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A systematics is given of all transitions for odd 4 nuclei for which sufficiently reliable data are available.
The allowed or forbidden characters of the transitions are correlated with the positions of the initial and final
odd nucleon groups in the nuclear shell scheme. The nuclear shells show definite characteristics with respect
to parity of the ground states. The latter is the same as the one obtained from known spins and magnetic

moments in a one-particle interpretation.

A. INTRODUCTION

HE correlation between nuclear shell structure and
B-decay characteristics had been noticed in early
discussions on shells models.*? It is already quite cus-
tomary to refer to shell considerations in the discussion
of decay schemes. The present paper, together with the
immediately following companion paper® on even 4
nuclei, is intended to give a comprehensive review and
interpretation of B-decay data based on all available
information.*

An excellent compilation of all nuclear data has re-
cently been issued by the National Bureau of Stand-
ards.® Tabulations of f factors and f# values have been
compiled by S. A. Moszkowski,® and by Feenberg and
Trigg.”

In the present paper we confine our attention to the
ground states and isomeric states of nuclei. It is possible
in many cases to interpret also known excited states.
However, the uncertainties are here much greater, and
the application of shell considerations are more un-
certain.

The approach of this paper is essentially an empirical
one. It would seem that there are a number of results of
significance for the general theory of 8-decay. However,
the chief interest here is in a clarification of facts.

* At present on leave at the Los Alamos Scientific Laboratory,
Los Alamos, New Mexico.
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In view of the rapidly growing information on decay
schemes, it is obvious that many of the given interpreta-
tions will have to be changed in course of time. It has,
however, been our experience that a clarification of
facts generally tended to remove difficulties and did not
add to them.

B. APPLICATION OF SHELL CONSIDERATIONS TO
B-DECAY

The selection rules® for B-decay involve primarily the
changes of spin and parity; an interpretation of the
character of a given decay demands thus an assignment
of these quantum numbers.

It is known (e.g., compare reference 1) that the values
of the magnetic moments of odd 4 isotopes fall definitely
into two groups, which in a fashion may be interpreted
as arising from parallel or antiparallel coupling of in-
trinsic spin and orbital angular momentum of the last
odd nucleon. These groups will be referred to as Schmidt
groups because of their original discoverer. A measure-
ment of spin and magnetic moment for a nucleus thus
gives formally an angular momentum quantum number.
We will call this the “orbital” for the nucleus in ques-
tion, without implying that a one-particle wave function
gives a close approximation to its actual wave function.
The fundamental hypothesis underlying this investiga-
tion is that the parity of the ground state of the nucleus
is the same as the one for a single particle with this
orbital.

It is further known that there are marked regularities
in the occurrence of definite spin values and associated
magnetic moments, which are associated with the shell
numbers 8, 20, (28), 50, 82, 126. Thus for a given
number of photons or neutrons, only one or a very few
orbitals, in the sense of the previous paragraph, are
known to occur. In particular, parity is definitely con-

8 For a comprehensive review of the theory of B-decay, see E. J.
Konopinski, Revs. Modern Phys. 15, 209 (1943).
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TaBLE 1. Nuclear orbitals as functions of N and Z.

NorZ Orbital N orbital Z orbital
3,5 pae 51-55  dsa(gir) 51,53 g, dsie
7 P2 57-61 sz, gur2, S1/2) 55,57 gara(dsia)
9 Sz 63-75  sua(dsa, gue2) 59 ds/2

1 Dyo(ds)  77-81 dy2 61 (dsr2)

13 ds/2 83-99 (frr2, hor2) 63 ds/2

15 S1/2 101 ﬁl/z 65 d3/2

17,19 dy» 103 fore 67 gz

21,23 fue 105, 107 pusa, para(forz, hor) 69 s12(dsr2)

25 Fso(fuz) 109, 111 (puss, pasa, hos2) 71,73 guse

27 Sz 113, 115 pusa(pare) 75 ds2

29, 31 [73/2 117, 119 171/2 77, 79 d3/2

33,35 pan(fs) 121 pasz 81 Su2

37 Para, forz 123 (pare, for2) 83 hose

39 b 125 Puz

gora(pre) 127,129 (gosz, dss2)
45 (gor2, P1/2)
47 8or2, P12

49 gor2(pr2)

nected with position in the shells. The second assump-
tion made is that the state of a nucleus, whose spin and
moment has not been measured, must correspond to one
of the observed orbitals in an appropriate range.

The procedure to be followed then is that for each
transition possible orbitals for the initial and final
nucleus are selected which give a coherent scheme of f
values with proper selection rules. The validity of this
procedure is strongly supported by our main result,
that it is indeed possible to set up such a scheme with a
high degree of internal consistency.

In general, nothing more than the foregoing assump-
tions will be implied about nuclear structure, and our re-
sults are thus independent of any detailed model except
in showing a perfect correlation with a general shell
scheme. They will give information about spins and
parities of radioactive nuclei, but do not do much to
prove or disprove particular models. On the other hand,
it is much easier to speak in terms of a definite picture.
The spin orbit coupling model proposed by Haxel,
Jensen, and Suess® and by M. G. Mayer,'®! particu-
larly with the rules formulated by the latter, gives an
almost perfect description of the empirical spins and
moments. It will, therefore, be used to help in the
discussion.

