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I, ODD A WCIEI 

M, G, Mayer and S, A, Moszkowski 
Argonne National Laboratory 

Chicago, I l l i n o i s  

Lo W, Nordheh 
Duke University 

Durham, North Carolina 
(At present OB leave a t  the 

Los Alamos Se ien t i f i e  Laboratory, Los Alamos, New Mexfeo) 

A systematics is  given of all t rans i t ions  f o r  odd A nuclei  for which 

The allowed o r  forbidden char- su f f i c i en t ly  r e l i ab le  data are available. 

ac te rs  of' the t rans i t ions  are correlated w i t h  the posit ions of the in i t ia l  

and final odd nucleon groups in the nuclear s h e l l  schemee 

s h e l l s  show def in i te  character is t ics  with respect to p a r i t y  of the ground 

states, 

magnetic moments in a one-particle interpretatfon, 

The nuclear 

The latter is  the same as the one obtained from known spins and 
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A, INTRODUCTION 

The correlation between nuclear shell  s t ructure  and p-decay @hap- 

m) 1% a c t e r i s t i c s  had been noticed in ear ly  discussions on shel l  lnodelq. 

i s  already qui te  customary t o  r e fe r  t o  s h e l l  considerations i n  the discussion 

of d e c q  schemes, The present paper, together w i t h  the &mediately follow- 

ing companion paper3) on even A nuclei, i s  intended t o  give a comprehensive 

review and interpretat ion of p-deeay data based on all available Moma- 

t ion ,  4)  

Bn excellent @ompifation of a19 nuclear data has recently bean issued 

Tabulations of f fac tors  and ft by the National Bureau of Standardse5) 

values have been compfled by S, A, Mos&owskf,6) and by Feenberg and 'biggo 7) 

I n  the present paper we eonf'ine om a%tent%on t o  the ground states and 

isomeric s t a t e s  of nuclei, It is possible 5n many eases t o  in te rpre t  also 

known excited states, However, the uncertainties are  here much greater, 

and the application of she l l  considerations are more uncertain. 

The approach of t h i s  paper is essent ia l ly  an empfrfeal oneo 1% would 

seem tha t  there are a number of results of signiffcame for the general 

theory of 

cation of fac ts ,  

p-decay, However, the chief i n t e r e s t  here 5s i n  a clarffi- 

1) L. W. Nordheimb Phys, Rev, 22, 1894 (29491 
2) E. Feenberg and K. C, Hamma&, P h p ,  Rev, 
3 )  L. We Nordheh, Rev. Mod. Phys., 24,000, (19521, quoted henceforth a@ 11. 
4) "he results of t h f s  work have already been a m i d  9 L e  we EJordhefm, 

Phys, Rev, 78, 294 (1950); the bmfc materfd has h e n  presented by L, We 
Rordheirn, Tz les  f o r  

187'7 (1949) 

j3-decay Systematics, Momal distzibat.fon, l%oO 

p4eeay Theory, Chicago, Instftub for 
5 )  HBS C i r c u l a r  499: 
6) So A, Moszkowskf, A Summary of 

Rucleetr Studies, OIJR Progress Report, 194$- 
7) E, Feenberg and G, Trigg, Tables of eOnrpsil9ative Halflives of h d f o a e t f a  

Transitions, O,N,R. and AeEoCo report ,  19499 also Rev, Bfode Phye. g, 
3% (1950), 

Nuclear Data, KO Ww, Le F ~ o ,  MOR, Scott, tk K, Thew, f$5Qe 
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I n  view of the rapfdly growing infornation on decay schenes, it is 

obvious tha t  many of the given interpretations will have to  be.changed i n  

course of time, 

of f ac t s  generally tended t o  remove d s f i c u l t f e s  and dfd not add t0 them, 

It has, however, been our experience t h a t  a elwU3cafiion 

B, BPPLICATION OF SHELL CONSIDJ3RA!PIONS To B a @ H  

The selection d e s 8 )  for p-deaay involve primarily the changes of 

spin and parity; an interpretat ion of the character of a given decay demands 

thus an assignment of these quantum numberso 

It is known (e,g, compare Reference 1) tha t  the values of the magnetic 

moments of odd A isotopes f a l l  definitefy nts two groups, which frz a fashfon 

may be interpreted as ar is ing from parallel or an t t -para l le l  coupUng of fn- 

t r i n s f c  spin and o r b i t a l  angular momentum of the Past odd nucleon, These 

groups will be referred to  as Schmidt groups because of the i r  orig5na.l d5S- 

coverer. 

fozmally an angular momentum quantum number, We w i l l  c a l l  this the mosbitala 

f o r  the nucleus in questton, without implying that a one par%fcle wave 

A measurement of spin and magnetic moment f o r  a nucleus thus gives 

function gives a close approximation t o  i t s  actual wave h x n c t i ~ ~ ~ ,  

fundamental hypothesis underly%ng thfs investigat8on i s  that  the par i ty  of 

the ground s t a t e  of the nucleus is the  same as the one for  a single pap- 

t i c l e  with th i s  orbi ta l ,  

The 

It is fur ther  known that there are marked regt i lar i t ies  in the oc@uFrenc-e 

of  definite spin values and associated magnetic momentsi, ~&fch are  associated 

with the s h e l l  rrumbers 8, 20, (281, 5Qi, 82, U60 

of protons or  neutrons, only one o r  a very few orb i ta l s ,  5x1 the sense of 

the previous paragraph, are  known t o  0C-a 

lhus for  a given number 

In pmticulm, par i ty  i s  

8) For a comprehensive review of the theory of 
Konopinski, Rev, Mod, Phys, st 209 (19~$3)~ 

pdecW, see EO p f ~  



- ? -  

def in i te ly  connected with posit ion in the she l l s ,  

i s  that the s t a t e  of a nucleus, whose spin and monent has not been measured, 

must correspond t o  one of the observed o rb i t a l s  in an appropriate range, 

The second assmption Eade 

The procedure t o  be followed then is tha t  f o r  each t rans i t ion  possible 

o rb i t a l s  fo r  the i n i t i a l  and f i n a l  nucleus are selected which give a coherent 

scheme of f t  values with proper select ion rules ,  The va l id i ty  of t h i s  pro- 

cedure i s  strongly supported by our main resu l t ,  tha t  it i s  indeed possible 

t o  s e t  up such a scheme w i t h  a hfgh deg-ree of in te rna l  consistency, 

I n  general, nothing more than the above assumptions w i l l  be implied 

about nuclear s t ruc ture  and our r e s u l t s  a re  thus independent of  any detai led 

model except i n  showing a perfect correlation with a general s h e l l  scheae. 

They will give information about spins and parities of radioactive nuclei, 

but do not do much t o  prove o r  disprove par t icular  models, 

hand, it is  much eas i e r  to speak i n  terms of a def in i te  picture ,  

o r b i t  coupling model proposed by Haxel, Jensen, and Suess” and by M, 6, 

On the other 

The spin 

Hayer ’*)”), par t icu lar ly  with the ru l e s  formulated by the f a t t e r ,  gives 

an almost perfect  description of the empirical spins and moments, It w i l l ,  

therefore, be used t o  help i n  the discussiona 

There are a small number of anomalies fn spins and moments. I n  Na23 

and Mn55 the  spin d i f f e r s  by 1 from the expected values* 

ac t e r  of the 

The allowed char- 

p -transit ion of Ke23 proves tha t  the pa r i ty  of Na*3 corres- 

ponds t o  the shell scheme, 

t ha t  i n  these cases the odd pa r t i c l e s  outside a closed s h e l l  couple to a 

d i f fe ren t  configuration from those i n  the neighboring nuclei  but With preser- 

It supports, therefore, the euskmary explanatfox2 

vat ion of the parity. 

from 

This assmption is made here throughouto The evidence 

,+decay data  mikes it l ike ly  t h a t  the spins of such configurations 

9) 0 ,  H-1, J, Jensen and He Suess, Phys. Rev, z, 1966 (1949) 
10) Maria G, Mayer, Phys, Revb 7 3  1969 (1949) 
11) N a r i a  G, Mayer, Phys, Rev, 78, 16, 22, (1950) 
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d i f f e r  from those of the single pa r t i c l e  o rb i t a l s  by not rJore than one uni t ,  

i n  which case the characters af the t ransi t ions are i n  general not affected, 

I n  the two cases o f  anonalotis magnetic monents, and Yb173, no 

p -decay data are  available t o  decide whether the she l l -par i ty  correla- 

t i on  is  violated, I n  view of such anomalies one would expect occasional dis- 

crepancies between s h e l l  scheEe and character is t ics ,  It is  only surprising 

t h a t  there seem to  be so few of them, 

TABLE I 

Table I gives the observed orb i ta l su) ,  13) f o r  odd A nuclei  as functions 

of the nurnber of par t ic les  (Z=number of protons, E’ =number of neutrons), 

usual spectroscopic notation for  s ingle  pa r t i c l e  o rb i t s  i s  used, 

mentioned cases with anomalous spins are distinguished by capi ta l  l e t t e r s ,  in- 

The 

The already 

dicating a configuration which cannot r e s u l t  from a s ingle  pa r t i c l e  model, 

The values i n  brackets are those which were inferred from 

though they have not been d i rec t ly  observed. Mot l i s t e d  are g9/2 f o r  39 

f o r  43 t o  81, which m a y  occur i n  isomeric s t a t e s ,  

p-decay data 

and %/2 
The al ternat ives  are few below 50 and one can make assignments with con- 

siderable confidence. The selection becomes more and more ambiguous at higher 

nmbers, par t icu lar ly  f o r  N>82, where only a few spins have been measured. 

The p a r i t i e s  ean be predicted with considerably more confidence than 

the spins, 

t o  19 it is  even, 

I n  the oxygen shel l ,  3 t o  7 par t ic les ,  the par i ty  is  odd; fo r  9 

From 21 t o  49 the pa r i ty  is  odd except f o r  g9/2 orb i t s ,  

o rb i t s  between 4 l  and 49 and which seem t o  occur 
1/2 

which compete with p 

f o r  39 in isomeric s t a t e s ,  *om 51 to 81 the pa r i ty  is even, except again 

f o r  hl1/2 o r b i t s  which are  inferred from isomeric states above 63. The 

12) H. L, POSS, Brookhaven National Laboratory 26 (T-10)(1949) 
13) J, E, Mack, Rev, Mod. Physe 22, 64 (1950) 



--a 
states of 83 to  125 neutrons should again be odd, This al ternat ing behavior 

excludes, i n  general, the occurrence of allowed t ransi t ions when the odd 

proton arid neutron involved 3x1 it belong t o  different  shells, 

TAB= I, NUCLF,AR OI1BITAI.S AS FUT7CTIONS OF IT AICP Z 

N or 2 Orbital  M Orbital  2 Orbital  

C. INTERPKJeTATION 

The en t i r e  material  on p-decay data fo r  odd A nuclei  is  given 5-n Table III9 

Section D, It contains alf. isotopes (except the mirror nuclei) f o r  which we 
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believe our knowledge i s  suf f ic ien t  t o  obtain an f t  value and t o  decide 

whether the t r ans i t i on  (or part  of it) goes t o  the ground s t a t e  or an ex- 

c i ted  s t a t e .  

