  utility  of  that  simple  model  for  predicting        the  resonance  spin  effect.

The  early  work  by  Huizenga  and  Vandenbosh  [ 1 ]  explored  whether  the  value  of  an  isomeric  ratio  could  provide  some  information  about  the  spin  of  an  initial  resonance  capture  state.  They  performed  some  simplified  calculations  taking  into  account  only  dipol  transitions  in  the  radiative  many  step  cascade  de-excitation  of  the  resonance  capture  states  and  came  to  the  conclusion  that  the  obtained  results  and  the  experimental  data  proved  to  be  consistent  enough  to  use  the  calculation  as  a  guide  to  assign  spins  to  resonance  states  formed  after  neutron  capture. 

Wetzel  and  Thomas  subsequently   proposed  a  new  method  of  the  spin  assignment  of  s – wave  neutron  resonances  [ 2 ]  that  was  based  on the  conclusion  formulated  in  [ 1 ].  The  essence  of  their  method  consists  in  the  comparison  of  the  intensity  ratios  for  a  properly  chosen   pair  of  low–energy  transitions  from  resonance  gamma – ray  spectra  obtained  for  many  resonance  states.

The  possible  spin  values  of  s – wave  resonances  formed  from  neutron  capture  by  the  target  nucleus  with  ground  state  spin  Jx ≠ 0  are     J+ = Jx + ½  or  J− =  Jx – ½.  The  intensity  ratio  is  expressed  as  Rab = Sa / Sb  where  Sa  and  Sb  are  the  areas  under  the  spectral  gamma – ray  peaks  corresponding  to  transitions  from  the  final  low – lying  levels  with  spins  Ja  and  Jb  populated  by  the  cascade  transitions  starting  from  the  resonance  capture  state. The occurrence  of  the  resonance  spin  memory  effect  is  manifested  by  the  grouping  of  individual  resonance  ratios  Rab  around  two  

separate  average  values  <R+ab>  and  <R−ab>  corresponding  to  resonances  with  spins  J+  and  J−.  The  strength  of  the  effect  can  be  quantified  by  the  quotient  of  intensity  ratios :

Qab(J+/J−)  =  < R+ab > / < R−ab > ,  or  as  the  percentage  of  the difference  of average  ratios  from their  average  value   < R+ab > + < R−ab > / 2,  i.e.:

SME = 200%  ( ‌‌‌‌ Q –1 ‌‌‌‌ ) / (Q  +1)

A  number  of  experiments  that  employed  the  new  method  of  spin  assignment  were  carried  out  and  the  values  of  Qab(J+/J−)  have  been  obtained  from  them.  The  results  are  presented  in  Table  1  and  illustrated  in  Fig. 1.  

 Table 1.    Spin  memory  effect  in  compound  nuclei 

                  from  the  resonance  neutron  capture      

	Compound  nucleus
	Ja  ;  Jb
	Qab
	SME  %
	Reference

	Element
	A
	Z
	
	
	
	

	Even – even  compound  nuclei

	Mo

Pd

Ba

Nd

Nd

Er

Hf

W

Os

Os
	96

106

136

144

146

168

178

184

188

190
	42

46

56

60

60

68

72

74

76

76
	4 ; 2

4 ; 2

4 ; 2

4 ; 2

4 ; 2

6 ; 4

6 ; 4

4 ; 2

4 ; 2

4 ; 2
	1.28  ±  0.08

2.06  ±  0.09

1.52  ±  0.24

1.46  ±  0.04

1.38  ±  0.04

1.75  ±  0.06

1.82  ±  0.09

2.06  ±  0.43

1.93  ±  0.60

1.73  ±  0.04
	24.6

69.3

41.3

37.4

31.9

54.5

58.1

69.3

63.5

53.5
	[ 2 ]

[ 2 ]

[ 2 ]

[ 3 ]

[ 3 ]

[ 2 ]

[ 2 ]

[ 2 ]

[ 2 ]

[ 2 ]

	Odd – odd  compound  nuclei

	In

Sb

Sb

Tb

Ho

Tm

Lu

Ta
	116

122

122

160

166

170

176

182
	49

51

51

65

67

69

71

73
	5 ; 2

4 ; 1

4 ; 1

4 ; 1

5 ; 2

3 ; 0

5 ; 1

4 ; 1
	2.10

~ 2.5

2.57  ±  0.33

1.92  ±  0.28

1.97  ±  0.19

2.11  ±  0.36

1.89  ±  0.04

1.38  ±  0.21
	71

~ 86

88

63

65

71.4

61.6

32
	[ 4 ]

[ 5 ]

[ 6 ]