There are a small number of anomalies in spins and
moments. In Na? and Mn®% the spin differs by 1 from
the expected values. The allowed character. of the
B-transition of Ne® proves that the parity of Na®
corresponds to the shell scheme. Tt supports, therefore,
the customary explanation that in these cases the odd
particles outside a closed shell couple to a different
configuration from those in the neighboring nuclei but
with preservation of the parity. This assumption is
made here throughout. The evidence from p-decay
data makes it likely that the spins of such configurations
differ from those of the single particle orbitals by not

9 Haxel, Jensen, and Suess, Phys. Rev. 75, 1766 (1949).
10 Maria G. Mayer, Phys. Rev. 75, 1969 (1949).
11 Maria G. Mayer, Phys. Rev. 78, 16, 22 (1950).
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more than one unit, in which case the characters of the
transitions are in general not affected.

In the two cases of anomalous magnetic moments,
Eu!® and Yb'™, no B-decay data are available to decide
whether the shell-parity correlation is violated. In
view of such anomalies one would expect occasional
discrepancies between shell scheme and characteristics.
It is only surprising that there seem to be so few of them.

TABLE I

Table I gives the observed orbitals'*® for odd A4
nuclei as functions of the number of particles (Z=num-
ber of protons, N=number of neutrons). The usual
spectroscopic notation for single particle orbits is used.
The already mentioned cases with anomalous spins are
distinguished by capital letters, indicating a configura-
tion which cannot result from a single particle model.
The values in brackets are those which were inferred
from B-decay data though they have not been directly
observed. Not listed are gq;2 for 39 and /11,2 for 63 to 81,
which may occur in isomeric states.

The alternatives are few below 50 and one can make
assignments with considerable confidence. The selection
becomes more and more ambiguous at higher numbers,
particularly for NV>82, where only a few spins have
been measured.

The parities can be predicted with considerably more
confidence than the spins. In the oxygen shell, 3 to 7
particles, the parity is odd; for 9 to 19 it is even. From
21 to 49 the parity is odd except for go2 orbits, which
compete with py/» orbits between 41 and 49 and which
seem to occur for 39 in isomeric states. From 51 to 81
the parity is even, except again for %11/, orbits which are
inferred from isomeric states above 63. The states of 83
to 125 neutrons should again be odd. This alternating
behavior excludes, in general, the occurrence of allowed
transitions when the odd proton and neutron involved
in it belong to different shells.

C. INTERPRETATION

The entire material on 8-decay data for odd 4 nuclei
is given in Table III, Sec. D. It contains all isotopes
(except the mirror nuclei) for which we believe our
knowledge is sufficient to obtain an ff value and to
decide whether the transition (or part of it) goes to the
ground state or an excited state.

The mirror nuclei in which the number of initial
protons are equal with those of final neutrons are
omitted for shortness since we have nothing new to add
to their discussions. As is well known, they form a very
distinct group of superallowed transitions with log f¢
values in the narrow range from 3.3 to 3.7 and with no
over-all trend from H? to Ti%.

While the master Table III, Sec. D, contains all
available material, it is instructive to group the transi-

12H., L. Poss, Brookhaven National Laboratory 26 (T-10)

(1949).
13 7. E. Mack, Revs. Modern Phys. 22, 64 (1950).
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TasLE II. Classification of 8-decays to ground state of odd 4 nuclei according to changes in spin (AI) and parity (no, yes).
Column 1: Initial isotope Z-Element-4. Column 2: Sign of emitted charge, maximum energy in Mev. Column 3: Initial and final odd
nucleon number in this order. Column 4: Assignment of orbitals to initial and final odd nucleon group in this order. Column 5: Log ft.
Column 6: Log(W #—1) ft for Al =2, Yes. Wo=energy of -transition in units #c?.

(a) AI =0, 1. No (allowed)

(b) AI =0, 1. Yes (first forbidden)