The mirror nuclei  i n  which the number of i n i t i a l  protons are  equal with 

those of f i n a l  neutrons are  omitted f o r  shortness since we have nothing new 

t o  add t o  t h e i r  discussions. 

group of superallowed t rans i t ions  w i t h  log f t  values i n  the narrow range 

from 3.3 to 3.7 and with no over-all trend from H3 t o  T i  

A s  i s  well known, they form a very d i s t i n c t  

43 

While the master Table 111, Section D, contains a l l  available material, 

This i s  done it i s  ins t ruc t ive  t o  group the t rans i t ions  according t o  type, 

i n  Table I1 f o r  a l l  those decays which go a t  l ea s t  p a r t i a l l y  t o  the ground 

s t a t e  of the  f i n a l  nucleus and where the empirical evidence seems t o  be 

suf f ic ien t ly  c lear .  

chemical symbol and mass number, the  type and energy of i t s  t rans i t ion ,  the 

number of the i n i t i a l  and f i n a l  odd nucleons i n  t h i s  order ( the  larger  

numbers r e fe r  always t o  the neutron), the assignment of orb i ta l s ,  and the 

value of log f t .  

Table 111, Sectfon D. 

TABU I1 

The tab le  gives the isotope as  ident i f ied by i t s  charge, 

Further de t a i l s  can be obtained by reference t o  the master 

The main r e s u l t  of an inspection of Table I1 i s  the close correlat ion 

of type of t r ans i t i on  and s h e l l  s t ructure  and comparatively small amount 

of straggling of log  ft  values within each group. 

The members of the allowed group w i t h  the  assignmentsA@=O, AI=O,l 

have, without exception, the i n i t i a l  and f i n a l  odd nucleon group i n  the same 

s h e l l  e 

occurs 

can be 

There i s  no trend i n  f t  values with atomic number up t o  

a t  the highest place where allowed tPansit ions t o  the ground s t a t e  

expected). 

(which 

This absence of a trend, which w i l l  be found also i n  a l l  



other groups, i s  i n  marked contrast t o  previous expectations, 

log f t  value found i s  6 with a few exmples near t h i s  nwAbere 

The la rges t  

The znajority, 

however, is  contained i n  the band 5.0 2 O J a  There i s  no recognizable dis- 

t inc t ion  between t ransi t ions with A I = 0 and A I = 2; tha t  is, one 

has t o  postulate Gamow-Teller selection rules. 

The members of the group wi th  the assignment A ' = 1, A I = 0, 1 

( f i r s t  forbfdden) leave wfthout exception i n i t i a l  and f i n a l  odd nucleon 

group i n  a different  shel l ,  

with a clustering around about 6,2 and 7,2 (compare Feenberg and Trigg, 

No log  f t v a l u e  below% or  above 8 is found 

Reference 7), The dis t inct ion between the allowed and first forbidden groups, 

which formerly seemed t o  be somewhat vague, has now become quite clear,  

dividing l i ne  a t  log f t  6 seems never t o  be violated by e i ther  group, but 

The 

a more re l iab le  c r i te r ion  is  given by the nmbers of the odd nucleon groups 

i n  m l a t i o n  t o  she l l  s t ructurea 

There is again no clear dis t inct ion between t ransi t ions w5th A I = 0 

and A I = I, I n  t h i s  connection it should be pointed out tha t  inferences 

from transi t ions with N > 83 have t o  be taken with caution, owing t o  the 

ambigufties i n  interpretat ion i n  t h i s  range. 

TAB= 11, CLBSSIFICATION OF B-DECBS TO GROUND STATE OF ODD 
A NUCUI ACCORDING To CHBNGES IN SPIN ( A I) BND PA€UTy (N0,YES) 

Calm IS Ini t ia l  isotope Z-EIement-A, 

Column 2: Sign of emitted charge, maximunZ energy in Hev, 

Column 3: I n i t i a l  and f i n a l  odd nucleon ntrmber i n  t h i s  order, 

Column 4: Assignment of o rb i t a l s  to i n i t i a l  and f i n a l  odd 
nucleon group i n  t h i s  order. 

column 5: Log ft. 

@elm 6: Log ( W , i ? - l ) f t  for A I = 2, Yes, Wo = energy of 
A 

p t rans i t ion  i n  units mc6, 
%xceptions are  the two very heavy nucleiHg*LU3 and Pbdm where Z-depensent 
fac tors  i n  the matrix elerr,ents may have become of importance. (Conpwe the 
discussion by Konopj-nski, Ref  e 8) , 
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TABLE 11 (cant,) 

a) A I = 0, 1, No (Allowed) 

1 2 3 4 5 

10 Ne 23 

11 ma 25 

16 s 35 

20 Ca 45 

21  s c  43 

21  s c  lt7 

21  sc 49 

22 Ti 45 

23 TT 47 

24 Cr 49 

25 Mn 51 

26 Fe 53 

27 Go 61 

30 Zn 63 

30 Zn 69 

30 Zn 71 

31 Ga 73 

32 Ge 75 

32 77 

33 As 71 

33 As 77 

34 Se 73 

34 Se 81 

4 - 0 1  

- 307 

- Oe17 
- 0,22 
+ l a 1 3  

- 0.61 
L o 8  

+ l a 2  

+ le65 

+ le45 

+ 2 a O  

+ 2-8 

- 103 

+ 2,36 

l e 0  

- 2 2  

- 104 

- l o 1  

- 2,8 

+ 0,6 

- O e 7  

+ 129 
- 185 

13-11 

ll-l.3 

19-17 

25-21 

21-23 

21-25 

21-27 

23-21 

23-2 5 

25-23 

2 5-27 

27-2 5 

27-33 

33-29 

39-31 

41-31 

31-41 

43-33 

45-33 

33-39 

33-43 

39-33 

A-7-35 

409 

5 02 

5.0 

506 

408 + 
5 e 6  + 
565 

4.7 + 
4.7 + 
4e5 + 
5.1 + 
5.0 + 

5 82 

5 e4 

A.6 

4,05 + 
5.9 

560 

4e8 + 

5 0 1  

587 

5.3 

Le8 
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TABLE I1 (cont.1 

a) A I = 0 ,  1, No (Allowed) 
1 2 3 4 5 

34 Sem 83 

35 Br 75 

35 &. 77 

35 Br 83 

35 &. 85 

36 Kr 77 

40 Z P  s9 

42 Mo 91 

45 Rh 105 

423 Cd 107 

50 Sn 121 

52 Te 127 

55 cs 127 

60 Nd l41 

35 B r  87 

36 Kr 87 

37 Rb 89 

46 Pd lll 

47 Ag 1ll 

47 Ag 113 

47 Ag ll5 

48 Cd l s 5  

48 Cd 117 

+ 1.6 

+ 0536 

- l e05  

205 

+ l o 7  

+ 1.07 

+ 307 

0 0057 

+ 0*32 

3 5-41 

35-43 

3 5-47 

3 5-49 

41-3 5 

49-39 

49-41 

45-59 

59-47 

p3/2'p 1/2 

p3/2 '-p 1/2 

p3/2T 1/2 

p3/2Tl/2 

'1/2*3/2 

p1/2'p1/2 - 
g9/2-g9/2 

g9/2'g7/2 

g7/2'G7/2 

-0.38 71-51 d3/2-d5/2 - 
- Oe76 75-53 

+ 1*2 55-73 d5/2^d-3/;! 

+ 0,7 81-59 d3/24& 

b) A I = O ,  1, Yes (first forbidden) 

- 8,O 

- 3.2 

- 3.8 

- 3*5 

- 1.0 

- 2.2 

- 3.0 

- 1013 
- 1.5 

3 5-51 

51-37 

37-51 

65-47 

4743 

-47-65 

47-67 

67-49 

69-49 

5.2+ 

5.6 

5.0 

543 

5.1 

5.4 + 
5*8 + 

5.8 + 

5.5 

4e9 

5.0 

5 46 

be7 + 
5 e 2  

7e3 

7.0 

6.6 

6,8 

7 .2 

7.0 

6 e 4  

658 4- 

6 S 
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1 

TABLE I1 (cont,) 

b) A I  = 0,  1. Yes(first forbidden) 
2 3 4 5 

49 Inm 115 

49 I n  117 

49 I n  119 

54 Xe 137 

56 Ba 139 

57 La Ul 

58 Ce l41 

59 Pr u 3  

60 Nd U7 

61 Pm 147 

62 Sm 151 

66 Dy 165 

67 Er 169 

68 E r  171 

71 Lu 177 

72 H f  181 

74. w 185 

71cw 187 

78 Pt 199 

80 Hg 205 

82 Pb 209 

83 3% 213 

16 S 37 

18 A 41 

49-65 

49-67 

49-69 

83-55 

83-57 

57-83 

83-59 

59-83 

87-61 

61-85 

89-63 

99-67 

101-69 

103-69 

71-105 

109-73 

111-75 

113-75 

3.21079 

125-81 

127-83 

83-129 

e) A I = 2, Yes (first forbidden) 

21-17 f7/243/2 

6,6 

6 -2 

6 .2 

603 

6,7 + 
7.6 

7.7 

7,6 

7.0 + 
7.6 

6 e9 

6-1 + 
601 

700 

6,8 

7.2 

745 

7.8 

603 

5.4 

5 -6 

6m0 

7b1 901 

8,6 1 0 m l  



TABLE I1 (conto), 
c )  A I = 2, Yes ( f i r s t  forbidden) 

2 3 4 5 6 1 

36 Kr 85 

38 ST 

38 Sr 91 

39 P 91 

40 ZT 95 

43 Tc95 

4.4 Ru 103 

50 S n w 3  

51 Sb 123 

55 cs 137 

69 Tm 171 

8 0  19 

U, Si 31 

28 Ni 63 

2% Hi 65 

29 Cu 61 

29 Cu 67 

30 Zn 65 

32 Ge 69 

46 Pd 109 

49-37 

51-39 

53-39 

39-51 

55-41 

43-53 

59-45 

73-51 

51-73 

55-81 

69-101 

d) A I = 1, NO 

- 4.5 11-9 

- 1-8 17-15 

0.05 3549 

- 2010 3729 

+ 1,22 29-33 

- Ob65 29-37 

+ Ob32 35-;?9 

+ 100 37-3 1 

- L O  63-47 

A L  = 2( 4 -forbidden) 

e)  A I = 2. Eo and A I > 2 (second a d  higher forbidden) 

16e5 

13 00 

- 0.13 37-49 p3/2’%/2 - -  37 Rb 87 

4.3 Tc 99 - Oe30 43-55 g5@5/2 
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TA3LE X I  (cent,) 

e )  A I = 2. No and A I>= 2 (second and higher forbidden) 

1 2 3 4 5 

49 I n  115 - O e 6 3  49-65 g9/2”1/2 23 e 2  

53 I 129 - 0,lz 53-75 g?&””1/;2 1305 
- -  

- 0,21 55-79 g7/243/2 13.1 

55 cs 137 le19 55-81 g7/2“13/2 3 2  2 

75 Re 187 - 0,043 75-113, d5/2%/2 3.767 

bidden) was first recognized by Feenberg, 7 1 9  u.’ It is  of par t icu lar  i n t e r e s t  

- -  55 cs 135 

- -  
- 

The next group with the assignments AY=1, A I = 2(also first for- 

since i t s  spectra show a uniquely defined shape d i f fe ren t  f r o m  the allowed 

Since the f fac tors  f o r  such t rans i t ions  should a lso  be d i f fe ren t  

fgom tha t  of allowed t rans i t ions  approximat,ely by a fac tor  (3 - 11, we have 
2 

added in Table I1 values of log(Wo 

t r ans i t i on  igclusive of the rest of‘ 

The resu l tan t  values are remarkably 

and energetic nucleus 3 7  and for  

state, Again the i n i t i a l  and final 

- 1) ft ,  where Wo is the energy of the 
2 the mass of the electron i n  unfts  mc 

homogeneous ’except f o r  the very l i g h t  

the positron decay of the Tc95 isomeric 

odd nucleon configurations belong always 

t o  d i f f e ren t  s h e l l s  except those involving the orbital  

states, The occurrenee of t h i s  well defined and easily recognized group 

cons t i tu tes  a very valuable check on spins and p a r i t y  assignments i n  the 

hl l /z  of isomeric 

she l l  scheme, 

There i s  a smal l  and perhaps not too w e l l  defined group f o r  which the 

formal assignment of orbf ta l s  g3ves A I = 2  and A I = 1, According to 
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the  formal select ion ru l e s  these t ransi t ions should be allowed since there 

is  no change of parity.  

t o  be la rger  than expected, and there m a y  be the remnant of a select ion rule 

pertaining t o  o r b i t a l  angular momentum. 

be deferred to Paper 11, where a few more examples w i l l  be available. 

