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A survey was made of log ft values for forbidden P transitions. Three cases, ' Y, "Ni, and '"Pm
decays, were examined experimentally. A number of low log ft values reported in the literature are

superseded by more recent larger values. Empirical rules for malong spin and parity assignments from

log ft values are proposed.

I. INTRODUCTION

Since the comparative p-decay half-life or ft val-
ue was first introduced, ' spin and parity assign-
ments for nuclear energy levels have been made
on the basis of log ft values. Of the =6500 definite
or tentative J' assignments that now exist in the
Nuclear Data Sheets, ' =1000 depend at least partly
on log ft values. The existing rules' have evolved
from previous compilations of log ft values. ' ' The

justification for such rules tends to be slightly cir-
cular since the p classifications (allowed, first-
forbidden, etc.) employed in support of a rule may,
in fact, have been assigned employing that rule or
a similar rule. In 1963, Gleit, Tang, and Coryell'
found only 46 cases where the forbiddenness cate-
gory' could be obtained without any resort to log ft
values. The situation has since improved.

In the present study, we have evaluated and com-
piled into five tables and one histogram P transi-
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TABLE I. First-forbidden nonunique Q,J =0 or 1, parity change) P transitions (we consider only those cases in which

the spin and parity assignments are definite) with logft 6.0.

Initial Final
nucleus nucleus

Type of
decay Logft ~ Reference

207 207
81Tl126 82 Pb12 5

210 210 ~

82Pb128 8381127

206 206
si Tli2s s2Pbi24

206 20680Hgi26- 81TI12s

209 209 ~

82P 127 83 126

241 241
4Pu147 95Am f46

199 199
79Au120 80Hg119

166 166
eeDyioo —67Ho99

15 ig
6C9 7NS

113' 113
49™n64 48 Cde&

1+ 1-
2

0 ~0
0 0+

f+ 5

0+ 1
1+
T 2

5.1

5.1

5.2

5.2
5.4

5.5

5.8

5.9

5.9

6.0
5.1

&6.5

Calculated from the experimental information contained in the references cited. The Q values were obtained from
A. H. Wapstra and N. B. Gove, Nucl. Data A9, 265 (1971).

M. R. Schmorak and R. L. Aubl. e, Nucl. Data B5, 207 (1971), A. =207.
M. B. Lewis, Nucl. Data B5, 631 (1971), A =210.
K. K. Seth, Nucl. Data B7, 161 (1972), A =206.' M. J. Martin, Nucl. Data B5, 287 (1971), A. =209.
Y. A. Ellis, Nucl. Data B6, 621 (1971), A =241.

g M. B. Lewis, Nucl. Data B6, 355 (1971), A. =199.
"R.G. Helmer and S. B.Burson, Phys. Rev. 119, 788 (1960).
' F. Ajzenberg-Selove, Nucl. Phys. A152, 1 (1970).
j M. K. Ramaswamy, Phys. Rev. C 1, 333 (1970).
"E.der Mateosian and M. Goldhaber, Phys. Rev. C 2, 2026 (1970).

tions from eight forbiddenness categories (a, total
of 160 log ft values). The present collection is not
complete; for allowed and first-forbidden non-
unique transitions, only selected cases are dis-
cussed here. Also, many transitions whose forbid-
denness classification depends crucially on log ft
arguments are not included.

We have systematically surveyed and extracted
data from publications prior to April 1971 and have
also included some data from more recent publica-
tions. The log ft values listed in this paper are
generally accurate to +0.1; rarely do the uncer-
tainties exceed 0.2. The exact uncertainties are
relatively unimportant for our purposes except for
those log ft values that serve to define a J' assign-
ment rule.

The availability of high-resolution Ge(Li) detec-
tors has resulted in a proliferation of log ft values.
The good accuracy presently attainable in the de-
termination of y intensities has led not only to the
postulation of many P branches, often extremely
weak, deduced from y-intensity imbalances at lev-
els, but also to more reliable log ft values. In the
study of nuclei far from the stability line, log ft

values often provide the only clue as to the nature
of the states in question. For these reasons, a
reexamination of J' assignment rules based on
log ft values is appropriate at this time.

II. LOGfE CALCULATIONS

The log ft values were computed with the com-
puter program described by Gove and Martin. '
The definition for f follows closely the work of
Konopinski. "~ The t in ft is the partial half-life
in seconds of the decay branch under study. Re-
views of P-decay theory have been given by sever-
al authors including Schopper, ' and Wu and Mosz-
kowski. " The expression for f, as given by Qove
and Martin' involves choices of nuclear radius,
screening corrections, and finite nuclear size cor-
rections. The radius formula is taken from Elton. "
The screening corrections have been carried out

by the WEB method of Rose" with screening ener-
gies from Garrett and Bhalla, '4 adjusted in the
case of low-energy positrons to match the results
of Behrens and Janecke. " The finite nuclear size
correction is that of Rose and Holmes. "

For the case of electron capture (or positron
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TABLE II. Log ft values for 0 0, isospin forbidden P transitions (based on original literature surveyed before
April 1971).