1 2 3 4a 5 6 1 2 3 42 5 6
10 Ne 23 —41 13-11  dys-Dys 49 57La14l  —29 57-83  gurfun 7.6
11 Na 25 —3.7 11-13 D3jo—ds)o* 5.2 58 Ce 141 —0.56 83-59 f1/2—d5/2* 7.7
16 S 35 —017  19-17  dysdys* 5.0 50 Pr143  —093  59-83  dy—fun 7.6
20 Ca 45 —0.22 25-21 fua—fue* 5.6 60 Nd 147 —0.7 87-61 fr—dsio* 7.0+
21 Sc 43 +113 2123 fuefue 4.8+ 61 Pm 147  —023  61-85  dyfor 7.6
21 Sc 47 —0.61 2125 fusfue 5.6+ 62Sm 151  —0076  89-63 szt 6.9
21 Sc 49 —18 20-27  furfun 55 66 Dy 165  —1.28  99-67  furgust 614
22 Ti 45 +12 23-21 [~ 47+ 67 Er 169  —0.33  101-69  pyasys* 6.1
23V 47 4165 2325 11a—fare 47+ 68Er 171  —1.49  103-69  fyr-dae 7.0
24 Cr 49 +145 25-23 f7/2—f7/2 45+ 71 Lu 177 —0.49 71'—105 ng-f,r,/z 6.8
25Mn 51 420 2527 Fanfun 5.1+ 72HI 181  —040  109-73  pussus 7.2
26 Fe 53 128 27-25  furFsn 5.0+ TAW 185  —043 111-75  pysdys 75
27 Co 61 -13 27-33  Furfon 5.2 7AW 187  —1.33  113-75  pyedes 7.8
30 Zn 63 4236 3320 pyrpust 54 78 Pt 199  —18  121-79  puadys 6.3
30 Zn 69 -10 30-31  puyrpurt 4.6 80 Hg 205 —1.6 12581  puzsue 54
30Zn 71 —2.1 41-31 Pua—pas* 45+ 82 Pb 209 —0.68 127-83 gg/z“hg/z* 5.6
31 Ga 73 —14 31-41  pyrpue 59 83 Bi213 —13 83-129  Jarrgose 6.0
32 Ge 75 —1.1 43—33 P1/2“153/2* 50
32 Gem 77 —2.8 45-33 pra—psie 4.8+ (c) AI =2. Yes (first forbidden)
Bam  T01 mw b 31 less el BT gerde 1L o
34Se73  +129 3933 purpen 33 K8 074 4937 é’fi—fsl/z* 9.2 9.9
34Se81  —15 4185 purpur 48 385180 —146 5139 dyspus 85 97
34Sen83  —34 4935 purpr 324 38 Sr o1 ~32 5339 dyrpr 80 9.7
35Br75 L6 354l purpir 36 39 Y 01 —156 3951 pupdys 87 9.9
$5Br77 4036 3543 puapin 50 207:95  —10 5541 dyrpus 98 107
35Br83  —105 3547 purp2 53 13Tcn 95 +04 4353 purdur 83 8.6
35 Br 85 —25 35-49 DairPira 5.1 by — e Cslz . :
ol okl 133 P - Tt 44 Ru 103 08 50-45  dyrpun 8.5 93
1078 107 49-39 §1;:_§f;§* S8t 50 Snm 123 —1.42 7351  hyyegnst 9.1 10.3
2Mo9l 37 4941 guren 38+ Soiy  —of Wy fshee 05 103
325; lég %8;’ J—rggg ‘slg“ig Surrgyre i-g 6 Tm 171 —1.0 60101 dempit 03 10.4
. — 112~ U2 .
50 Sn 121 —0.38 71-51 d3/2—d5/2* 5.0 - - . :
52 Te 127 —0.76 75-53 dayadaro 56 (d) AI=1. No Al =2 (l-forbidden)
55 Cs 127 +1.$ 55-73 ds/a=dssa 4.7+ 12 (s)' 139; —‘{r-g };—?5 Zw—slzzz gg
60 Nd 141 . 1- —dyt 5.2 i -1 - s/2Su/z :
0N +o 81-59  durdus 28 Ni 63 —0.05 3529  fyrput 68
(b) AI=0, 1. Yes (first forbidden) 28 Ni 65 —2.10 37-29 Sora—paro* 6.6
35Br87  —80 3551  purdye 7.3 HCu6l  +122 2933 pyrfin 49
36 Kr 87 —32 5137 dgwpyr 10 29Cu6r  —0.65 2937 pyrfurt 55
2 30 Zn 65 4032 3529  fywpyt 10
37 Rb 89 —-38 37-51  pyadsn 6.6 s IRY o a 1D
46Pd 111 —3.5 65-47  surpin 6.8 22 pe S0 o o 55/2 Do 69
47 Ag 111 —1.0 47-63 Pl/z—sllz* 7.2 - 5/271/2 :
i; ﬁg }ig _2(2) i;_g; g:;:_i:;: gg (e) AI =2. No and AI >2 (second and higher forbidden)
48Cd 115  —113  67-49  suympue 6.8+ 37 Rb 87 —013 3749 pyrr-gart 165
48Cd 117  —15 69-49 Surpus 6.1 43 Tc 99 —030  43-55  gyrdse  13.0
49Tnm 115 —083  49-65  pyrsiwt 6.6 49In 115  —0.63  49-65  gowrsyst 232
49T 117 —173 4967  pursist 6.2 5271129 —012 5375  gust-suye*  13.5
49119  —27 49-69  pursust 6.2 55Cs 135 —021 5579  gyzdyzt 131
54Xe 137 —40 83-55 gt 6.3 55Cs 137  —1.19  55-81 gut—da® 122
56Ba 139  —2.27  83-57  furgu® 6.0+ 75Re 187  —0.043  75-111  dyw*hee 177

a Asterisk signifies that the spin has been measured.

tions according to type. This is done in Table IT for all
those decays which go at least partially to the ground
state of the final nucleus and where the empirical evi-
dence seems to be sufficiently clear. The table gives the
isotope as identified by its charge, chemical symbol and
mass number, the type and energy of its transition, the
number of the initial and final odd nucleons in this order
(the larger numbers refer always to the neutron), the
assignment of orbitals, and the value of log ft. Further

details can be obtained by reference to the master
Table III, Sec. D.