[ 6 ]

[ 6 ]

[ 7 ]

[ 8 ]

[ 6 ]


From  rather  scant  experimental  data  one  can  only  tentatively  suggest  that :  (i)  the  strength  of  the  spin  memory  effect  Qab  increases  when  approaching  the  vicinity  of  the  proton  magic  number  50,  (ii)  in  the  mass  number  region  from  160  to  190  ( where  compound  nuclei  have  high  level  density )  the  spin  memory  effect  is  rather  considerable, Qab > 1.5 ,  (iii)  the  effect  in  the  investigated  odd–odd  compound  nuclei  is  comparable  or  even  higher  than  in  the  even–even  compound  nuclei.
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Fig. 1.  Experimental  values  of  Q

ab

  versus  compound  nucleus  mass  number.
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It  is  difficult  to  predict  which  pair  of  transitions  from  low- lying  levels  with  Ja  and  Jb  should  be  chosen  in  order  to  reveal  the  spin  memory  effect.  There  is  no  exact  theoretical  description  of  the  cascade  transition  process  which  could  predict  whether  the  effect  exists  in  a  given  nucleus.  

Wetzel  and  Thomas  [ 2 ]  considered  the  radiative  cascade  process  making  many  simplifying  assumptions.  Among  other  things  they  assumed  that :  (i)  the  intermediate  excited  levels  of  the  compound  nucleus  can  be  treated  statistically  rather  than  as  a  succession  of  discrete  levels,  (ii)  only  radiative  dipol  transitions  occur  in  the  cascade,  (iii)  the  energy  dependence  of  the  cascade  is  virtually  the  same  for  either  spin  values  of  the capturing  state.  A  number  of  important  factors  which  must  be  included  in  a  detailed  description  of  the  radiative  cascade  process  were  neglected  in  their  calculation.  The  authors  found  that  “ this  simple  description  of  the  gamma-ray  process  gives  the  result  that  the  probability  of  populating  a  low-lying  level  Jf   after  n-step  cascade  is  approximately  proportional  to  the  number  of  independent  ways  by  which  the  capture  state  Jr  can  decay  to  this  level  under  the  restriction  Δ J = 0, ±1  for  each  step  in  the  cascade.“  

So, one  can  show  that  the  expected  value  of  Qab(J+/J−) = R+ab /R−ab  can  be  estimated  from  ratios  in  which  the  area  under  spectral  peaks  S+a ,  S+b  and  S−a ,  S−b  will  be  replaced  by  the  numbers  of  independent  ways  L+a,  L+b  and  L−a ,  L−b.  Thus,  the  estimation  of  the  Qab  value  is:  

 Qab (J+/J−)  =  (L+a / L+b)  ∕  (L−a / L−b)
Let  us  name  the  method  of  calculation:  the  NIP – model  ( i.e.  the  Number  of  Independent  Paths  Model ). 

The  diagram  presented  in  Fig. 2  illustrates  an  example  of  possible  pathways  for  cascades  that  start  from  initial  capture  state  (resonance  state)  with  spin  Ji = 2  and, after  “m”  step  cascades,  reach  ( by  dipol  transitions )  different  final  states  Jf  marked  by  circles.  The  numbers  in  the  circles  stand  for  NIP-s.  One  of  the possible  paths  for  a  seven-step  cascade  leading  to  the final  state  with  Jf = 1  is  marked  by  arrows  [ 9 ].  Table  2  presents  the  calculated  NIP-s  for  3  to  8  step  cascades  that  start  from  Jr = 0  to  7  and  lead  to  final  states  with  Jf = 0  to  10  [ 9 ].  

The  NIP-model  needs  five  parameters  for  calculation  of  Qab,  namely:  two  possible  resonance  spins,  two  spins  of  low-lying  levels  and  “m”.  The  four  spin  parameters  are  determined  by  known  target  nucleus  and  chosen  low-lying  compound  nucleus  levels  “a”  and  “b”.  The  last  parameter  “m”,  interpreted  in  the  NIP-model  as  the  multiplicity  of  cascades,  should  be  considered  as  the  free  fitting  model  parameter  rather  than  as  a  real  characteristic  of  the  cascades.  This  is  because  in  real  cases  the  mixture  of  cascades  with  various  multiplicities  can  occur  and  multiplicities  for  cascades  starting  from  different  initial  states  and  leading  to  various  final  states  might  not  be  the  same.

To  test  the  utility  of  the  NIP – model  one  can  use  the  scant  set  of  experimental  Qab – values  in  order  to obtain  model  fitting  parameters “m”  and  then compare  them  with  available  average  multiplicities  of  cascades  from  resonance  states  to  ground  state  obtained  from  other  experiments,  e.g.  like  [ 10 ].  These  average  multiplicities  are  mostly  confined  to  those  between  3  and  6.  