The f t  values for these t ransi t ions,  howevery seem 

The discussion of t h i s  group w i l l  

The last  g o u p  contains the second and higher forbidden t rans i t ions  

which involve spin changes of a t  least 2. 

t h a t  there is no example with a log f t  value** below 12, 

even the  second forbidden ones ( A I = 2,3, no change i n  pa r i ty )  as shown 

most c lear ly  by the  two Cs isotopes, where the spins in both the i n i t i a l  

and the f i n a l  state have been measured, 

of allowed t o  second forbidden t r ans i t i on  seems t o  be thus at least of the 

order of 10 , i f  not  higher, i n  place of 10 as has been frequently assumed, 

This low probabi l i ty  of high forbidden t rans i t ions  explains the small number 

of' examples found and the  failure t o  f h d  many spec t ra l  shapes d i f fe ren t  

from the  allowed or unique first forbidden forms. 

The most important remark is  

This is  true for 

The r a t i o  of the probabi l i t i es  

6 4 

There is  a considerable number of t rans i t ions  which go t o  an excited 

s t a t e  with subsequent The validity of an in te r -  

pretat ion demands then t h a t  t he  f t  value f o r  the observed p=rq be much 

lower than tha t  fo r  a transition between the expected ground states. This 

is fYl f i l l ed  i n  a l l  cases l i s t e d  in Table 111 of Section D, !be actual f t  

values observed d a s s i e  most of these t rans i t ions  as allowed or  first 

forbidden with A I = 0, 1, while most of the assignments pred ic t  an at 

least second forbidden t r ans i t i on  between the ground states, This gives 

5 7  a margin i n  the  square of the matrix elements of order 10 -10 which is 

ample to explain the absence of observation of high-energy 

y-radiation i n  ser ies ,  

p -rays. 

**Again the f function f o r  these t rans i t ions  will show a d i f fe ren t  energy 
dependence from tha t  f o r  allowed ones, but a qua l i ta t ive  w q a r i s o n  re- 
mains useful. 
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There are s t i l l  qui te  a f e w  ambiguities i n  the interpretat ion as  noted 

i n  the footnotes i n  Table 111, There are a lso a considerable nwnber of cases 

where the facts are not well known. However, no outstanding d i f f i c u l t i e s  

occur whenever the character is t ics  of the t ransi t ions are def in i te ly  estab- 

lished. There can thus be l i t t l e  doubt as  t o  the correctness of the scheme 

presented here, 

As the m a i n  r e s u l t s  we rnw summarize: The Schmidt groups give def in i te  

indication of the p a r i t i e s  of the nuclear s t a t e s  which i n  turn are closely 

correlated with the s h e l l  nmbers. The character of the ground s t a t e s  of 

a nucleus with one odd nucleon group is  essent ia l ly  detemined by the number 

of nucleons i n  t l i s  group i n  forna l  agreement with the rules of the spin- 

o r b i t  coupling model. 

The success of the scheme, however, does not give support t o  an extreme 

one pa r t i c l e  model, 

super-allowed t rans i t ions  of the mirror nuclei  and the normal allowed group 

(unfavored allowed i n  Wigner's terminology) shows c lear ly  the inadequacy of 

the  one pa r t i c l e  model. 

On the contrary, the clear  d i s t inc t ion  between the  

The difference i n  f t  values f o r  these two groups 

is of the order o f  30 t o  40, that  is, a difference i n  the matrix elements 

of the order of 5 t o  6. It will be the task of future  theories of nuclear 

s t ruc ture  and 

in te rac t ion  hamiltonian, to  explain t h i s  r a t i o  and other r a t i o s  between 

p-decay, especial ly  the establ ishing of the form of the 

the probabi l i t i es  of the various types of transit ions.  

The authors wish t o  thank Dr .  Henry Brysk f o r  h i s  valuable assistance 

i n  preparing the tables, 
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..rclc 

D. TABLeS R3R B -DECAY SYSTEMATICS: ODD A 

TAW3 111. B43ECAY DATA AWD ORBITAL 
ASSIGNMEWTS FOR O D D 4  N U C I S I  

Legend t o  table: 

1, Class of t rans i t ion  

A, isotope cer ta in  

B, isotope probable 

C, isotope doubtful 

Class C, nuclei are only included i f  the 

the ident i f icat ion,  

p -decay data contribute t o  

a. decay data w e l l  es tabushed 

b, decay data probably correct 

C, decay data uncertain and possibly incorrect 

a, configuration assignment well established 

go configuration assignment probable 

ye configuration assignment uncertain and possibly incorrect 

2, I n i t i a l  isotope: Z-Element-A, The m denotes a metastable sta%e. 

3e 

observed 

Sign of emitted charge, m a x h  energy i n  m,e,v. of the most energetic 

The energy i s  given i n  brackets, i f  the t ransi t ion is p-ray, 

believed t o  go t o  an excited s t a t e ,  

4e Half l i fe  

5,, 

an excited o r  a metastable s t a t e  of the f i n a l  nucleus, 

g,e,m, mean,  respective*, t rans i t ion  is believed t o  go t o  the ground, 

The figure following 

gives the ?ranching percentage t o  the specified s t a t e  whenknow. 

means tha t  there is a branching, but of unknown percentage, 

f igure means t h a t  most of the t ransi t ions go t o  the specified state, 

6, 

The 100 

chnission of a 

Initial and f i n a l  odd nucleon number i n  this orders The larger number 

is always the odd neutron, 

7, Assignment of o rb i t a l s  t o  i n i t i a l  and f i n a l  nucleon i n  th i s  order, 
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Capitalized l e t t e r s  s ignify tha t  a configuration has t o  be invoked, 

f o r  11 nucleons means, f o r  instance, a configuration with o r b i t a l  angular 

momentum 2 which results from d 5/2 o rb i t s  of the last  3 nucleons. 

l i n ing  s ign i f i e s  t ha t  the spin has been measuredo 

8, Log f t  value calculated with the f function for  allowed t ransi t ions.  

The values are given i n  brackets i f  the t rans i t ion  goes t o  an excited stab.  

The D3/2 

Under- 

A plus sign is  added if branching of unknown percentage is  known t o  occur, 

9, Reference to bibliography, 

given i n  the compilations by Seaborg and Perfman (SI), Mitchell (Ml), or  

mat, Bur, Stand. (HI), 

10, References t o  footnotes f o r  table. 

No authors are quoted if  all references are 

Class Sfgn Halflif e Numbers log ft  Footnotes 
2-Element-A Energy Final S t a t e  Configuration Ref 

1 2 3 4 5 6 7 8 9 10 

Ab/3 64-15 

AaP 7-E-17 

AaP 84-19 

Aba 10-Ne423 

Baa ll-Na-25 

Aaa 1244g-27 

h a  13-Al-29 

Baa U4i-31 

Aba 164-35 

B a a  1643-37 

Baa 18-A-4l 

h/3 2O-Ca-45 

Ab/3 21-S~-43 

B b B  21Sc4.7  

2.4s 

4 2 s  

27,Os 

40e7s 

61s 

1Om 

6,6m 

17& 

mOia 
5 .om 

10% 

l52d 

3 0% 

3 ,L3d 

e 9-7 

e 7-9 

g 30 11-9 

g 13-u. 

g 55 11-13 

e 80 15-33 

e 70 13-25 

g 17-15 

g 19-17 

g 10 21-17 

gOe7 23-19 

g 25-21 

&SO 21-23 

kl0021-25 

Hl 

B1 

SI 

s1 

Bl 1 

MI 

s2 

s1 

SI 

N1 

SI 

a 2  

H2 

E l  293 
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TABU I11 (cont.)  
1 2 3 4 5 6 7 8 9 10 

Foot not e s l o g  f t  Class Sign Half l i fe  Numbers 
2-Element-A Energy Final St ate ConfYgurat ion Ref . 

Aaa21-Sc-49 - 1.8 57m g 21-27 f7/2-f7/2 

Ab p22-Ti-45 + 1.2 3.08h gaOO23-21 f7/2-f7/2 

Bb ,!3 23-V -47 + 1.65 33m g('LOO23-25 f7/2-f7/2 

Ac p 24-Cr-49 + 1.45 41,w g(10025-23 f7/2-f7/2 

Ab p 25-Mn-51 +2,0 46m goOO25-27 F5/2-f7/2 

Aa a26-Fe-53 + 2,8 8.911 gOOO27-25 f7/2-F5/2 

Aa a26-Fe-59 -(0.46) 47d e 50 133-27 p3/2-f7/2 

Aaa 27-Co-55 t ( l .5)  18,2h e a 0  27-29 f7/2-p3/2 

Ab U 27-Co-57 30.26) 27Od e00027-31 f7/2-p3/2 

Ab 727-CO-61 - 1.3 1.75h g 27-33 f7/2-f5/2 

Aa a28-Ni-57 +(0,73) 35.7h eQ0029-27 p3/2-f7/2 

Bap28-Ni-63 - 0.05 3OOy g 35-29 f5/2-P3/2 

Aap28-Ni-65 - 2.10 2.611 g 57 37-29 f5/2-p3/2 

Bb p29-CU-61 + 1.22 3.4h g 65 29-33 p3/2-f5/2 

Ab p29-cu-67 - 0.65 61h g 29-37 p3/2-f5/2 - 
Aaa30-Zn-63 +2.36 38m g 85 33-29 p3/2-p3/2 

~ ; b  p30-zn-65 +0.32 250a Q 3 35-29 f5/2-p3/2 

Aaa30-Zn-69 - 1.0 57m g 39-31 pl/2-p3/2 

Bb 30-211-71 - 2,1 2.21~ g(10041-31 p1/2-p3/2 

Bb a31-Ga-73 - 1.4 5h m 31-41 p3/2-pl/2 

Ab a32-~e-69 + L O  1.65d g 33 37-31 f5/2-p3/2 

Aaa 32-Ge-75 - 1.1 1,37h g 43-33 p1/2-p3/2 

Aap 32-Ge-77 -(lo@) 12h e 45-33 g9/2-p3/2 

Aa f3  32-Ge-77 - 2.8 59s g<10045-33 p1/2-p3/2 

Ab a33-As,-71 + 0.6 55h g 33 33-39 ~ 3 / 2 - ~ 1 / 2  

Ab p33-As-77 - 0.7 40h m 33-43 p3/2-p1/2 

m 
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1 2 3 
TABU I11 (cont . )  