TABLE II

The main result of an inspection of Table II is the
close correlation of type of transition and shell struc-
ture and comparatively small amount of straggling of
log ft values within each group.

The members of the allowed group with the assign-
ments Al=0, AI=0, 1 have, without exception, the
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initial and final odd nucleon group in the same shell.
There is no trend in ft values with atomic number up
to Nd*! (which occurs at the highest place where al-
lowed transitions to the ground state can be expected).
The absence of a trend, which will be found also in all
other groups, is in marked contrast to previous expecta-
tions. The largest log ft value found is 6 with a few
examples near this number. The majority, however, is
contained in the band 5.04=0.3. There is no recognizable
distinction between transitions with A7=0 and AI=1;
that is, one has to postulate Gamow-Teller selection
rules.

The members of the group with the assignment Al=1,
AI=0, 1 (first forbidden) leave without exception
initial and final odd nucleon group in a different shell.
No log ft value below! 6 or above 8 is found with a
clustering around about 6.2 and 7.2 (compare Feenberg
and Trigg, reference 7). The distinction between the
allowed and first-forbidden groups, which formerly
seemed to be somewhat vague, has now become quite
clear. The dividing line at log f¢ 6 seems never to be
violated by either group, but a more reliable criterion is
given by the numbers of the odd nucleon groups in
relation to shell structure.

There is again no clear distinction between transitions
with A7=0 and A7=1. In this connection it should be
pointed out that inferences from transitions with V>83
have to be taken with caution, owing to the ambiguities
in interpretation in this range.

The next group with the assignments Al=1, AT=2
(also first forbidden) was first recognized by Feen-
berg.”15 It is of particular interest since its spectra show
a uniquely defined shape different from the allowed
type.!® Since the f factors for such transitions should
also be different from that of allowed transitions ap-
proximately by a factor (W?—1), we have added in
Table II of log(W2—1) f¢, where W, is the energy of the
transition inclusive of the rest of the mass of the electron
in units mc®. The resultant values are remarkably
homogeneous except for the very light and energetic
nucleus S and for the positron decay of the Tc®
isomeric state. Again the initial and final odd nucleon
configurations belong always to different shells except
those involving the orbital %,y/s of isomeric states. The
occurrence of this well-defined and easily recognized
group constitutes a very valuable check on spins and
parity assignments in the shell scheme.

There is a small and perhaps not too well-defined
group for which the formal assignment of orbitals
gives Al=2 and AI=1. According to the formal selec-
tion rules these transitions should be allowed since there
is no change of parity. The ji values for these transi-

14 Exceptions are the two very heavy nuclei Hg?% and Pb??,
where Z-dependent factors in the matrix elements may have be-
come of importance. (Compare the discussion by Konopinski,
reference 8.)

18 F. B. Shull and E. Feenberg, Phys. Rev. 75, 1768 (1949).

6 Compare the recent review by Chien Shiung Wu, Revs.
Modern Phys. 22, 386 (1950).
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tions, however, seem to be larger than expected, and
there may be the remnant of a selection rule pertaining
to orbital angular momentum. The discussion of this
group will be deferred to Paper II, where a few more
examples will be available.

The last group contains the second and higher for-
bidden transitions which involve spin changes of at
least 2. The most important remark is that there is no
example with a log f¢ value'” below 12. This is true for
even the second-forbidden ones (A7=2, 3, no change in
parity) as shown most clearly by the two Cs isotopes,
where the spins in both the initial and the final state
have been measured. The ratio of the probabilities of
allowed to second-forbidden transition seems to be thus
at least of the order of 10% if not higher, in place of 10*
as has been frequently assumed. This low probability
of high forbidden transitions explains the small number
of examples found and the failure to find many spectral
shapes different from the allowed or unique first-
forbidden forms.

There is a considerable number of transitions which
go to an excited state with subsequent y-radiation in
series. The validity of an interpretation demands then
that the f¢ value for the observed B-ray be much lower
than that for a transition between the expected ground
states. This is fulfilled in all cases listed in Table III
of Sec. D. The actual ff values observed classify
most of these transitions as allowed or first forbidden
with AI=0, 1, while most of the assignments predict
an at least second-forbidden transition between the
ground states. This gives a margin in the square of the
matrix elements of order 105-107 which is ample to ex-
plain the absence of observation of high energy B-rays.

There are still quite a few ambiguities in the interpre-
tation as noted in the footnotes in Table III. There are
also a considerable number of cases where the facts are
not well known. However, no outstanding difficulties
occur whenever the characteristics of the transitions are
definitely established. There can thus be little doubt
as to the correctness of the scheme presented here.

As the main results we may summarize : The Schmidt
groups give definite indication of the parities of the
nuclear states which in turn are closely correlated with
the shell numbers. The character of the ground states of
a nucleus with one odd nucleon group is essentially de-
termined by the number of nucleons in this group in
formal agreement with the rules of the spin-orbit coup-
ling model.