Initial Final
nucleus nucleus

Type of
decay Jfl' ~ J7l'

i f Log ft Reference

64Ga 64Zn

660 e 66Ga

Ga Zn

5 Eu ~56Gd

Lu Yb

188W 188Re

234N 234U

P+, e

P+, e

P+, e

0(+) p+

0. 0

0&'~ —0'

5
p+ ~p+
0+ ~P+

2

0 03

0+ 0+

0' - (0')

(0 )
{0+)~p+

, (0+) -03+

&7.4

7.9

9.8
10.2
9.6

9,8

9.9

8.5
9.2
9.0

e
f

Calculated from the experimental information contained in the references cited. The Q values were obtained from
A. H. Wapstra and N. B.Gove, Nucl. Data A 9, 265 (1971).

L, G. Mann, K. G. Tirsell, and S. D. Bloom, Nucl. Phys. A97, 425 {1967);T. H. Jacobi, H. A. Howe, and J. R.
Richardson, Phys. Rev. 117, 1086 (1960).

F, N. de Boer, E. W. A. Lingeman, R. van Lieshout, and R. A. Ricci, Nucl. Phys, A158, 166 (1970).
M, J. Martin and M. N. Rao, Nucl. Data B2, (No. 6), 43 (1968), A =66.

'E. T. Williams, P. G. Hansen, J. Lippert, H. L. Nielsen, and K. Wilsky, Phys. Letters 15, 143 {1965); P. G.
Hansen, H. L. Nielsen, E. T. Williams, and K. Wilsky, Nucl. Phys. 82, 614 (1966).

~ P. G. Hansen, H. L. Nielsen, and K. Wilsky, Izv. Akad. Nauk SSSR Ser. Fiz. 31, 68 (1967) ttransl. :Bull. Acad.
Sci. USSR, Phys. Ser. 31, 74 (1968)].

g H. L. Nielsen, N. Rud, and K. Wilsky, Phys. Letters 30B, 169 (1969).
"P.G. Hansen, H. L. Nielsen, K. Wilsky, and J. Treherne, Phys. Letters 19, 304 {1965).
' E. B.Shera, A. Ikeda, and R. K. Sheline, Phys. Letters 40B, 349 (1972).
j Y. A. Ellis, Nucl. Data B4, 581 (1970), A=234.

111 140
Ag Ba

5

90 89
Y~ Sr

0.5 1.5

! 172t200
Tm! Tl
1.9 2.5

204 137 126
Tl Cs I

0.3 0,5 1.3
+

131 122 88 202185
I Sb Y TI W

0.8 2.0 1.8 1,4 0,3
+ +

91 84 76 133 79
Y Rb As I Se

1.5 2.7 3.0 1.6 0.1

123 40
K Sn Cl

.8 1.4 5.3

1 7216
Ar As N

~ 5 4.4 4.4
+
9.9

~152
r
—g

Eu
1.8

142
Pr

2.2

90 86
Sr Rb
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92 74 85
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FIG. 1. Logf~t values for unique first-forbidden p transitions identified by isotope and decay energy in MeV.
A. positive sign at the lower right-hand corner identifies e or (~ + p+} decay.



S. HAMAN AND N. B. QOVE

TABLE III. Logft values for second-forbidden nonunique (4J =2, no parity change) P transitions [based on original
literature surveyed before February 1971, and Nuclear Data Sheets (see Ref. d) published before January 1972].

Initial Final
nucleus nucleus

Type of
decay J'F ~ J7I'

i f Log ft ~ Reference

(i) &&&2&25 yr; l~ orl, &1.8%

36Cl 36S

i29I~ 129xe

36Cl 36Ar

"Tc-"Mo
35cs- '35Ba

53Mn 53Cr

"Tc-"Ru
"'Cs- "'Ba
'4Nb-'4Mo

"Ni-"Co

2+ 0+

7+ ~ 3+
Y' Y'

2+ 0+

( 8+) 5+

7+ 3+
2 Y
7 3-
2 2

13.5

13.3

13.1

13.1

12.6

12.3

12.1

12.0

11.9

(ii) 15 h&T&~2&3 yr; I&&0.4%
Direct observation of weak, high-energy P groups

"4Cs- "4Ba

58Co ~ 58Fe

46S 46Ti

Na Mg

"4cs-"4Ba

"Fe-"Co
"Zr-»Nb

'5Nb-»Mo

4+ 2

2(+) 0+

4 2

4+~ 2+
1

4+ —22

(—')' —(y)'
2

(8)+ ~ 5+
Y

14.1

12.9

12.9

12.7

12.5

11.0

10.6

j 97
l =10.8

(iii) Low-energy P or e' capture branch inferred from y-ray measurements

208Po 208Bj

207B ~ 207pb

89Sr 88~

'"Eu- '"Sm

152Eu t52G

205Bi~ 205pb

24Na ~ 24Mg

'4'Pm- '44Nd

'"Sm- "'Eu
"4Au- "4Pt

204Bi- 204pb

65Ni 65Cu

P, E', G

p+

P+, e

0+ ~ (2)+

5+ 9+

3 -(5-)
3--(5-)