4 5 6  Q 17 8 
Class Sign H a l f  l i f  e Numbers l o g  f t  

Z-Element-A Energy Final  State  Configuration 

Bba 34-Se-73 +l .29  7.lh g 50 39-33 P1/2-P3/2 5.3 

Baa 34-Se-81 - 1.5  l 7 m  g 47-35 P1/2-P3/2 4.8 

Abp 34-Se-83 - ( l .5 )  25m e 49-35 !39/2-P3/2 (5.0) 

Abp 35-Br-75 +1.6 1 . 7 m  m 18 35-41 P3/2-P1/2 5.6 

Bba 35-Br-77 +0.36 2.4d m 5 35-43 P3/2-P1/2 5.0 

Aaa 35-Br-83 - 1.05 2.4h m 35-47 ~ 3 / 2 - ~ 1 / 2  5.3 

Abp 34-Sz-83 - 3.4 67s g(l0049-35 P1/2 -P3/2 5.2+ 

A b a  35-Br-85 - 2.5 3.Om m 35-49 P3/2-P1/2 5 . 1  

Bbp 35-Br-87 - 8.0 55.6s g 35-51 p3/2-d5/2 7.3 

Baa 36-1~r-77 + l . 7  l . l h  g<30 41-35 P1/2-P3/2 5.4+ 

A b a  36-~r-79 30.9) 34h e 0.643-35 g9/2-p3/2 (7.5) 

Aaa 36-~r-85 - 0.74 9 . 4 ~  g 49-37 k39/2-f5/2 9.2 

g 51-37 d5/2-P3/2 7.0 

m 
Acp 36-~r-85  -(0.75) 4.36m eQ0049-37 p1/2-f5/2 (5.1+) 

A b a  36-~r-87 - 3.2 1.3h 

A b a  37-Rb-87 - 0.13 6x10 y g 37-49 p3/2-g9/2 16.5 

A b B  37-Rb-89 - 3.8 l5m g 37-51 ~3/2-d5/2 6.6 

- 
10 

- 

A a a  38-sr-89 - 1.46 53d g 51-39 d5/2-P1/2 - 8 - 5  

A a a  38-sr-91 - 3.2 9.7h Q 60 53-39 d5/2-P1/2 8.0 

Aap 38-Sr-91 -(1.3) 9.7h e 40 53-39 d5/2-@;9/2 (6.6) 

Aaa 39-Y -91 - 1.56 61d g 39-51 P1/2-d5/2 - 8.7 

Acp 40-Zr-95 - 1.0 65a m 2 55-41 d5/2-p1/2 9.8 

Abp 41-Nb-95 -(0.15) 37d e 41-53 g9/2-d5/2 (5.0) 

Bcp 41-Nb-97 - ( l e 4 )  68m e 41-55 g/9/2-d5/2 (5.4) 

m 
g a O 4 9  - 3 9 ~ 1 / 2  -p1/2 5.8-t - Abp 40-2-89 +1.07 78h 

Aap 42-Mo-91 +3 .7  15.5111 g 49.41 g9/2-g9/2 5.8+ 

e 57-43 d5/2-g9/2 (6.8+) - Acp 42-Mo-99 -(l.O3) 6711 

9 10 
Footnotes 

R e f .  

c1 
51 

51 

51 

wi 8 

w1 7 

51 

51 

53 

51 

51 

51 

K 2  

K 2  

51 

51 

11 

51 

m 9  

A2 

s1 10 

s1 11 

s1 11 

s1 11 

D 2  

M6 
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TABLE I11 ( c o n t , )  
1 2 3 4 5 6  7 8 9 10 

Foot not  e s Class Sign Half l i fe  Numbers l o g  f t  
Z -Element -A Energy Final  State  Configuration R e f .  

Abp 42-Mo-101 -(2.2) 14.6m e 59-43 d5/2-g9/2 ( 5 . 6 9  S1 1 2  

Abp 43-Tc-93 +(0.83) 2.7h e 7 43-51 g9/2-d5/2 (7.5+) K3 12 

Bbp 43-Tc-95 W.4 62d g 0.443-53 pl/2-d5/2 - 8.3 M7 13 

Aaa 43-Tc-99 - 0.30 10  y g 43-55 g9/2-d5/2 13.0 K4 

Aby 43-Tc-101 - ( l .3 )  16m e 43-57 g9/2-d5/2 (4.7) S1 12 

Abp 44-Ru-95 +(1.1) 1.65h e(10051-43 d5/2-g9/2 (4.14 S1 12 

m 

6 

A b a  44-Ru-103 - 0.8 42d m 3 59-45 d5/2-Pl/2 8.5 N 1  

Abp 44-Ru-105 - ( l . l 5 )  4.5h e<10061-45 d5/2-g9/2 (5.6) D3 

Abp 45-Rh-105 - 0.57 36h g 45-59 g91/2-g7/2 5.5 D3 14 

Bcy 46-pa-101 -(0,53) 9h e 55-45 d5/2-g9/2 (5.2) S1 1 5  

A b 7  46-~d-109 - 1 . 0  14h m 63-47 d5/2-G7/2 6.2 si 16 

Aba 46-Pd-111 - 3.5 26m g 65-47 s1/2-p1/2 6.8 s1 

AaiX 47-Ag-111 - 1-0 7.5d g 47-63 p1/2-s1/2 7.2 s1 

A a a  47-Ag-113 - 2.2 5.3h g 47-65 p i / 2 - ~ 1 / 2  6.0 s1 

A b a  47-Ag-115 - 3.0 20m g 47-67 p1/2-s1/2 6.4 D4 

Aay 48-Cd-107 0.32 6.7h mO.3159-47 g7/2-G7/2 4.9 N 1  16 

Abp 48-Cd-115 - 1.13 56h m(l0067-49 s1/2 -p1/2 6.8+ ~1 

Ab 48-Cd-117 - 1 5 l7Om g 69-49 s1/2-p1/2 6.1 s1 

A a a  49-In-115 - 0.83 4.5h g 6 49-65 p1/2-& 6.6 B3 

A a a  49-In-117 - 1.73 ll7m g 49-67 p1/2-s1/2 6.2 s1 

h a  49-In-119 - 2.7 17.5m Q 49-69 p1/2-s1/2 5.2 D5 

14 
Aaa 49-In-115 - 0.63 6x10 y g 49-65 g9/2-s1/2 23.2 M 8  

m 

Aaa 50-Sn-121 - 0.38 28h g 71-51 d3/2-d5/2 5.0 D6 

Ab ,f3 50-Sn-123 -(1.26) 39.5111 e 73-51 d3/2-g7/2 (5.2) D6 
m 

Ab /3 50-Sn-123 -1.42 136d g 73-51 h11/2-g7/2 9.1 N1 

Aaa 51-Sb-125 - 0.62 2 . 7 ~  m 18 51-73 g7/2-hll/2 9.4 M 1  
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TABLE I11 ( c o n t . )  
1 2 3 4 5 6 7 8 

Class Sign Half l i fe  Numbers log  f t  
Z-Element -A Energy Final S t a t e  Configuration 

Aaa 52-Te-127 - 0.76 9.3h g 75-53 d3/2-d5/2 5.6 

Acp 52-Te-129 -(1.8) 70m e 77-53 d3/2-g7/2 (6.1) 
7 A b a  53-1 -129 - 0.12 3x10 y g 53-75 g7/2-s1/2 13.5 

Aaa 53-1 -131 -(0.61) 8.0d e 86 53-77 g7/2-@ (6.6) 

Acf3 53-1 -133 -(I.&) 22h e 53-79 g7/2-d3/2 (6.9) 

Ac p 5lc-Xe-133 -(0.42) 5.3d e 79-55 d3/2-g7/2 (5.9) 

Ab/3  54-Xe-135 -(0.93) 9.2h e 81-55 d3/2-@;7/2 (5.0) 

Abf3  55-Cs-127 + 1 . 2  5.5h KlO055-73 d5/2-d3/2 4.7 + 

Abp 53-1 -135 -(1.40) 6.7h e 25 53-81 g7/2-d3/2 (7.0) 

Abf3  54-Xe-137 - 4.0 3.8m g 83-55 f7/2-g7/2 6.3 

6 
A a a  55-Cs-135 - 0.21 2 .1~10  y g 55-79 g7/2-d3/2 13.1 

Aaa 55-Cs-137 - 0.53 33y 95 55-81 g7/2-hJ-1/2 9 - 6  

A a a  55-Cs-137 - 1.19 33y g 5 55-81 g7/2-d3/2 12.2 

Ab p 56-Ba-139 - 2,27 84m gaOO83-57 f7/2-g7/2 6.7 + 

Abp 57-La-141 - 2.9 3.7h g 57-83 g7/2-f7/2 7 - 6  

A a B  59-Pr-143 - 0.93 13.7d g 59-83 d5/2-f7/2 7.6 

Aa ,i3 58-~e-141 - 0.56 28d g 30 83-59 f7/2-d5/2 7.7 

Bb a 60-Nd-141 + 0.7 145m g 2 81-59 d3/2-d5/2 5.2 

Ab ,8 60-Nd-147 - 0.7 lld g(10087-61 f 7/2 4512 7.0 + 
Aap 61-~m-147 - 0,23 3 . 7 ~  g 61-85 d5/2-97/2 7.6 

Aa p 62-sm-151 - 0.076 20y g 89-63 f7/2-d5/2 6.9 

Ab f3 6 6 - ~ ~ - 1 6 5  - 1.28 2.5h g<10099 -67 f 7/2-g7/2 6.l+ 

Bbp  68-~r-169 - 0.33 9.4d g 101-69 p1/2-s1/2 - 5.1 

Bb f3 69-Tm-171 - lnO 5OOd g 69-101 d5/2-p1/2 - 9.5 

B a  y 68-~r-171 - 1.49 7.5h g 6 103-69 f5/2-d5/2 8.1 

Ab y 71-Lu-177 - 0-49 7.Od g 65 71-105 g7/2-f5/2 6.8 

9 10 

R e f .  
Footnotes 

51 

51 

m 
51 

51 

51 

51 

51 

S1 17 

F1 18 

54 

M1 

M 1  

~i 17 

S1 17 

N1 17 

F2 19 

w2 

M9 19 

A2 19 

A2 20 

M l  21 

SI 

s1 22 

51 

D7 22 
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TABLE I11 (cont . )  

Class Sign Halflife Numbers log ft Foot not e s 
1 2 3 4 5 6 7 8 9 10 

&Element -A Energy Final State Configuration Ref. 