The success of the scheme, however, does not give
support to an extreme one-particle model. On the con-
trary, the clear distinction between the super-allowed
transitions of the mirror nuclei and the normal allowed
group (unfavored allowed in Wigner’s terminology)
shows clearly the inadequacy of the one-particle model.

17 Again the f function for these transitions will show a different
energy dependence from that for allowed ones, but a qualitative
comparison remains useful.
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The difference in ft values for these two groups is of the Hamiltonian, to explain this ratio and other ratios be-
order of 30 to 40, that is, a difference in the matrix tween the probabilities of the various types of transi-
elements of the order of 5 to 6. It will be the task of tions.

future theories of nuclear structure and B-decay, es- The authors wish to thank Dr. Henry Brysk for his
pecially the establishing of the form of the interaction valuable assistance in preparing the tables.

D. TABLES FOR B-DECAY SYSTEMATICS: ODD A4

TABLE III. B-decay data and orbital assignments for odd-4 nuclei.

Column 1: Class of transition: A. isotope certain; B. isotope probable; C. isotope doubtful. Class C. nuclei are only included if the
B-decay data contribute to the identification. a. decay data well established ; b. decay data probably correct;c. decay data uncertain and
possibly incorrect; «. configuration assignment well established; 8. configuration assignment probable; . configuration assignment
uncertain and possibly incorrect. Column 2: Initial isotope: Z-Element-A4. The m denotes a metastable state. Column 3: Sign of emitted
charge, maximum energy in Mev of the most energetic observed $-ray. The energy is given in brackets, if the transition is believed to go
to an excited state. Column 4 : Half-life. Column 5: g, e, m, mean, respectively, transition is believed to go to the ground, an excited, or a
metastable state of the final nucleus. The figure following gives the branching percentage to the specified state when known. The <100
means that there is a branching, but of unknown percentage. Omission of a figure means that most of the transitions go to the specified
state. Column 6: Initial and final odd nucleon number in this order. The larger number is always the odd neutron. Column 7: Assign-
ment of orbitals to initial and final nucleon in this order. Capitalized letters signify that a configuration has to be invoked. The Dy, for
11 nucleons means, for instance, a configuration with orbital angular momentum 2 which results from ds/» orbits of the last 3 nucleons.
Asterisk signifies that the spin has been measured. Column 8: Log ff value calculated with the f function for allowed transitions.
The values are given in brackets if the transition goes to an excited state. A plus sign is added if branching of unknown percentage is
known to occur. Column 9 : Reference to bibliography. No authors are quoted if all references are given in the compilations by Seaborg
and Perlman (S1), Mitchell (M1), or Natl. Bur. Standards (N1). Column 10: References to footnotes for table.

Sign Half-life Numbers Foot-

Class Z-Element-A Energy Final state . Configuration Log ft Ref. notes
1 2 3 4 5 6 78 8 9 10