4+~ 2+
2

(5-, 6-) —(3-)

( 3-)1: 7-

1(-)

6(+)
2

13.6

12.2

12.0

&11.4

&11.3

10.9

10.7
10.0

&11.2
10.8

)10.9
&11.1
10.0

9.6

&9.0

{ &8.8
&10.3

m, d

0
p
q
r
s
t

v
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TABLE III (Continued)

Initial Final
nucleus nucleus

Type of
decay Logft ~ Reference

47S (|) ~ 3 {
8.8 w

'"Gd-'"Eu
63Zn- 63Cu

7 2
& 7.7

7.2

Calculated from the experimental information contained in the references cited. The Q values were obtained from
A. H. Wapstra and N. B. Gove, Nucl. Data A9, 265 (1971).

"M. J. Martin and P. H. Blichert-Toft, Nucl. Data A8, 1 (1970).
'C. M. Lederer, J. M. Hollander, and I. Perlman, Table of Isotopes (Wiley, New York, 1967).
~ Nuclear Data Sheets compiled by members of the Nuclear Data Project, Oak Ridge National Laboratory (Academic,

New York, 1966—1973).
S. T. Hsue, M. U. Kim, L. M. Langer, and E. H. Spejewski, Nucl. Phys. A109, 423 (1968).

~ J. F. Turner and P. E. Cavanagh, Phil. Mag. 42, 636 (1951).
~ D. E. Wortman and L. M. Langer, Phys. Rev. 131, 325 (1963).
"P.P. Zarubin, Izv. Akad. Nauk SSSR Ser. Fiz. 18, 563 (1954) [transl. : Bull. Acad. Sci. USSR, Phys. Ser. 18, 244

(1955)].
' G. M. Drabkin, U. I. Orlov, and L. I. Rusinov, Izv. Akad. Nauk SSSR Ser. Fiz. 19, 324 (1955) ftransl. : Bull. Acad.

Sci. USSR, Phys. Ser. 19, 294 (1956)].
& L. M. Langer and D. E. Wortman, Phys. Rev. 132, 324 (1963).
"A. R. Sattler, Nucl. Phys. 36, 648 (1962).
~ L. L. Riedinger, Noah R. Johnson, and J. H. Hamilton, Phys. Rev. C 2, 2358 (1970).
T. D. Rupp and S. H. Vegors, Nucl. Phys. A163, 545 (1971).
K. P. Artamonova, L. V. Gustova, Yu. N. Podkopaev, and O. V. Chubinskii, Zh. Eksperim i Teor. Fiz. 39, 1593

(1960) [transl. : Soviet Phys, —JETP 12, 1109 (1961)].
J. E. Monahan, S. Raboy, and C. C. Trail, Nucl. Phys. 33, 633 (1962).

P S. Raman, N. B. Gove, J. K. Dickens, and T. A. Walkiewicz, Phys. Letters 40B, 89 (1972).
& J. Barrette, S. Monaro, S. Santhanam, and S. Markiza, Can. J. Phys. 46, 2189 (1968).
' S. Raman, Nucl. Phys. A117, 407 (1968).
' Present results.
' P. H. Blichert-Toft, E. G. Funk, and J. W. Mihelich, Nucl. Phys. 79, 12 (1966). Recent Sm(n, y) measurements

[R. K. Smither, E. Bieber, T. von Egidy, W. Kaiser, and K. Wien, Phys. Rev. 187, 1632 (1969)] suggest a ~ assignment
for Sm ground state instead of ~3 .

"G. D. Benson, A. V. Ramayya, R. G. Albridge, and G. D. O'Kelley, Nucl. Phys. A150, 311 (1970).
J. E. Cline and R. L. Heath, Phys. Rev. 131, 296 (1963).

~ M. S. Freedman, F. T. Porter, and F. Wagner, Phys. Rev. 152, 1005 (1966).
V. O. Kostroun, P. U. Rao, and B. Crasemann, Phys. Rev. 152, 1010 (1966).

~ J.W. Ford, A. V. Ramayya, and J. J. Pinajian, Nucl. Phys. A146, 397 (1970). Authors quote logft =9.7 but logft
& 7.7 is a more correct interpretation of their results.

Y. A. Kiuru and P. Holmberg, Z. Physik 233, 146 (1970).

decay+ electron capture) the definition of f is that
given by Qove and Martin. ' In that work, the wave
functions were computed with the Oak Ridge Na-
tional Laboratory Atomic Wave Function Code. "
The exchange and overlap correction factors were
computed in the manner of Bahcall. "

For first-forbidden unique and second-forbidden
unique transitions, we computed log f,t and log f,t
values, respectively, as defined by Qove and Mar-
tin' on the basis of expressions given by Konopin-
ski' end by Warburton, Harris, and Alburger. '
Tables of log»(f, /f) are given by Gove and Mar-
tin. ' The present definition of log„f, gives values
that are larger by log, 012 =1.08 than those in many
earlier works, e.g. Davidson. "

III. FORBIDDENNESS CATEGORIES

A. First-Forbidden Nonunique Transitions

Cases where log ft ~ 6.0 are shown in Table I.
Also shown in Table I is the case of "' In decay
for which a reported log ft =5.1 was refuted by
later work. Of the 10 cases with log ft ~ 6.0, the
six lowest ones are for nuclei close to the g =82,
+=126 closed shells. Therefore, we propose the
following rules: For Z (daughter nucleus) &80,

P transitions toith logft&5. 9 are allozved. For
Z~80, P transitions with logft&5. 1 are alloaved.