Abp 72-Hf-181 - 0.40 
Aag 74-W -185 - 0.43 

Ab p 74-W -187 - 1.33 
Aa y 75-Re-187 - 0 ~043 

Ab y 78-~t-199 - 1.8 
Aa p 79-Au-199 -( 0.32) 

Aa y 80-~g-203 -( 0.21) 

Ab ,B 80-~g-205 - 1.62 

Aa ,l3 82-pb-209 - 0.68 
Ab p 83-Bi-213 - 1.3 

47d 

73.2d 

24 lh 

4x10 y 

31m 

3 -3d 

43.5d 

5 5m 

3.32h 

46m 

12 

7.2 

7.5 

7.8 

17.7 

6.3 

(5.8) 

(6.4) 

5.4 

5.6 

6.0 

MI 23 

S1 24 

M1 24 

S1 25 

s1 

M l  

~i 26 

si 27 

si 27 

S1 27 
~ ~ _ _ ~  . 

Footnotes to Table I11 

1. It cannot be decided, whether the 11 protons in Na25 are in a D3/2 or d5/2 

configuration. 

2 .  It cannot be decided whether the 25 nucleon configurations in Ca 45 , Ti 47 , 
49 51 53 

Cr , Mn , Mn are of the type F 512 or f 712. 

3 .  

4. 

5. 

6. 

There is no experimental evidence that the y-rays in Sck7, V47 and Cr4g are 

in series with the /3-rays. 

Co and Cu both go to Mi with no y-rays reported and with ft values 
' 61 61 61 

corresponding to allowed transitions. 

not completely known in this case, 

the 33 neutrons in Ni 

Cu 

It is suggested that the facts are 

The table assigns an f5/2 orbit to 
61 61 so as to make the Co transition an allowed one; 

I\ 61 J I  

would then be 1-forbidden with abnormally low ft value 

The series y-ray reported for Zn 65 does not fit with the shell schemer If 

it really exists it would constitute a serious difficulty. 

The transition goes to the meta state of Ge73* The spin of the ground state 
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is measured to be 9/2. 

The transition goes to the meta state of Se77, the ground state of which is 7. 

reported to have a spin 7/2fl(J. E. Mack, Rev,, Mod. Phys. 22, 64(1950).) 

8. The ground state of Se75 is likely to be g 9/2 since it exhibits a very 

complex y-spectrum. 

9. This is the transition to the meta state of Y91, which goes over an ex- 

cited state with series y-ray, 

10. This transition could also go from the ground state of Zr89 to a meta state 

of Y89 in which case the interpretation would be g9/2-g9/2. The ft value 

is high for an allowed transition, but no other assignments seem possible. 

95 11. The experimental evidence on Zr and the Nb isotopes is not clear enough 

to prove the given assignments,, 

12. The interpretation of this transition is not unique owing to lack of 

sufficient evidencen 

13. The ft value is rather low for this type of transition. An alternative 

would be to ascribe to the 43 protons of Tc95 a g7/2 configuration, which 

would make the transition an/-forbidden one. 

g7/2 for 59 neutrons gives the only possibility for an allowed transition 

for the Rh decay. 

14. 
105 

15. Experimental evidence on decay data conflicting, 

16. The lifetimes of the isomeric states of Ag107 and *@;Io9 make it likely 

that their configuration is G 7 / 2  in place of g9/2, 

A n  alternative f o r  the f7/2 configuration of the 83 neutrons is h9/2. 17. 

18. The expected configuration for 73 neutrons is s1/2. In this case a series 

y-ray has to be assumed, 

19. In place of d5/2 also g7/2 is possible, while there may be an h9/2 

configuration instead of f7/2. 

In place of f7/2 also p3/2 is possible. 20. 
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21. f5/2 is possible in place of f7/2. 

22. The interpretation of this transition is highly ambiguous, and several 

alternatives are possible. 
181 23. The ground state of Ta is g7/z0 

24. In place of p3/2 also f5/2 is possible. 

25. To explain the high forbiddenness of this transition a spin of at least 

9/2 has to be assumed for The assumption of the table makes it 

third order ,<.-forbidden. Another possibility is il3/2, which would make 

it fourth forb idden. 

26, p3/2 in place of f5/2 would not exclude the direct transition to the 

ground state 

27. There is no possibility for an allowed transition for these nucleon 

numbers. The low ft value for these first forbidden transitions may 

be due to the importance of the Z-dependent factors in the matrix 

elements, which reduce the ratio of the transition probabilities of 

allowed to forbidden transitions at high Z values; compare Konopinski, 

Rev. Mod. Phys, - 15, 209 (1943). 
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NUCLEAR SRELL S T R U C m  AND /3-DECAY 

11. EVEN A NUCLEI 

L. W. Nordheim 
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Durham, North Carolina 
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Los Alamos Scientific Laboratory, Los Alamos, New Mexico) 

ABSTRACT 

A systematics of the ptransitfons of even A nuclei is given- 

interpretation of the character of the transitions in terms of nuclear 

An 

shell structure is achieved on the hypothesis that the odd nucleon groups 

have the same structure as in odd A nuclei, together with a simple coupling 

rule between the neutron and proton groups in odd-odd nuclei. 
0 
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A. The coupling of  odd proton and neutron groups, 

I n  the preceding paper'') the p-decay properties of nuclei with odd 

mass number were discussed on the  basis  of our present knowledge of  nuclear 

she l l  s t ructure<,  I n  the  present paper the discussion i s  extended t o  cover 

nuclei with even A,, The general background, arguments, and references are  

the same as i n  I and need not be repeated here. 

The s i tua t ion  i s  somewhat more complex than f o r  odd A nuclei .  A 

f i  t r ans i t i on  f o r  an even A nucleus demands a t  one end point an even-even 

nucleus, which, i n  so far as  we know, has zero spin. The other end point, 

mostly the i n i t i a l  nucleus, i s  of odd-odd type, i n  which there w i l l  be a 

coupling of neutron and proton groups, each of which w i l l  contribute t o  the 

resul tant  spino Unfortunately only a very few spings of odd-odd nuclei have 

been measured so f a r ,  among these are  several  very high ones (Be , N a  , 
K40, Lu 

se r i e s  

10 22 

176 
) .  

y-rays i s  also an indication tha t  the spins of odd-odd nuclei are  

The frequent occurrence of highly complex p spectra with 

often quite large.  

O f  course, not much can be said a p r i o r i  about the coupling between 

the proton and neutron groups. 

(I, r e f "  l), leads t o  the suspicion tha t  t h e i r  configurations are  largely 

The persistence of the islands of isomerism 

independent of each other, and tha t  t h e i r  s t ructure  must i n  the main be 

preserved, More def in i te  information can be obtained from the study of 

those f i t rans i t ions  which connect the ground s t a t e s  of the i n i t i a l  and 

f i n a l  nucleon. 

The resu l tan t  pattern,  which w i l l  be discussed i n  greater  d e t a i l  

l a t e r ,  resembles closely the pa t te rn  of the odd A nuclei .  Of par t icu lar  

i n t e re s t  are the  groups of allowed t rans i t ions  with neutron and proton 

(') M., G .  Mayer, S. Moszkowski, and L. W. Nordheim, par t  I of t h i s  paper, 

pg. 1-29, and Rev, Mod. Phys., 24,000, 1952, quoted henceforth as  I. 
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numbers below 50 and of the first forbidden transitions with 

which can be recognized by a value of log (Wo - 1) ft of about 10 and by 
the shape of their spectra, if observed. 

A I = 2, 
2 

These transitions can be interpreted 

in an entirely unforced manner by assuming that the respective odd proton and 

neutron groups have the same Schmidt orbitals as occur for the same nucleon 

numbers in odd A nuclei and that the spins of the neutron and proton groups 

are antiparallel, that is, couple to a minimum resultant, An inspection of 

the orbitals involved reveals further that they belong in these cases always 

to opposite Schmidt groups, 

pected orbitals for the neutron and proton groups are identical, the indica- 

Conversely, in light nuclei for which the ex- 

tions are always f o r  a high resultant spin. We are thus led to the following 

(2)  hypotheses 

(1) The individual configurations of neutrons and protons in odd- 

odd nuclei are the same as in odd A nuclei with the same number of nu.cleons 

in the odd particle group. 

(2)  If the odd neutron and proton groups belong to different 

Schmidt groups, then their resultant spins will subtract, 

(3) If the odd neutron and proton groups belong to the same Schmidt 

group, their spins will couple to a larger than minimum resultant. 

In terms of the notation for orbitals (2) and (3) can be expressed 

as follows: If the spins of the odd particle gl-oups are j = A + 1/2 and 1 1- 
If j = k 1 - + 1/2, 

1 
= 2 2  7 1/2 then the resultant spin is I = 

32 
I$ 

= 12 - + 1/2 then I > Ijl - j21 
j2 

The magnltude of the resultant spins in case (3) will be discussed 

later. In many, but not all cases, they seem to be near the possible 

maximum j, + j2. 

I,. W. Nordheim, Phys Rev. - 78, 294 (1950) 
(2 )  
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The subsequent dfscussion i s  based on the above rules .  They 

r e s t r i c t  g rea t ly  the choice of possible assignments, and the f a c t  tha t  5% 

i s  possible t o  carry through the  scheme on t h i s  basis  gives strong support 

f o r  i t s  va l id i ty .  

B.  Discussion 

The complete material on even A nuclei i s  collected i n  Table V, 

Section C .  Here we discuss as i n  I the t rans i t ions  which go t o  the ground 

s t a t e  ordered according t o  type, They are  given i n  Table I V .  I t - i s  t o  be 

noted t h a t  the nucleon numbers r e fe r  t o  the odd-odd nucleons involved i n  

these t ransi t ions,  and tha t  the assignments r e fe r  t o  the neutron and proton 

configurations i n  t h i s  same nucleus. The even-even nuclei  are assumed through- 

out  t o  have spin zero and even pa r i ty  

TABLE IV 

CLASSIFICATION OF j3-DECAYS TO 
GROUND STATE OF EVEN A NUCLEI ACCORDING TO CHANGES 

I N  SPIN ( A I) AND PARITY (NO, YES) 

2: Sign of emitted charge, and maximum energy i n  Mev. 

3: I n i t i a l  and f i n a l  nucleon number i n  t h i s  order. 