AbB 6-C-15 —(8.8) 2.4 sec e 9-7 S12—pg* (5.3) H1
Aap 7-N-17 —(3.7) 4.2 sec e 7-9 Pria=Sue (3.8) Al
Aap 8-0-19 — 45 27.0 sec 230 11-9 D3j3=s1/9* 5.5 S1
Aba 10-Ne-23 — 4.1 40.7 sec g 13-11 ds/9—Dyo* 49 S1
Baa 11-Na-25 — 3.7 61 sec g55 11-13 Dyjo—ds/o* 5.2 B1 b
Aaa 12-Mg-27 —(1.8) 10 min €80 15-13 Sya—dsio* 4.7 M1
Aacx 13-A1-29 —(2.5) 6.6 min €70 13-15 ds/2—=S1/2* (5.2) S2
Aaa 14-Si-31 - 18 170 min g 17-15 d3/2—S1/2* 5.9 S1
Aba 16-S-35 - 0.17 87.1 days g 19-17 ds/o—ds/e* 5.0 S1
Aaax 16-S-37 — 43 5.0 min 210 21-17 fare—dse* 7.1 N1
Aaa 18-A-41 * — 2.55 109 min 20.7 23-19 Jrre=dso* 8.6 St
Aag 20-Ca-45 — 0.22 152 days g 25-21 fro—fus* 5.6 M2 c
Abg 21-Sc-43 + 1.13 3.92 hr g<80 21-23 Jurfue 4.8+ H2
Bbg 21-Sc—47 — 0.61 3.43 days £<100 21-25 frua—fue 5.6+ K1 c,d
Aaa 21-Sc-49 — 1.8 57 min g 21-27 far—fue 5.5 S1
Abp 22-Ti-45 + 1.2 3.08 hr £<100 23-21 fuafue 4.7+ S1
Bbg 23-V-47 + 1.65 33 min £<100 23-25 fuafue 4.7+ K1 c,d
AcB 24-Cr-49 + 145 41.9 min £<100 25-23 Jfue—fure 4.5+ S1 c, d
Abp 25-Mn-51 + 2.0 46 min £<100 25-27 Fsio—frre 5.14 S1 c
Aaa 26-Fe-53 + 2.8 8.9 min £<100 27-25 fu=Fsie 5.0+ N2 c
Aaa 26-Fe-59 —(0.46) 47 days e50 33-27 Dpar—fure 6.7) M1
Aaca 27-Co-55 +(1.5) 18.2 hr e<50 27-29 f1oPse (6.2) D1
Aba 27-Co-57 +(0.26) 270 days <100 27-31 Sfrre—pare (5.3) S1
Aby 27-Co~61 - 13 1.75 hr g 27-33 Srafoie 5.2 P1 e
Aaa  28-Ni-57 +(0.73) 35.7 hr €<100 29-27 Psi—fre (5.0+) M3
Bagp 28-Ni-63 — 0.05 300 yr g 35-29 Ssr—par 6.8 S1
Aap 28-Ni~-65 - 210 2.6 hr 857 37-29 Sfora—pas* 6.6 M1
Bbg 29-Cu-61 + 1.22 3.4 hr 265 29-33 Psr—fare 49 B2 e
Abg 29-Cu-67 — 0.65 61 hr g 29-37 pase—fa2* 5.5 S1
Aaa 30~Zn-63 + 2.36 38 min ¢85 33-29 Daipar* 5.4 S1
Abp 30-Zn-65 + 0.32 250 days 23 35-29 Soro—par* 7.0 N1 f
Aaa 30~-Zn-69 - 1.0 57 min g 39-31 Pre—pze*® 4.6 S1
Bba 30-Zn-71 - 21 2.2 min £<100 41-31 Pra—part 4.5+ S1
Bba 31-Ga-73 — 14 5 hr m 31-41 Db 5.9 N g
Aba 32-Ge—69 + 1.0 1.65 days £33 37-31 Sora—pase* 6.0 M4
Aaa 32-Ge-75 - 11 1.37 hr g 43-33 puepaig* 5.0 M4
Aag 32-Ge-T7 —(1.79) 12 hr e 45-33 Zor—Par2 (6.8) MS
Aag 32-Gem-T1 — 2.8 59 sec £<100 45-33 purpsr 4.8+ S1
Aba 33-As-71 + 0.6 55 hr 233 33-39 Dsi—bise 5.1 N1
Abg 33-As-T77 - 0.7 40 hr m 33-43 Dare—pise 5.7 N1 h
Bba 34-Se-73 + 1.29 7.1 hr 250 39-33 DuParz 5.3 C1
Baa 34-Se-81 - 1.5 17 min g 47-35 Pra—pass* 4.8 S1
Abg 34-Se-83 —(1.5) 25 min e 49-35 Zore—Psi2 (5.0) S1
Abp 34-Sem-83 — 34 67 sec £<100 49-35 puasDare 5.2+ S1
Abp 35-Br-75 + 1.6 1.7 min m18 35-41 para—Pue 5.6 w1 i
Bba 35-Br-77 + 0.36 2.4 days mS 35-43 para—Pue 5.0 w1 h
Aaa 35-Br-83 - 1.05 2.4 hr m 35-47 paiPue 5.3 S1
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1 2 3 4 5 6 72 8 .9 10
Aba 35-Br-85 — 2.5 3.0 min m 35-49 Dar—pise 5.1 St
Bbg 35-Br-87 — 8.0 55.6 sec g 35-51 * psra—dsre 7.3 S3
Baa 36-Kr-77 + 1.7 1.1 hr £<30 41-35 pre—pare 5.4+ S1
Aba 36-Kr-79 +(0.9) 34 hr €0.6 43-35 Zora—Pa/o* (7.5) S1
Aaa 36-Kr-85 — 0.74 9.4 yr g 49-37 goso—f5/2* 9.2 St
Acp 36-Kr™-85 —(0.75) 4.36 min <100 49-37 Prio—fs2* 5.14) K2
Aba 36-Kr-87 — 3.2 1.3 hr g 51-37 dsja—paso* 7.0 K2
Aba 37-Rb-87 — 0.13 6X 101 yr g 37-49 Para—gora* 16.5 St
Abg 37-Rb-89 — 3.8 15 min g 37-51 Psr—dss2 6.6 S1
Aaa 38-Sr-89 — 146 53 days g 51-39 s/ pro* 8.5 L1
Aaa 38-Sr-91 — 3.2 9.7 hr 260 53-39 dsso—pue 8.0 S1
Aap 38-Sr-91 —(1.3) 9.7 hr e40 53-39 dsia—gors (6.6) N1 j
Aac 39-Y-91 — 1.56 61 days g 39-51 pra~dso* 8.7 A2