We stress here that the converse of the above
rule (statements such as "transitions with log ft
~ 5.9 are not allowed" ) or of the other rules pro-
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posed herein is demonstrably false. We cite two
extreme examples. The allowed p decay from
the '"Eu, 3 ground state to the 1124-keV 3 level
in '"Gd has a log ft value2' of 10.6. The first-for-
bidden p decay from the "'Lu 7 ground state to
the 596-keV 6" level has a log ft value" of 18.7.
The large hindrance in the case of '"t.u decay is
understood in terms of E forbiddenness. "

B. 0'~ O' Isospin Forbidden Transitions

The 0'-O' P transition between two members of
an isospin multiplet (i.e. , between analog states)
is a superallowed P transition with a log ft value
in the 3.48-3.50 range. ""When there is a change
of isospin between the initial and final states, the
0'- 0' p transition is strongly hindered, as was
pointed out by Alford and French. '4 In fact, the
log ft value in such cases is a measure of the mag-
nitude of isospin mixing. "

In Table II, we have presented all known cases
of this type. The lowest reported log ft value is

6.5 in the case of "Qa decay. " The isospin selec-
tion rules therefore imply that logft values in the
8.6-6.4 range are inaccessible to 0'-0' decays.

C. First-Forbidden Unique Transitions

The present compilation of 77 cases is shown in
Fig. 1 as a histogram. Only those cases where the
J assignments, p energies, and p intensities are
all fairly definite are included. ""

In the experimental part of this paper, we show
that the reported low logf, t value of 7.8 in" Y
decay is incorrect. The next lowest value of S.5
occurs in "'Tl decay investigated by Zoller and
Walters, " A confirmation of this value would be
desirable.

The log f,t values range from 8.5 to 12.7 with an
average value of 9.7. More than 80%%u~ of the cases
lie in the narrow range 8.9-10.2. The proposed
rule is: First-forbidden unique p A"ansi tions have
logf~t o8 g

TABLE IV. Logft values for second-forbidden unique g J =3, no parity change) P transitions (based on original
literature surveyed before April 1971).

Initial Final
nucleus nucleus

Na Ne

60C 60N;

26Al-26Mg

Co ¹i
'10Be 10B

209 Po 209Bi

Al Mg

208Po 208Bj

23Te ~23Sb

138La 138Ba

i38La 138Ce

Type of
decay J'7I ~J'7l

i f

3+ 0+

5+ 2+

5+ ~2+
2

5+ 2+
2

0+ 3
7-

2 Y

5+ 2+

0 (3)
i+ ~ 7+

Y

5+ ~ 2+

5+ ~2+

Log ft

12.8

12.9

13.3

13.3

13.4

13.6

14,2

14.8

18

Logf, t b

14.9

13,8

14.6

15.7

15.4
rv] 5

Reference

~ Log ft value calculated as if the P transition is allowed. The relevant experimental information for calculating the
logft values is contained in the references cited. The Q values were obtained from A. H. Wapstra and N. B. Gove,
Nucl. Data A9, 265 (1971).

Logft value with second-forbidden corrections (see text for details).
M. J. Martin and P. H. Blichert-Toft, Nucl. Data A8, 1 (1970).
S. Raman, Nucl. Data Sheets B2, (No. 5), 41 (1968), A =60.
E. A. Samworth, E. K. Warburton, and G. A. P. Engelbertink, Phys. Rev. C 5, 138 (1972).
J. L. Wolfson, Can. J. Phys. 33, 886 (1955); E. J. Hoffman and D. G. Sarantites, Phys. Rev. 181, 1597 (1969);

J. R. Van Hise and D. C. Camp, Phys. Rev. Letters 23, 1248 (1969); see also S, Raman, Z„Physik 228, 387 (1969).
gT. Lauritsen and F. Ajzenberg-Selove, Nucl. Phys. 78, 1 (1966); E. M. McMillan, Phys. Rev. C 6, 2296 (1972).
"M. J. Martin, Nucl. Data B5, 287 (1971), A =209.
' M. B. Lewis, Nucl. Data B5, 243 (1971), A =208.
& R. L. Auble, Nucl. Data B7, 363 (1972), A =123.
"J.L. DuBard, R. K. Sheline, and J. B.Ball, Phys. Rev. C 3, 1391 (1971); R. Nakasima, Nuclea~ Data Sheets, com-

piled by K. Way et al. (Printing and Publishing Office, National Academy of Sciences -National Research Council,
Washington, D. t".), NRC-NAS 61 (No. 3), 77 (1961), A =166.
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D. Second-Forbidden Nonumque Transitions

A critical evaluation of second-forbidden non-
unique log ft values shows that these values gen-
erally lie in the 11.9 to 13.6 range. There have
been some lower values reported, but in most cas-
es the log ft has been shown to be larger by more
recent results.