4: Assignment of o rb i t a l s  t o  the  proton and neutron 

groups i n  the odd-odd nucleus, 

5 :  l o g  f t  

6:  log (w0 -1) f t  f o r  A I = 2, yes w energy of 
2 

0 
2 B t r a n s i t i o n  i n  units mc 

7: Observed spin of odd-odd nucleus. 
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TABLE IV (cont.) 

a) A I  = l o  No (Allowed) 

1 2 3 4 5 6 

5 B 12  

7 N  12 

15 P 30 

15 p 34 

31 G a  70 

35 Br 78 

35 B r  80 

44 RU 106 

45 R h  104 

45 R h  106 

46 ~d 112 

47 ~g 106 

47 Ag 108 

47 Ag 110 

49 In 110 

49 In  114 

49 In 116 

49 I n  118 

53 I 128 

57 La 136 

59 Pr 140 

-13.4 

+16 6 

+ 3.5 

- 5 .1  

- 1.65 

-I- 2.3 

+ 0.7 

2 .o 

- 0.039 

- 206 

- 3.55 

- 0.2 

+ 2.04 

- 2.8 

- 2.86 

f 1.6 

- ~ 9 8  

- 2.8 

- 1.5 

- 2.02 

-F 2.1 

+ 2.4 

5 -7 

7-5 

15-15 

15 -19 

31 -39 

35-43 

35-45 

45-61 

45-59 

45-61 

47-65 

47-59 

47 -61 

47-63 

49-61 

49-65 

49-67 

49-69 

53-75 

57-79 

59 -81 

4.2 

4.1 

5.0 

4.7 

5.0 

4.4 -I- 

4.3 + 
5.4 + 
4.3 

4.7 + 
5 - 2  

4.0 

4"7  -I- 

5.3 

4.7 + 
4.7 + 

4.4 

4.4 

4.7 + 
5 -7 

4.8 

4.2+ 
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TABLE IV (cont . ) 

b)  A I  = 0, Yes (F i r s t  Forbidden) 

1 2 3 4 5 6 

7~ 16 -10.3 7-9 pl/2-sl /2 6.9 

37 Rb 88 - 4,6  37-51 f 5 12 -d 5 12 7.0 

54 X e  138 - 2.68 55-83 g7/2 -f7/2 6,5 

58 Ce 144 - 0.30 59-85 g7/2-f7/2 702 

59 Pr 142 - 2.22 59-83 g7/2-f7/2 7.8 

81 RaE" 206 - 1.70 81-12 5 s1/2 -pl/2 5 " 5  

36 ~r 88 - 2.4 37-51 f5/2-d5 12 6.8 

c) A I  = 2, Yes (F i r s t  Forbidden) 

17 C1 38 - 4.81 17-21 -f7/2 7.4 9.6 

19 K 42 - 3.58 19-23 d3/2-f7/2 8 " O  9.8 

33 A s  76 

37 Rb  86 

38 Sr  90 

39 y 90 

39 Y 92 

41 Nb 94m 

45 R h  102 

59 Pr 142 

69 ~m 170 

81 T1 204 

83 RaE 210 

- 3.04 

- 1.82 

- 0.53 

- 2.18 

- 3.5 

- 1 . 3  

+ 1.13 

- 1-04 

- 2.22 

- 0.97 

- 0.78 

- 1.17 

33-43 

37 -49 

39-51 

39-51 

39-53 

41-53 

45-57 

59-83 

69-101 

81-123 

83 -127 

8.3 10.0 

8.3 9.5 

9.2 9.7 

8.0 9-  5 

7.9+ 9 -7  

7.4 8.5 

7*7+ 8.6 

8.7+ 9.6 

7.8 8.1 

8.9 9.8 

9.6 10.4 

8.0 9.0 
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TABLE I V  (cont.) 

d)  A I = 1; No, A )  = 2 (/- Forbidden) 

1 2 3 4 5 6 

6 c 1 4  - 0.156 7 -7 PI12 -PI12 9 , o  

1 5  p 32 - ~ 7 1  15-17 sl/2 4 3  / 2  7.9 

29 Cu 60 + 3.3 29-31 P 3 12 - f 5 I2 7.1+ 

29 cu 64 - 0.66 29-35 P 3 I2 - f 5 12 5.0 

+om57 5.4 

31 Ga 6% +1.9 31-37 P312 -f 5 12 5 -1 

51 Sb 122 - 1.94 51-71 d 5 12 -g7/2 7.9+ 

53 I 126 - 1.27 53-73 d 5 /2-g7/2 7.6 

4 Be 10 - 0.56 5-5 P3 I2 -P3 12 13 a7 - 3 

11 Na 22 + 1.86 11 -11 D3 /2 -D 3 12 14.0 - 3 

17 ci 36 - 0.71 17-19 d 312 4 3  12 13.5 - 
19 K 40 - 1.36 19-21 a3 12 -f7/2 1 7 , 6  - 

e) A I = 2; No, or A I > 2 (Second and Higher Forbidden) 

2 

4 

The composition rules introduced in Section A exclude the occurrence 

of allowed transitions with spin change 0 and of first forbidden transitions 

with spin change 1. 

A very numberous group in the allowed class is formed by nuclei with 

2 = 45 to 49 and N from 59 to 69, 

the odd A nuclei, 

There is no analogue to this group among 

The only possibility to account for the absence of 

parity change in the shell scheme is with the help of the g9/2 orbitals for 

Z (50. This demands the assignment of the orbital g7/2 to the neutrons, 

which is not observed i n  this range in odd A nuclei. However the situation 

is here somewhat different. In odd A nuclei there is a definite discrimina- 

tion against high spins for odd neutron numbers above 50. The assignment 
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g9/2-g7/2 proposed for the group under discussion gives a total spin of 

only 1, so that a mechanism working against high spins may not be operative 

here, and a small coupling energy between the neutron and proton groups 

may produce a change in the preference of orbitals. 

The presence of a first forbidden group with A I  = 2, of course, 

does not in itself prove rule (2) since a resultant spin 1 in place of 0 

would not show up in the ft values, The latter fall within the same limits 

as given in I for odd A nuclei, Peen berg and Trigg 

for even A ft values for allowed transitions are somewhat lower and for 

first forbidden transitions with AI = 2 somewhat higher than for odd A 

nuclei, and such a tendency is indeed reflected in the figures given here. 

The ft values f o r  first forbidden transitions with AI = 2 are, however, 

strictly comparable in the two casesa 

(3) have remarked that 

The conclusion of I of the smallness of the matrix elements f o r  

second forbidden transitions is borne out by the high log ft values for 

Be , Na , and C1 , which lie all in the neighborhood of 14, 10 22 36 

A special discussion is required for the cases where the orbital 

assignments lead to a change of the Schmidt angular momentum by 2 units, 

that is, no change in parity, while the spin change is 1, 

formal selection rules such transitions should be allowed. In case the 

orbital angular momentum were a good quantum number, these transitions 

would be second forbidden. 

01’, Si , and Ge 
are somewhat high for allowed transitions but fall just within the limits 

of the group, Zn with log ft = 7.4 falls definitely out of line, while 

no first forbidden interpretation is compatible with the shell model. 

(3) Ec Feenberg and G. Trigg, Rev. Mod, Phys. 22, - 399 (1950) 

According to the 

Among the cases f o r  odd A nuclei (I, Table 2) 
31 69 show log Pt values, respectively, of 5.5, 5.9, 6,0, which 

65 



- 38 - 
109 Pd 

i s ,  however, not conclusive since it goes t o  the metastate of Ag 

with 6*2 is again a borderline case, The evidence from t h i s  t rans i t fon  

107 , whose 

spin and pa r i ty  are  subject t o  doubt. 
14 

For even A there i s  the puzzling case of C , where the spin change 
32 

i s  measured t o  be 1 while log f t  = 9. The next case i s  p with 7.9. N o  

f irst  forbidden interpretat ion ( i - e " ,  change i n  par i ty)  i s  possible f o r  t h i s  

nucleus, while a spin change of 2 with no pa r i ty  change would lead t o  the 

expectation of a much higher ft value, 

spin of P would thus be par t icu lar ly  interest ing.  Cu , Sb , and I 

An experimental determination of the 
32 60 122 126 

have f t  values compatible wfth f i r s t  forbidden t rans i t ions  but with neutron 

and proton configuration i n  the same shel l ,  which should exclude a change 

i n  par i ty .  Cu and G a  have f t  values which c lass i fy  t h e i r  decays a s  
64 68 

allowed, However, it cannot be ruled out t ha t  t h e i r  configuration i s  

under violat ion of ru le  ( 3 ) .  p3 12 -p3 12 
The data on these nuclei, i n  which the t r ans i t i on  occurs within the 

same shel l ,  suggest strongly t h a t  they form a d i s t inc t  group which i s  neither 

allowed nor second forbidden. An appropriate name f o r  t h i s  c lass  may be 

"L-forbidden." 

seemingly allowed values i n  the neighborhood of 5 t o  9 f o r  C 

The log f t  values of  these nuclei f luctuate  widely from 
14 

It seems 

thus t h a t  a remnant of our select ion ru le  i s  operative and tha t  it i s  very 

much a matter of  chance, how far it i s  violated.  

consider the long l i f e  time of C a s  an accident, 

We are thus inclined t o  
14 

The nuclei  with se r i e s  y,-rays find i n  most cases an unforced in te r -  

pretat ion by ru le  ( 3 ) .  An outstanding group of t h i s  type i s  that with 

Z between 21 and 27 which have the interpretat ion f 7/2-f7/2 Or f7/2-P3/2 

and which go without exception t o  excited s t a t e s .  It i s  unfortunately not 

possible t o  obtain re l iab le  information about the actual  spins of nuclei which 

f a l l  under ru le  ( 3 ) .  I n  B , N , N a  the spins of the neutron and proton 
10 14 22 
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36 (4) groups are  known t o  be p a r a l l e l ,  For C1 a spin of 2 has been reported 

The evidence seems, however, not t o  be absolutely forcing, and the shape of 

the /3-spectrum i s  i n  doubt. 
( 5 )  (6) 

For many other nuclei the decay schemes indicate high values of the spin 

i n  view of the  presence of more than one ?-ray i n  ser ies .  Examples are  

24 
Na , S C ~ ~ ,  Ti48, I v ~ ~ ~ ,  Cog', Br82, P130, Cs134. We believe, therefore, 

t ha t  i n  general the spins i n  t h i s  group are  quite high and may r e su l t  f rom a 

pa ra l l e l  coupling of neutron and proton spins, though t h i s  i s  probably not 

t rue  i n  a , l l  cases,  

There are some exceptions o r  d i f f i c u l t i e s  t o  the scheme, which require 

special  mention. 

b L i  has the observed spin 1, while 

spin 3 as  i n  B e This i s  not a d i rec t  

seems t h a t  s o  l o w  a spin i n  such a case 

10 
a pa ra l l e l  coupling would lead t o  

contradiction t o  ru le  (3) ,  but it 

i s  rather  an exception. 

A126: The decay of t h i s  nucleus belongs t o  Wigner's family of super- 

allowed t ransi t ions* with even A which i s  characterized by an odd-odd nucleus 

which could be composed by a -pa r t i c l e s  plus a deuteron. There i s  evidence 

t7) t ha t  the mass difference t o  Mg 

energy of the observed p-ray, so tha t  there should be a se r ies  7-ray. 

Otherwise it would have t o  be assumed tha t  the two d configurations 

couple t o  an abnormally low t o t a l  spin of 1 o r  0. 

26 
i s  higher than corresponding t o  the 

5/2 

C .  H. Tomes and L. G .  Aamodt, Phys. Rev. 76, c 691 (1949)< 

C 

H. W .  Fulbright and J. C .  D. Milton, Phys. Rev 

The other members of t h i s  group are  He , F , which go t o  the 

ground s ta te ,  and C and 0 , which go t o  excited s t a t e s  of 

the daughter n m l e i .  

K. Way, pr ivate  communication, 

S. Wu and L. Feldman, Phys, Revo c 76, 693 (1949). 

- 82, 274 (1949). 
6 18 

10 14 
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40 
X : This nucleus const i tutes  the one def in i te  exception t o  ru le  

(2) .  

f r ee  from ambiguity, and the magnetic moment f i t s  well with itc 

The assignment of o rb i t a l s  d 3/2 - f7/2 i n  t h i s  case is  par t icu lar ly  

R u l e  (2) 

would lead t o  a spin 2, while 4 is observed. 
64 68 

and G a  Cu have already been mentioned as  possible exceptions t o  

ru l e  (3).  There are  fur ther  a number of problems ar i s ing  from an incomplete 

knowledge of the f a c t s .  

sect ion C .  