Abg 40-Zrm-89 + 1.07 78 hr g<100 49-39 Pua—pu* 5.8+ S1 k
Acp 40-7Zr-95 — 1.0 65 days m?2 . 55-41 dsia—pua 9.8 S1 1
Abp 41-Nb-95 —(0.15) 37 days e 41-53 Zora—ds/2 (5.0) S1 1
Bep 41-Nb-97 —(1.4) 68 min e 41-55 go/o~s/2 (5.4) S1 1
Aap 42-Mo-91 + 3.7 15.5 min g 49-41 Zora—gas2 5.8+ D2
Acp 42-Mo-99 —(1.03) 67 hr e 57-43 A (6.84) M6
Abg 42-Mo-101 —(2.2) 14.6 min e 59-43 ds/a—gors (5.64) St m
Abg  43-Tc-93 +(0.83) 2.7 hr 7 43-51 gorr—dsin (7.54+) K3 m
Bbg 43-Tcm-95 + 0.4 62 days 20.4 43-53 pre—dsi* 8.3 M7 n
Aac 43-Tc-99 — 0.30 108 yr g 43-55 Zora*—ds/2 13.0 K4
Aby 43-Tc-101 —(1.3) 16 min e 43-57 go/2—ds/2 4.7) S1 m
Abg 44-Ru-95 +(1.1) 1.65 hr <100 51-43 dsro—gor2 (4.14) S1 m
Aba 44-Ru-103 — 0.8 42 days m3 59-45 dsi—pue 8.5 N1
Abg 44-Ru-105 —(1.15) 4.5 hr <100 61-45 dsi2-gose (5.6) D3
Abg 45-Rh-105 — 0.57 36 hr g 45-59 Zo/12—g1/2 5.5 D3 [
Bey 46-Pd-101 —(0.53) 9 hr e 55-45 ds/a—gor2 (5.2) S1 p
Aby 46-Pd-109 — 1.0 14 hr m 63-47 si—Gare 6.2 S1 q
Aba 46-Pd-111 — 3.5 26 min g 65-47 Sue—pue 6.8 S1
Aax 47-Ag-111 — 1.0 7.5 days g 47-63 Pria—S1/2* 7.2 S1
Aaa 47-Ag-113 — 22 5.3 hr g 47-65 Prig—s1/2* 6.0 S1
Aba 47-Ag-115 — 3.0 20 min g 47-67 Pria=si/2 6.4 D4
Aay 48-Cd-107 + 0.32 6.7 hr m0.31 59-47 g1-Gr2 4.9 N1 q
AbB 48-Cd-115 — 1.13 56 hr m <100 67-49 Sve—pisz 6.8+ M1
Abg  48-Cd-117  — 1.5 170 min ¢ 69-49 Sy/a—puso 61 St
Aaa 49-In-115 — 0.63 6X10% yr g 49-65 Zo/o*—S1/2* 23.2 M8
Aaa 49-In™-115 — 0.83 4.5 hr 26 49-65 Prra—Si2* 6.6 B3
Aax 49-Tn-117 — 1.73 117 min g 49-67 Prie—S1/2* 6.2 S1
Aac 49-In-119 — 2.7 17.5 min g 49-69 Ppro-si2¥ 5.2 D5
Aaa 50-Sn-121 — 0.38 28 hr g 71-51 d3/o—ds)o* 5.0 D6
Abg 50-Sn-123 —(1.26) 39.5 min e 73-51 d3ra—gro* (5.2) D6
AbB 50-Sn™-123 — 1.42 136 days g 73-51 Ryvse—gure* 9.1 N1
Aaa 51-Sb-125 — 0.62 2.7 yr ml18 51-73 gue-he 9.4 M1
Aacx 52-Te-127 — 0.76 9.3 hr g 75-53 dsro—ds/* 5.6 S1
Acp 52-Te-129 —(1.8) 70 min e 77-53 dsro—gro* (6.1) S1
Aba 53-1-129 — 0.12 3X107 yr g 53-75 11955 1/2%* 13.5 N1
Aaa 53-1-131 —(0.61) 8.0 days €86 53-77 gro—dyo* (6.6) S1
AcB 53-1-133 —(1.4) 22 hr e 53-79 gurds/z (6.9) St
Abg 53-1-135 —(1.40) 6.7 hr €25 53-81 gro-dsy2 (7.0) S1
Acp 54-Xe-133 —(0.42) 5.3 days e 79-55 312-87/2 (5.9) S1
Abg 54-Xe-135 —(0.93) 9.2 hr e 81-55 dsra—gro* (5.0) S1
AbB 54-Xe-137 — 40 3.8 min g 83-55 frra-gueF 6.3 St r
AbB 55-Cs—127 + 1.2 5.5 hr £<100 55-73 ds19-d3/2 4.7+ F1 s
Aaa 55-Cs—135 — 0.21 2.1X108 yr g 55-79 guat—dso* 13.1 S4
Aaa 55-Cs—137 — 0.53 33 yr m95 55-81 Zust=hive 9.6 M1
Aaa 55-Cs-137 — 1.19 33 yr g5 55-81 guot—dg* 122 M1
Abp 56-Ba-139 — 2.27 84 min £<100 83-57 frre—gus* 6.7+ N1 r
Abg 57-La—-141 — 29 3.7 hr g 57-83 guafue 7.6 S1 r
Aap 58-Ce-141 — 0.56 28 days 230 83-59 710 9% 7.7 N1 r
AaB 59-Pr-143 — 093 13.7 days g 59-83 dsio—frr2 7.6 F2 t
Bba 60-Nd-141 + 0.7 145 min g2 81-59 d3/o—ds/o* 5.2 w2
Abg 60-Nd-147 — 0.7 11 days £<100 87-61 Jure—dsre 7.0+ M9 t
Aap 61-Pm-147 — 0.23 3.7yr g 61-85 s/2—f1/2 7.6 A2 t
Aag 62-Sm-151 — 0.076 20 yr g 89-63 Sfrie=dsio* 6.9 A2 u
Abg 66-Dy-165 — 1.28 2.5 hr £<100 99-67 Niltw ity 6.1+ M1 v
Bbg 68-Er-169 — 0.33 9.4 days g 101-69 Pria—si2* 5.1 S1
Bay 68-Er-171 — 149 7.5 hr 26 103-69 Sora—ds2 8.1 S1 w
Bbg 69-Tm~171 — 1.0 500 days g 69-101 dsjo—prs* 9.5 St
Aby T1-Lu-177 — 049 7.0 days 265 71-105 Zr10—fs/0 6.8 D7 w
Abg 72-Hf-181 — 0.40 47 days m 109-73 Pr/a—s1/2 7.2 M1 X
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Sign Half-life Numbers Foot-