The presently known second-forbidden transitions
are listed, with references, in Table III. The tran-
sitions are divided into three groups according to
the type of measurement which is most crucial for
the log ft determination. In the first group are
pure or nearly pure P emitters for which the half-
life determination is of paramount importance. In
the second group are cases where a weak, high-
energy P group was studied with a P spectrometer.
In the third group, the existence and intensity of
the p or e branch were inferred from y-ray inten-
sity imbalance.

In the first group, all 10 cases seem well estab-
lished. The lowest value of log ft is 11.9 for "¹i,
which decays by e capture with T„,=7.5x10' yr
to the "Co ground state. The second group of six

cases contains low reported values of 9.7, 10.6,
and 11.0. However, the 9.7 value for 'Nb decay
appears to be superseded by a later value of ~10.8.
The 10.6 value ("Zr) does not seem experimentally
well established. The 11.0 value for '9Fe decay ap-
pears well established but a confirmation would be
desirable.

In the third group, where the P or e branch was
inferred from y-ray measurements, there are re-
ported log ft values ranging from 7.2 to 13.6. How-
ever, the values in this group generally do not
seem so well established as those in the first two
groups. In particular, we feel that no case in this
group may be used as convincing proof that a log ft
value below 11.9 exists for a second-forbidden non-
unique P transition. In some cases the possibility
was not ruled out that unnoticed y branches may
account for part of the intensity imbalance, thus
raising the log ft value. "" We have elsewhere
illustrated this point in the case of '4Na decay
(Ref. p in Table III); we do so again later in this
paper in the case of "Ni and ' 'Pm decays.

We propose the following rules: Strong rule
—second-forbidden P transitions have logft o21.0;

TABLE V. Logft values for highly forbidden P transitions (based on original literature surveyed before March 1972).

Initial Final
nucleus nucleus

Type of
decay Logft ' Reference

(i) Third-forbidden nonunique g J=3, parity change)

87Rb 87Sr 17.6

(ii) Third-forbidden unique (AJ=4, parity change)

40K 40Ca

4'K-4'Ar
4 0

4 0

18 1c

20 9c

(iii) Fourth-forbidden nonunique g J =4, no parity change)

98Z r 96Nb

"'In- "'Sn

"'Cd- '"In
5QV 50Cr

50V 50T.

0+ ~4+
9+ 1+
2

i+ 9+
2 I
6 2+

6+ ~2+

&21.5

22.6

23.2

&23.2

&23.2

Calculated from the experimental information contained in the references cited. The Q values were obtained from
A. H. Wapstra and N. B. Gove, Nucl. Data A9, 265 (1971).

b H. Verheul, Nucl. Data 85, 457 (1971), A. = 87.
Logft values with third-forbidden corrections have been given by E. K. Warburton, G. T. Garvey, and I. S. Towner,

Ann. Phys. (N.Y.) 57, 174 (1970).
P. M. Endt and C. van der Leun, Nucl. Phys. A105, 1 (1967).
E. Eichler, G. D. O'Kelley, J. S. Eldridge, and J. B. Ball, private communication.
D. E. Watt and R. N. Glover, Phil. Mag. 7, 105 (1962).

g W. E. Greth, S. Gangadharan, and R. L. Wolke, J. Inorg. Nucl. Chem. 32, 2113 (1970).
"C.Sonntag and K. O. Munnich, Z. Physik 197, 300 (1966).
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&yeah rute —second-forbidden p transitions have
logft ~21.9. There are no well-established excep-
tions to the strong rule, one ('9Fe) to the weak rule.

E. Second-Forbidden Unique Transitions

The 11 known cases are shown in Table IV. The
log ft values range from 12.8 to 18. The log f,t val-
ues range from 13.8 to 15.6 except for the two "'La
values of =18. The large log ft= 18 values once led
to an incorrect assignment of these p transitions
as third forbidden and hence g' =5 for the "'La
ground state. However, the parity of the "'La
ground state has now been shown to be positive by
DuBard, Sheline, and Ball (Ref. k in Table IV)
from the 1„=2 angular distribution for the "'La-

(d, P)" I a ground-state transition and from the
known —,

"assignment for the "'La ground state.
These authors mention particle-phonon coupling
in their discussion of the large log ft value.

Since there are no readily available published
tables" giving second-forbidden correction factors,
we formulate the following rule on the basis of
log ft values: Second forb-idden unique p tr ansi
tions have logft o1Z.8.