These cases are pointed out i n  the  notes of tab le  5, 

Summing up, one may say t h a t  the  ru les  (1) t o  (3) seem t o  hold f o r  the 

This is  not surprising great  majority of cases, but not without exception. 

i n  view of the great  complexity of the  s i tua t ion .  Nevertheless, they pro- 

vide apparently an excellent key t o  the understanding of the p- t rans i t ions  

of even A nuclei .  

C . TABLES FOR f i  -DECAY SYSTEMATICS: EVEN A (Table 5) 

Legend t o  Table: 

Column 1: 

Column 2: 

Column 3: See i t e m s  1 thru 5 for  tab le  111, page 19. 

Column 4: 

Column 5: I 
Column 6: 

Column 7:  

Column 8:  

Column 9: 

Proton and neutron numbers i n  t h i s  order f o r  the  odd- 
odd nucleus involved i n  the t r ans i t i on .  

Assignment of o rb i t a l s  t o  the odd proton and the  odd 
neutron i n  the  odd-odd nucleus. 

Predicted spin f o r  the odd-odd nucleus. h means tha t  
the  spin is  higher than the difference between proton 
and neutron spins .  
spin ha8 been measuredo 

Underlining s ign i f i e s  t h a t  the 

Log f t  value calculated w i t h  the f function f o r  allowed 
t r ans i t i ons .  The values are given in  brackets if t he  
t r ans i t i on  goes t o  an excited s t a t e .  A plus sign is  
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added i f  branching of unknown percentage i s  known t o  occur. 

Column 10: Reference t o  bibliography. No authors are quoted if a l l  
references are given i n  the compilations by Seaborg(S1) , 
Mitchell(M1) o r  N a t  B u r .  Stand. ( N l )  e 

Column 11: Reference t o  footnotes f o r  table, ,  

Beta-Decay Data and Orbital Assignments f o r  Even-A Nuclei 
Class Sign H a l f  l i f  e Numbers SDin R e f .  

Z-Element -A Energy 
1 2 3 

Final S ta te  Configuration l o g  f t  Footnotes 
4 5 6 7 8 9 10 11 

Aay 2-He -6 - 3.22 0.82s g 3-3 ~ 3 / 2 - ~ 3 / 2  1 2.8 P 1 

Aaa 3-Li -8 -(13) 0.89s ~<Ioo 3-5 ~ 3 / 2 - ~ 3 / 2 .  h (5 .63  H 1 1 
, 

A a a  4-Be -10 

Aaa 5-B -12 

A b a  6-c -10 

Aap 6-c -14 

Bb a 7-N -12 

A a a  7-N -16 

Bap 8-0 -14 

Aba 9-F -18 

A b p  9-F -20 

AbPll-Na -22 

Aap 1 1 - N a  -24 

A c y l 3 - A l  -26 

Aap l3-Al -28 

Aba15-P -30 

Aapl5-P -32 

B b p  15-P -34 

Aca17-Cl -34 

Aaa17-Cl -36 

Aaa17-Cl -38 

b - 0.56 2 . 7 ~ 1 0  y g 5-5 P3/2-P3/2 3 

-13.4 0.027s g 5-7 P3/2-P1/2 1 

+(2.2) 19.1s e 5-5 P3/2-P3/2 3 

- 0.156 5 7 2 0 ~  g 7-7 P1/2-P1/2 1 
+16.6 0.0125s g 7-5 ~ 1 / 2 - ~ 3 / 2  1 

-10.3 7.35s g18 7-9 p1/2-~1/2 0 

+(1.8) 76s e 7-7 P1/2-P1/2 3 
+ 0.63 1 1 2 m  gQ00 9-9 s1/2-~1/2 1 

-(5.01) 12s e 9-11 s1/2-D3/2 1 

3Oy g O.OO5ll-ll D3/2-D3/2 3 

- ( lo39)  14.9h e 11-13 d5/2-d5/2 h 

e 13-13 d5/2-d5/2 h 

-(3.01) 2.3m e 13-15 d5/2-s1/2 h 

15-15 s1/2-s1/2 1 

- 1.71 14.ld g 15-17 s1/2-d3/2 1 

- 5.1 12.4s g75 15-19 d5/2-d3/2 1 

+ ( 5 4  33m e80 17-17 d3/2-d3/2 h 

+ 1.86 - 

42.99) 6.3s 

+ 3-35 2055m g 

5 17-19 d3/2-d3/2 21 - - 0,71 4 . 4 ~ 1 0  y g 

- 4.81 38m g53 17-21 d3/2-f7/2 2 

13 a7 

4.2 

3.3 

9.0 

4.1 

6.9 

(3.5) 

3.6+ 

(4.9) 

14.0 

(6.1) 

(3.3) 

(5.0) 

5.0 

7.9 

4.7 

(7.0) 

13.5 

7 -4 

H 2  

H 1  

s 1  2 

E l  3 

A 1  

B 1  

s 1  2 

B 2  4 

s 1  5 

M 2  5 

~i 6 

S I  7 

M 1  

s i  8 

S I  8 

s i  8 

H 3  9 

w 1 10 

L 1  
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1 2 3 

TABLE V (cont . )  
4 5 6 7 8 g 10 11 

Class Sign Halfl ife Numbers Spin R e f .  
Z-Element -A Energy Final State  Configuration l o g  f t  Footnotes 

Ab a 19-K 

Aa y 19-K 

A a a  19-K 

Ace, 21-SC 

Aaj3 21-Sc 

Ab a 21-Sc 

Ab p 23-V 

Ab f3 23-V 

A a  /3 25-Mn 

Aa e, 25-Mn 

AC e, 2 6 - ~ e  

Ab a 27-Co 

Ab a 27-Co 

A a  a 2 7 4 0  

Bb 2740 

Ab a 29-C~ 

AC 29-CU 

Aay 29-C~ 

-38 

-40 

-42 

-44 

-46 

-48 

-48 

-52 

-52 

- 56 

-52 

-56 

-58 

-60 

-62 

-60 

-62 

-64 

Ab p29-C~ -66 

AbB3O-Zn -62 

A C ~  30-zn -72 

Abp 3 1 - ~ a  -66 

Aby 3LGa -68 

Aba31-Ga -70 

Aaa31-Ga -72 

7.5m 
8 

4x10 y 

12 4h 

3,933 

85d 

44h 

16d 

3.9m 

6.5a 

2.5h 

7.8h 

80a 

72d 

5 03Y 

13.w 

24.6~1 

10,lm 

13h 

5m 

9.2h 

49h 

9,4h 

68m 

2om 

14 e 3d 

e 

g 

g75 

4 3 3  

e2 

e 

e 58 

e(100 

e50 

e 50 

4 1 0 0  

4 1 0 0  

e15 

e 

e 

g5 

e 

€318 

g35 

e 

e10 

e5 

e29 

dl00 

g 

e8 

h (4,8) S 1 

4 17.6 A2, B3 11 

2 8.0 M 1 

- 

h (5.5) H 4 

h (10.2) M 1 1 2  

h (504)  M 1 

h (6,2) M 1 12 

h (4.4) M 1 

h (5.1) M 1 12 

h (7.1) M 1 12 

h (3.7+) s 1 13 

h (8.1+) M 1 

h (6.6) M 1 

h (7.5) M 1 

h (5.4) P 2 

1 7.1 s 1 14 

h (5.1) B 5 

1 5.0 B 6 15 

5 04 

1 (5.2) N 1 

h ( 5 a  H 5 

h (8,5) S 1 16 

h (8.0) M 3 

1 5.1+ s 1 17 

1 5.0 s 1 

h (9.0) M 1 
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1 2 3 
TABLE V (cont.) 

4 5 6 7 8 
Class Sign H a l f  l i f  e Numbers Spin 

Z-Element -A Energy Final State  Configuration 

Bb ,833-As -72 +(2.78) 26h e33 33-39 f5/2-P1/2 h 

Acp35-Br -78 + 2.3 6.4m g < l O O  35-43 P3/2-P1/2 1 

Aba35-Br -80 + 0.7 1 8 m  f3<3 35-45 P3/2-P1/2 1 

Aaa33-As -76 - 3.04 26.8h g60 33-43 f5/2-g9/2 2 

- 2.0 g97 

AbB35-Br -82 -(0.447) 3611 e<100 35-47 p3/2-g9/2 h 

Aba36-Kj: -88 - 2.4 2.8h g 37-51 f5/2-d5/2 0 

Aaa37-Rb -86 - 1.82 1905d g8O 37-49 f5/2-@;9/2 2 

Aba37-Rb -88 - 4.6 17.5m g 37-51 f5/2-d5/2 0 

Aaa38-Sr -90 - 0.53 25Y g 39-51 P1/2-d5/2 2 

Aaa39-Y -90 - 2.18 65h €5 39-51 P1/2-d5/2 2 

Aap39-Y -88 +(0.83) 105d e 0.2 39-49 p1/2-g9/2 4 

Aca39-Y -92 - 3.5 3-5h g(1OO 39-53 ~1/2-d5/2 2 

AbB41-m -92 -(1.38) 1O.ld e 41-51 g9/2-d5/2 h 

Ab p41-Nbrn -94 - 1.3 6.6m g 0.1 41-53 p1/2-d5/2 2 

BbP41-m -96 -(0.67) 23.311 e 41-55 g9/2-d5/2 h 

Ab a44-Ru -106 - 0.039 1.0~ g 45-61 g9/2-g7/2 1 

- 1.04 @;a00 

AbP45-W -104 - 2.6 44s g o o 0  45-59 g9/2-g7/2 1 

Aaa45-Rh -106 - 3.55 30s g82 45-61 g9/2-g7/2 1 

Aaa46-Pd -112 - 0.2 21h g 47-65 g9/2-g7/2 1 

Aaa47-Ag -106 +2 ,04  24.5m gQ00 47-59 g9/2-g7/2 1 

Aba47-Ag -108 - 2.8 2.3m g 47-61 g7/2-g7/2 1 

Aaa47-Ag -110 - 2,86 24 s g o o 0  47-63 g9/2-g7/2 1 

Aap47-Agm -110 -(0,53) 225d e 47-63 ~1/2-g7/2 h 

10 11 9 
Ref. 

l o g  f t  Footnotes 

(7.3) M 4 18 

8.3 M 1 19 

4.4+ s 1 20 

4.34 N 1 

5.4 N 1 

6.8 K 1 

8.3 M 1 

7.0 s 1 

9,2 J 1 

8.0 L 2 

7*9+ s 1 21 

(7.7) s 1 22 

7.4 s 1 

7.7+ s 1 

8.7+ s 1 
4.7-i- N 1 24 

5.2 M 1 

4,O S 1 25 

4.7+ s 1 

5.3 s 1 
4.7+ s 2 

(7.6) s 2 
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1 2 3 k TABLE V (cont. 
4 5 7 8 9 10 11 

Class Sign Half l i fe  Numbers Spin Ref. 
Z-Element -A Energy Final State Configuration log f t  Footnotes 

Ab a 4 9 - B  -110 +1.6 65m g a o o  49-61 g9/2-g7/2 1 4.7+ s1 

A a a  @-In -114 - 1.98 72s g96 49-65 g9/2-g7/2 1 4.4 M 5 

A a a  49-In 116 - 2.8 13s g 49-67 g9/2-g7/2 1 4.4 S 1 

Abg49-In -116 -(0.85) 54m e 49-67 p1/2-g7/2 h (4.7+) S 1 

Bbp 49-In -118 - 1.5 , 4.5m g(100 49-69 g9/2-g7/2 1 4.7 + D 1 26 

rn 

Ab b 5l-Sb 

A a B  5 1 5 b  

Bbp 52-Te 

AaB 53-1 

A a P  53-1 

A a a  53-1 

Aap 53-1 

BbB 54-Xe 

Aa 6 55-Cs 

Ab6 5 5 4 s  

A c  y 56-Ba 

Ab CI 57-La 

Aag 57-La 

Aa 58-ce 

Ab y 59-- 

AbY 59-- 

Aa 65-m 

Ab y 69-~m 

~b j3 ~ L L U  

8 Aby73-Ta 

-122 

-124 

-132 

-124 

-126 

-128 

-130 

-138 

-134 

-136 

-140 

-136 

-140 

-144 

-140 

-142 

-160 

-170 

-176 

-182 

- 1-94 2.6a 

-(2.37) 60a 

-(0036) m 
+(2.20) 4d 

- 1.27 13d 

- 2.02 25m 

-(i.o3) 12.6h 

- 2-68 30m 

-(0,66) 2 . 3 ~  

-(0.28) 13a 

- 1.02 12 8a 

+2 .1  9.5m 

-(2.26) 40h 

- 0-30 275d 

+2.4 3.5m 

- 2,22 19 0 3h 

-(0,86) 71d 

- 0097 127d 
10 

-(0.4) 2,4x10 y 

4 . 5 3 )  113d 

g<100 

e21 

e 

e<50 

g27 

g33 

e60 

g 

e75 

e 

g 60? 