Fig. 3  shows  the  dependence  of  Qab(4/3)  on  “m”  for  various  pairs  of  ( Ja, Jb )  where  Ja = 4  and  Jb   changes  from  0  to  4.  This   example  is  applicable  to  some  compound  nuclei  from  Table 1,  namely to:  168Er,  178Hf,  144Nd,  176Lu,  166Ho  and  182Ta.  The  average  multiplicities  for  some  of  them  were  found  in  [ 10 ].  Table 3  shows  a  comparison  of  the  model  values  of  “m”  found  from  known   experimental  Qab - values  and  mutiplicities  taken  from  [ 10 ].  
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Fig. 3.   Dependence  of  Qab(4/3) on  "m"  for  various  pairs  of  low-lying   

              level spins.

Table  3.   Comparison  of  the  model  fitting  parameter  „m”  [ 9 ]  

                 with  average  multiplicities  from  [ 10 ]

	Compound

nucleus
	J+  ;  J–
	Ja  ;  Jb
	Qab(J+/J–)
	„m”  from

NIP-model
	Average

multiplicity

	Pd – 106

In – 116

Sb – 122

Ba – 136

Nd – 144

Tb – 160

Ho – 166

Er – 168

Tm – 170

Lu – 176

Hf – 178
	3  ;  2

5  ;  4

3  ;  2

2  ;  1

4  ;  3

2  ;  1

4  ;  3

4  ;  3

1  ;  0

4  ;  3

4  ;  3
	4  ;  2

5  ;  2

4  ;  1

4  ;  2

4  ;  2

4  ;  1

5  ;  2

6  ;  4

3  ;  0

5  ;  1

6  ;  4
	2.06  ±  0.09

~  2.10

2.57  ±  0.33

1.52  ±  0.24

1.46  ±  0.04

1.92  ±  0.28

1.97  ±  0.18

1.75  ±  0.06

2.11  ±  0.36

1.89  ±  0.04

1.82  ±  0.09
	3.6  ±  0.2

5.65

3.5  –  4.3

4.4  –  7.5

6.9  ±  0.5

4.4  –  5.8

5.2  –  6.9

5.15  ±  0.35

4   –   5

7.8  ±  0.2

4.8  ±  0.45
	 4.2  –  6.0

  3.0  ±  0.3

J+:  4.7  ±  0.3

J–:  4.2  ±  0.3

   3.7  ±  0.3

  3.7  –  4.7

J+:  4.3  ±  0.2

J–:  4.2  ±  0.2


Fig. 4  illustrates  graphically  the  fitting  of  parameter  “m”  to  the  experimental  Qab – value  using  model  dependence  for  the 122Sb  compound  nucleus  and  a pair  of  low-lying  levels  with  Ja = 4  and  Jb = 1.

[image: image3.wmf]2

3

4

5

6

7

8

9

1,4

1,6

1,8

2,0

2,2

2,4

2,6

2,8

3,0

3,2

Fig. 4.   Graphical  illustration  of  determination  of  the  model  m-parameter

               from  the  experimental  Q
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  value.
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The  above  consideration  ( and  some  findings  from our  own experience, not  presented  here )  allows  us  to  formulate  some  cautious  conclusions.  Despite  high  oversimplification  of  the  NIP – model,  some  useful  guides  to  properties  and  characteristics  of  the  cascade  transition  process  can  be  obtained  from  the  model.  The  spin  memory  effect  is  expected  to  be  the  strongest  when  the  difference  of  spins, |Ja - Jb|,  of  the  chosen  pair  of  low-lying  levels  is  the  largest.  The  value  of  fitted  model  parameter  “m”  obtained  from  the  known  Qab-value  proves  to  be  reasonably  consistent  with  the  experimental  average  multiplicity  of  cascade  transitions  from  neutron  resonance  capture  state  to  the  ground  level  of  compound  nucleus.  The  loss  of  spin  memory  effect  increases  gradually  with  increasing  “m”.

The  expected  estimated  Qab-value  for  a  pair  of  chosen  low-lying  levels  with  known Ja and  Jb  for  a  given  compound  nucleus  with  possible  resonance  spin  J+  or   J−   can  be  obtained   assuming  m ≈ 4.  The  evaluation  based  on  the  NIP -  model   is   much  simpler  than  that  used  in  [ 1 ], [ 2 ]  or  those  more  detailed  calculations  proposed,  for  example,  in  [11 – 13 ].
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