F. Highly Forbidden P Transitions

The known cases are shown in Table V. These
are very long-lived nuclei (the shortest, ~K, has
T,„=1.28x10' yr) with simple decay schemes,

I I
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FIG. 2. Selected portions of y-ray spectra (showing, in particular, the absence of the 2319-keV y ray) obtained in 30 h
with a 50-cm Ge(Li) detector from six separate Y sources produced by irradiating Y with thermal neutrons. The in-
set shows the decay scheme incorporating our results in the scheme proposed in Ref. 34.
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IV. EXPERIMENTAL RESULTS

A. Decay of Y

An 0.38% 637-keV p branch (see decay scheme
shown in Fig. 2) was inferred by Davis, Kern, and
Sheline" from the observation of the 2319-keV y
ray in 90"Y decay. The corresponding log f,t value
is 7.3. These measurements were done with a
3x 3-in. NaI(Tl) crystal with sources produced by
the "Y (d, P) reaction and subsequent ion-exchange
separations. These authors also carried out half-
life checks on the 2319-keV y ray.

It is clear from Fig. 1 that log f,/=7. 3 is anom-
alously low. We therefore reinvestigated the y
spectrum from 9' Y with a 50-cm' Ge(Li) detec-
tor with a resolution (full width at half maximum)
of 1.91 keV at 1.33 MeV. The sources were pro-
duced by thermal-neutron irradiation of ultra-pure

' Y. Chemical separations were not attempted,
since no trace elements were revealed in emis-
sion spectroscopy of the 'OY sample. Selected por-
tions of the y spectrum are shown in Fig. 2.

We did not observe the 2319-keV y ray reported
by Davis, Kern, and Sheline. " Our intensity upper
limit of 8 x 10 ' per decay of " Y leads to log f,t
& 8.9 for the 637-keV P transition. To help visual-
ize this upper intensity limit, a peak at 2319 keV
in Fig. 2, with the general appearance of the 2523-
keV peak, would have an intensity of 14x10 ' per

Y decay. .

The expected value for the photon intensity ratio
f(202.51y)/I(479. 53y) is 1.059, if we assume the
total conversion coefficients as 0.036 and 0.097
for the 202.51-keV (Ml+E2, 5' =0.2) and the
479.53-keV (M4) y rays, respectively. '4 The mea-
sured value is 1.037+ 0.033.

Q = 2134+ 4 keV

Ti~ = 2.544 h
2
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FIG. 3. Decay scheme of 8 Ni, basica11y similar to that proposed in Ref. 35, but incorporating our new results for y
energies and intensities. The 954,5-keV p ray was sought in the present study.
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B. Decay of Ni

The decay scheme of "¹iis well established"
and, in particular, the J" assignments are certain.
A second-forbidden P transition from the "Ni ~a

ground state to the VV0.6-keV —,
' state in "Cu is

energetically possible (see decay scheme shown

However, an expected log ft ~ 11.0 implies I8
«0.0004%. Therefore, for all practical purposes,
the intensity of y transitions feeding the VV0.6-
keV level should equal the intensity of the VV0.6-
keV y ray. Indeed, Cline and Heath" obtained ab-
solute intensity values of (0.08 a 0.03)% for both the
852.V- and VV0.6-keV y rays.

We measured the y spectrum of "Ni sources pro-
duced by thermal-neutron irradiation of 97.9% en-

riched "Ni. The Ge(i.i) detector efficiency cali-
brations were carried out with fresh (1972) Inter-
national Atomic Energy Agency (IAEA) sources
supplemented by the y radiations from ' 'B,a"
and from 82Br.38

O
' 't l measurements suggested that the

~ transition might have, contrary to our2 2

expectations, a low log ft value. We obtained m-
tensity of 0.085% for the 852.7-keV y ray and
0.095% for the 770.6-keV y ray leaving an imbal-
ance of (0.010+0.003)% (log ft =9.55+ 0.15). A
weak 344.9-keV y ray, unobserved by us but known
to deexcite the 1115.54-keV level" is inadequate
to absorb the missing intensity.

Our log ft rule would then assert that there is a
missing y ray which in the present case happens
to be the 954.5-keV y ray. Our observation of this
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y ray through long periods of counting is shown in
Fig. 4. If the intensity of the 770.6-keV y ray is
taken as 1000 units, we obtain 895 + 18, 106 + 11,
and 10+ 1 units for the intensities of the 853-, 954-,
and 345-keV y rays. The intensity of the y rays
(justifiably neglecting internal conversion) feeding
the 770.6-keV level is 1011+22 units, thus con-
firming our original conjecture of nearly zero di-
rect P feeding to the 770.6-keV level.

C. Decay of Pm

The main features of the '"Pm decay scheme
are well known. ~' We remeasured the y spec-
trum of "4Pm (see Fig. 5) with sources produced
by the '4'Nd(p, 2n) reaction and subsequent ion-
exchange separations. We paid special attention
to the possible presence of weak, high-energy y
transitions. Through detailed analysis, taking
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FIG. 5. Decay scheme of ~44Pm, basically similar to that proposed in Ref. 40, but incorporating our new results for
y energies and intensities. The 694.0-keV y ray was sought in the present study.
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especially into account angular-correlation ef-
fects, ' we confirmed that the peaks at 1094.8,
1173.3, 1314.5, and 1474.8 keV were genuine sum
peMs. The peaks at 1396.6 and 1510 keV were,
on the other hand, larger than expected from sum-
ming effects alone. From our data, we extracted
an intensity value for the 1396.6-keV y ray but the
analysis of the 1510-keV multiplet was complicated
by the presence of the 1509.5-keV y ray from Ha
which was present as room background and which
accounted for approximately a third of the peak
intensity. We feel that y rays of energies 1508.1
and 1510.6 keV (see decay scheme shown in Fig. 6)
are present but can set only upper intensity limits.