Class Z-Element-A Energy Final state Configuration Log ft Ref. notes

1 2 3 4 5 6 72 8 9 10
Aap 74-W-185 — 043 73.2 days g 111-75 para—dso* 7.5 S1 y
Abp 74-W-187 — 1.33 24.1 hr £30 113-75 Parz—ds)2 7.8 M1 y
Aay 75-Re-187 — 0.043 4X102 yr g 75-111 dsi2*—hgs2 17.7 S1 z
Aby 78-Pt-199 — 1.8 31 min g 121-79 pare—dse 6.3 S1
Aag 79-Au-199 —(0.32) 3.3 days e 79-119 3Pt (5.8) M1
Aay 80-Hg—-203 —(0.21) 43.5 days e 123-81 far=si2 (6.4) M1 aa
Abp 80-Hg-205 — 1.62 55 min g 125-81 bra=Sue 5.4 S1 bb
Aap 82-Pb-209 — 0.68 3.32 hr I'4 127-83 Zora—Mara* 5.6 S1 bb
Abp 83-Bi-213 - 13 46 min 296 83-129 Jtgra—gora 6.0 S1 bb

a Asterisk signifies that the spin has been measured.

b It cannot be decided whether the 11 protons in Na%» are in a D32 or
ds/2 configuragion.

¢ Jt cannot be decided whether the 25 nucleon configurations in Ca, Ti47,
Cr#, Mnst, Mns3 are of the type Fs/2 or fi/2.

d There is no experimental evidence that the y-rays in Sc#, V¥, and Cr4®
are in series with the B-rays.

e Cofland Cuf! both go to Nif! with no y-rays reported and with f¢ values
corresponding to allowed transitions. It is suggested that the facts are not
completely known in this case. The table assigns an f5/2 orbit to the 33 neu-
trons in Nié! so as to make the Co®! transition an allowed one; Cu®! would
then be I-forbidden with abnormally low ft value.

f The series y-ray reported for Zn® does not fit with the shell scheme. If
it really exists it would constitute a serious difficulty.

& The transition goes to the meta state of Ge™. The spin of the ground
state is measured to be 9/2.

b The transition goes to the meta state of Se”’, the ground state of which
i(s ;gg;))rted to have a spin 7/2+1 (J. E. Mack, Revs. Modern Phys. 22, 64

1 .

i The ground state of Se™ is likely to be go/2 since it exhibits a very com-
plex y-spectrum.

i This is the transition to the metal state of Y9, which goes over an ex-
cited state with series y-ray.

k This transition could also go from the ground state of Zr3% to a meta
state of V89 in which case the interpretation would be gos2—-go/2. The ft value
is high for an allowed transition, but no other assignments seem possible.

1 The experimental evidence on Zr% and the Nb isotopes is not clear
enough to prove the given assignments.

m The interpretation of this transition is not unique owing to lack of
sufficient evidence.

n The ft value is rather low for this type of transition. An alternative
would be to ascribe to the 43 protons of Tc% a gr/2 configuration, which
would make the transition an I-forbidden one.

o g772 for 59 neutrons gives the only possibility for an allowed transition
for the Rh1% decay.

p Experimental evidence on decay data conflicting.

a The lifetimes of the isomeric states of Agl97 and Agl®® make it likely that
their configuration is G7/2 in place of go/a.

r An alternative for the f7/2 configuration of the 83 neutrons is %g/2.

s The expected configuration for 73 neutrons is si/2. In this case a series
y-ray has to be assumed.

t In place of ds/2 also g7/2 is possible, while there may be an hg/2 configura-
tion instead of fi/2.

u In place of fi/2 also ps/2 is possible.

v fs/2 is possible in place of fr/e.

w The interpretation of this transition is highly ambiguous, and several
alternatives are possible.

x The ground state of Tal’! is g7/s.

¥ In place of p3/2 also fs/2 is possible.

2z To explain the high forbiddenness of this transition a spin of at least
9/2 has to be assumed for Os!®, The assumption of the table makes it
third order I-forbidden. Another possibility is 7132, which would make it
fourth forbidden.

aa pg/9in place of f572 would not exclude the direct transition to the ground
state.
bb There is no possibility for an allowed transition for these nucleon
numbers. The low f¢ 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, Revs. Modern Phys. 15,
209 (1943).
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