€533 

e10 

Q 

Q a00 

g98 

e42 

g90 

e33 

e 

7.94- M 1 27 

(10.3) M 1 28 

(5.4) s 1 29 

(7.6+) M 1 30 

7.6 M 1 31 

5.7 M 1 

(6.4) M 1 

6.5 T 1 

(8.9) M 1 

(5.8) s 1 
7.9 M 1 32 

4.8 N 2 

(9-1) M 1 32 

7.2 s 1 
4.2+ S 1 

7.8 M 6 33 

(806) B 7 34 

8.9 M 1 

(18.9) S 1 35 

(800) B 4 36 

Aby75-Re -186 -(l.O7) gOh e 75-111 d3/2-p1/2 h (7.5) M 1 
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TABLE V (cont.) 

Class Sign Half l i f  e Numbers Spin Ref. 
1 2 3 4 5 6 7 8 9  10  11 

Z-Element-A Energy Final S ta te  Configuration log f t  Footnotes 

Ab y 79-AU -192 + (1 e9) 4.0h e l  79-113 d3/2-p1/2 2 (7.4) w 2 36 

Bb 779-Au -194 +( i08)  3905h e3 79-115 d3/2-~1/2 2 (7.9) W 2 36 

Aay79-Au -196 -(0030) 5e6d e5 79-117 d3/2-P1/2 2 ( 7 - 3 )  s 3 36 

Aay79-Au -198 -(0,97) 2,8d e 79-119 d3/2-@/2 2 (7.3) M 1 

Aaa 81-Td  -204 - 0 ~ 7 8  3 Y  g 81-123 ~1/2-p3/2 2 9.6 s 4 37 

Aa ,f3 8 1 - ~ a ~ ' ~ - 2 0 6  - 1 .TO 16.25~ g 81-125 s1/2-p1/2 0 5.5 F 1 38 

Ab y 8 1 - ~ h ~ ~ - 2 0 8  -(1079) 3 . h  e33 81-127 s1/2-g9/2 h (5.8) F 1 

Ab y81-RaCH-210 -(1,88) 1,32111 e 81-129 s1/2-g9/2 h (5.1) F 1 

~b y 8 2 - ~ a ; ~  -210 -( 0,029) 22y e 83-127 h9/2-d5/2 2 (6.1) C 1 

Aay83-RaE -210 - 1.17 5.0d g 83-127 h9/2-d5/2 2 8 , O  S 1 

Even A: Notes 
8 

1, The t r ans i t i on  goes preferen t ia l ly  t o  an excited s t a t e  of Be which decays 
4 

d i rec t ly  in to  two He nuclei .  

2,  Superallowed in to  an excited s t a t e ,  

3. C 
1 4  14  

represents an extreme %-forbidden case. 0 , which goes i n t o  the 
14 

same product nucleus N has a superallowed transition v ia  an ex- 

. ci ted s t a t e ,  

4 ,  Superallowed, 

5. It cannot be decided, whether the configurations f o r  11 nucleons a re  

D3/2 o r  d5/2. 

This t r ans i t i on  i s  cer ta in ly  high forbidden since there are  two 

i n  cascade. 

6 .  ?-rays 

It cannot be decided, whether i n  t h i s  case a D3/2 configura- 

t i o n  f o r  the 11 protons couples with the d3/2 neutrons t o  a high spin, 

o r  whether the protons also have a d5/2 configuration- 

26 70 The empirical data f o r  Al suggest a se r ies  y-ray and thus a super- 

allowed t r ans i t i on  t o  an excited s t a t e .  
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8. The three P isotopes furnish an instruct ive example f o r  the working of 

the s h e l l  scheme. All three must be assumed t o  have spin 1. P i s  

,."-forbidden. 

t o  be d5/2 t o  explain the allowed character of i t s  decay, 

in te rpre ta t ion  i s  s1/2-s1/2 a 

The she l l  scheme suggests strongly a se r ies  y - r a y  f o r  t h i s  t rans i t ion ,  

32 

The o r b i t a l  f o r  the 15 protons i n  P34 has t o  be assumed 

Axt a l te rna t ive  

9 .  

which i s  by no means excluded by the experimental evidence. 

coupling rule  i n  i t s  narrower form demands, of course, only tha t  the 

The 

spin i s  0. 

36 10. Lifetime and shape of specturm both suggest a spin 3 f o r  C. , while the  

reported evidence fo r  spin 2 does not seem t o  be forcing. 
40 11. K const i tutes  the most notable exception t o  the spin rule,  which would 

predict  a spin of 2 i n  place of the observed 4 ,  

configuration sl/2-f7/2 would give a spin 4, but would make it d i f f i c u l t  

The a l te rna t ive  possible 

t o  explain the observed magnetic moment. 

12. It cannot be decided whether the configurations of 25 nucleons a re  

F512 o r  f7/20 

resul tant  spin. 

opposites always t o  a high 
7/2 and '3/2 

They couple with f 

13. Insuff ic ient  experimental evidence, 

14 Experimental evidence insuf f ic ien t  However, f 5/2 o rb i t s  f o r  the odd 

neutrons seem t o  occur i n  other N i  isotopes,  
64 15. Cu presents a def in i te  d i f f i c u l t y  f o r  the s h e l l  scheme, The in t e r -  

p re ta t ion  of the tab le  (p3/2 - f5/2) makes i t s  t r ans i t i on  2-forbidden 

with an abnormally low f t  value. 

lead t o  a high resul tant  spin according t o  the composition r u l e e  

This t r ans i t i on  should be highly forbidden since t h i s  i s  also the case 

f o r  the odd-odd product nucleus Ga 

This not too well investigated isotope poses a d i f f i cu l ty .  

The na tura l  p3/2-p3/2 combination should 

16. 
72 

17. The t r ans i t i on  
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e i the r  shows an abnormally low f t  value f o r  i t s  A-forbfdden character 

or would involve the anomolous occurrence of a p1/2 orb i t  i n  place of 

f5/2. A se r i e s  y-ray would eliminate the problem. 

A ser ies  y-ray is  reported for t h i s  t rans i t ion ,  which i s  thus empir- 

i c a l l y  high forbidden. The f5/2 o rb i t  fo r  the 33 protons i s  somewhat 

uncomfortable, but so would be the a l te rna t ive  j?3/2-g9/Zt 

This assignment is strongly supported by the shape of the 

Evidence not suf'ficient t o  decide whether the y-rays of t h i s  trans- 

i t i o n  a re  i n  p a r a l l e l  or i n  se r ies .  

case would be p3/2-g9/2 with probable spin 3. 

y-ray probably not i n  se r ies .  

18. 

19. 

20. 

p-spectrum. 

The in te rpre ta t ion  i n  the l a t t e r  

21 e 

22. p1/2-d5/2 i s  an al ternat ive,  which would a l so  be possible if  the 7-ray 

should not be i n  s e r i e s  as assumed. 

pl/2-d5/2 i s  another possible assignment 23. 

24, This in te rpre ta t ion  assumes the y r a y s  t o  be i n  pa ra l l e l ,  Several 

a l te rna t ives  a re  possible i f  they are  i n  ser ies .  

The g9/2-g7/2 configurations show pa r t i cu la r ly  low f t  values. 

case of Pal l2  the energy is  not t o o  accurately known. 

250 I n  the 

26 Insuf f ic ien t  evidence about the occurring 7 -radiation. 

27. The more na tura l  d5/2-s1/2 combination would give a too highly forbidden 

t rans i t ion .  

The assignment of the ground s t a t e  of Sb 

7/2 f o r  Sb123 and spin 1/2 for  Te123e An attempt t o  in te rpre t  the 

complex s i tua t ion  presented by the two metastable s t a t e s  of Sb 

A possible a l te rna t fve  i s  g7/2-hl.l/2 with spin 2. 
124 

28, is  made on bas is  of spin 

124 

would seem t o  be premature. 

The in te rpre ta t ion  would be d5/2-d3/2 i f  the 29. ?-ray i s  not i n  se r ies .  

30. 

31. 

In place of d5/2 a l so  g7/2 i s  possible.  

The g7/2 configuration for 73 neutrons i s  somewhat unusual but not too 
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181 strange since 73 protons i n  Ta show a spin 7/2. 

140 32. I n  the chain Ba - La - Ce the odd-odd nucleus i s  the middle one, 

The t rans i t ion  of La i s  cer ta inly highly forbidden, indicating a high 

spin. It i s  then very d i f f i c u l t  t o  understand why Bal4' i s  much less  

strongly forbidden, unless i t s  s p i n , i s  different  from zero, The other 

a l ternat ive is  that  the 1.02-Mev p-ray does not go t o  the ground s t a t e .  
142 33. According t o  a recent private communication by E.  Jensen Pr shows 

the form of the /?I spectrum typical  for  t rans i t ion  with change of pa r i ty  

and spin change 2. This poses a somewhat d i f f i cu l t  problem. A 

poss ib i l i ty  suggested by Jensen I s  d5/2-h9/2. However, thds  means b 

change of o rb i t a l  momentum by 3, which one would expect t o  lead t o  

considerably higher f t  values. 

34. Most interpretations from here on are  very tentative,  owing t o  the 

absence of spin data for high neutron numbers. 

35. The combination given i s  the only one which gives a high enough spin. 

The f t  value f o r  t h i s  /3-decay, although very large, is  considerably 
176 l ess  than expected f o r  the t rans i t ion  t o  the Hf ground s t a t e  in-  

volving a spin change of 7. 

The 

Alternatives are  d3/2?pl/2 and s1/2-f5/2. 

The l o w  f t  value f o r  a first forbidden t rans i t ion  may be explained 

36, 

370 

38. 

?-rays i n  these t rans i t ions  are  a l l  assumed t o  be in  ser ies .  

on the basis of the high Z value] compare Konopinski, Rev. Mod, Phys. 
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