The 3 assignment to the 1510.64-keV level is
based on recent angular correlation measure-
ments, 4' the strong excitation of this level in

(d, d'), ' and the El multipolarity assignment" 4'

for the 814.14-keV y ray. The J' assignments for
the remaining levels have already been discussed.

With reference to Fig. 6, it is clear that were it
not for the presence of the 694.0-keV y ray, inten-
sity balance requirements at the 1510.64-keV level

would suggest the presence of an 0.3% electron-
capture branch feeding this level from the ground
state of '44Pm. Such an e branch would have an
untenably low log ff value of 10.6.

The results of our search for the crucial 694.0-
keV y ray are shown in Fig. 7. The coincidence
measurements, necessitated by the proximity of
the 694.0-keV y ray to the very intense 696.5-keV

y ray, were carried out with the ' Pm source
sandwiched between two Ge(Li) detectors. The
618.0-keV y ray, though not in coincidence with
the 814.1-keV y ray, is present in the coincidence
spectrum because the gate accepts (Compton
476.8y) + (Compton 696.5y) events.

The intensity value quoted in Fig. 6 for the 694.0-
keV y ray is that obtained from the 180' coinci-
dence data and hence not corrected for angular
correlation. Therefore, we have doubled the quot-
ed uncertainty for the 694.0-keV y-ray intensity
in order to estimate the maximum c intensity to
the 1510-keV level. The possible presence of a
196.1-keV y ray between the 1510.64- and 1314.59-
keV levels has been neglected since we have deter-
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mined I(196.1y)/I(814. ly) & 0.02 from separate
'4'Nd(n, y) measurements. ~' The resulting log ft
& 11.1 leaves the proposed rules intact.

V. SUMMARY

Classification of P transitions into narrow and
non-overlapping bins based on log ft values, indeed,
seems hopeless. "It is conceivable that at some fu-
ture date our understanding of nuclear structure
and P-decay interaction will have reached a point
that each and every log ft value can be satisfacto-
rily explained. Meanwhile, if the lower limit in
log ft value for a particular forbiddenness cate-
gory can be reliably established, a new P transi-
tion of lower log ft value can be safely assigned to
a forbiddenness category of lower order. Theoret-
ical calculations of log ft limits are not available
but some empirical rules may be postulated from

the present survey.
We summarize below our main conclusions and

rephrase them for direct application to J' assign-
ments. We let hJ denote the difference in spin
between the initial and final states. Similarly, we
let Am =+ denote same parity and b. z = —different
parity between the initial and final states.

Rule 1. For g& 80, if log ft& 5.9, b.J =0, 1; b, w

=+. For Z~80, if logff&5. 1, b,4=0, 1; br=+. If.

3.6& log ft& 5.9, and if one of the states has J' =0',
the other has J =1'.

Rule &. If log f,t& 8.5, b.J' =0, 1; b, m =+.
Rule 8. If log ft& 11.0, AJ =0, 1; hv =s or b,J =2,

&m =-.
Rule 4. If logft&12. 8, 68=0, 1, 2; b, v=a.
These rules are shown schematically in Fig. 8.

Since these rules are designed to permit definite
spin and parity assignments (those usually given
without parentheses), any exception would severe-
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FIG. 8. Permissible ranges of log ft values based on empirical evidence.

ly limit the usefulness of the corresponding rule.
The results of our study indicate that many report-
ed low log ft values have not withstood subsequent
closer scrutiny. Therefore, we feel that a decay
scheme purported to contain a violation should be
carefully examined to check all aspects (correc-
tion for internal conversion, J' assignments, Q
value, missing y rays, etc.) which may affect the
log ft value or the forbiddenness category.

VI. ACKNOWLEDGMENTS

The past and present members of the Nuclear
Data Project at the Oak Ridge National Laboratory

have contributed in great measure to the present
work. A systematic collection of log ft data, in-
cluding all allowed and first-forbidden cases, is
in progress and was begun by Dr. A. Artna-Cohen.
The formulas for computing log ft values were de-
veloped by Dr. M. J. Martin. Dr. E. K. Warburton
offered several helpful comments and criticisms.
Finally, the present work was greatly influenced
by Dr. K. %ay, who started and for many years
guided the Nuclear Data Project and whose inter-
est in compilation and systematics has been a
major factor in the development of nuclear struc-
ture physics.

*Research sponsored by the U. S. Atomic Energy Com-
mission under contract with the Union Carbide Corpora-
tion.

E. J. Konopinski and G. E. Uhlenbeck, Phys. Rev. 60,
308 (1941); E. J. Konopinski, Rev. Mod. Phys. 15, 209
(1943).

2Nuclea~ Data Sheets, compiled by members of the
Nuclear Data Project, Oak Ridge National Laboratory
(Academic, New York, 1966-1973).

3See Introduction to any recent issue of Nuclear Data
Sheets.

4C. E. Gleit, C. W. Tang, and C. D. Coryell, Nuclea~
Data Sheets, compiled by K. Way et al. (Printing and Pub-

lishing Office, National Academy of Sciences -National
Research Council, Washington, D. C.), NRC-NAS 5-5-
109 (1963).5¹B. Gove, in Nuclea~ Spin-Pmity Assignments,
edited by ¹ B. Gove and R. L. Robinson (Academic,
New York, 1966), p. 83.

L. N. Zyryanova and V. M. Mikhailov, Izv. Akad.
Nauk SSSR Ser. Fiz. 25, 56 (1961) [transl. : Bull. Acad.
Sci. USSR, Phys. Ser. 25, 57 (1961)l.

7An allowed P decay implies a spin change of 0 or 1
and no parity change. Similar definitions for the various
forbiddenness categories are given in the table headings.

8N. 3. Gove and M. J. Martin, Nucl. Data A10, 805



RULES FOR SPIN AND PARITY ASSIGNMENTS BASED. . . 200g

(1971).
SE. J. Konopinski, The Theory of Beta Radioactivity

(Clarendon Press, Oxford, 1966).
~OH. F. Schopper, Weak Interactions and Nuclear Beta

Decay (North-Holland, Amsterdam, 1966).
~~C. S. Wu and S. A. Moszkowski, Beta Decay gnter-

seience, New York, 1966).
L. R. B. Elton, Nuclear Sizes (Qxford U. P. , Oxford,

1961).
~3M. E. Rose, Phys. Rev. 49, 727 (1936).
~4W. R. Garrett and C. P. Bhalla, Z. Physik 198, 453

(1967).
~SH. Behrens and J. Janecke, in Landolt-Bornstein,

¹merical Data and tlunctiona/ Relationships in Science
and Technology, edited by H. Sehopper {Springer, Berlin),
New Series, Group 1; Nucl. Phys. Technology 4 (1969).

~8M. E. Rose and D. K. Holmes, Phys. Rev. 88, 190
(1951).

~~C. W. Nestor, T. C. Tucker, T, A. Carlson, L. D.
Roberts, F. B. Malik, and C. Froese, Oak Ridge Na-
tional Laboratory Report No. ORNL-4027, 1966 (unpub-
lished); T. C. Tucker, L. D. Roberts, C. W. Nestor, Jr. ,
T. A. Carlson, and F. B. Malik, Phys. Rev. 169, 27
(1968); 174, 118 (1968); 178, 998 (1969).

~ J. ¹ Bahcall, Phys. Rev. 129, 2683 (1963); 132, 362
(1963).
~~E. K. Warburton, W. R. Harris, and D. E. Alburger,

Phys. Rev. 175, 1275 (1968).
J. P. Davidson, Phys. Rev. 82, 48 (1951).
S. Cipolla, Z. W. Grabowski, H. M. Naser, and R. M.

Steffen, Phys. Rev. 146, 877 (1966).
22C. J. Gallagher, Jr. , and V. G. Soloviev, Kgl. Danske

Videnskab. Selskab, Mat. -Fys. Skrifter 2, No. 2 (1962).
H. Behrens and W. Buhring, Nucl. Phys. A106, 433

(1968).
24W. P. Alford and J. B. French, Phys. Rev. Letters 6,

119 {1961).
S. D. Bloom, Nuovo Cimento 32, 1023 (1964).

28We intend to remeasure this logft value but for the
present accept it as the lowest value for this category.

The P spectrum shape but not the logft values were
employed to classify many first-forbidden unique transi-
tions. See for example, H. Daniel, Rev. Mod. Phys. 40,
659 (1968).

A detailed reference list is not included here because
of its length. However, for A &50, detailed references
for 22 cases have been given by I. S. Towner, E. K. War-
burton, and G. T. Garvey, Ann. Phys. (N.Y.) 66, 674
(1971). Our log f&t values agree (to within 0.1) with the
Towner, Warburton, and Garvey values. An earlier
compQation of 21 cases with the older definition of log f~t
was published by J. R. Pierson and K. Rengan, Phys.
Rev. 159, 939 (1967).

29W. H. Zoller and W. B. Walters, J. Inorg. Nuel. Chem.
32, 2465 (1970).
~When P decay proceeds to a high-lying excited state
such that the decay energy is small, say &100 keV, the
exact decay energy becomes very important since f var-
ies rapidly with energy at low energies. An incorrect Q
value was partly responsible for an incorrect Z~ assign-
ment for the 872-keV level in 89Ga. See discussion by
S. Raman and R. G. Couch, Phys. Rev. C 1, 744 (1970).

3'A reported low log ft value for a second-forbidden
unique P transition in ~ Co decay arose partly due to an
incorrect identification of an 822.5-keV peak as a genu-
ine y ray. Actually, this peak is the single-escape peak
of the 1332.5-keV y ray. See discussion by S. Raman,
Z. Physik 228, 387 (1969).
+Second-forbidden unique correction factors for 10» Z

»98 andes=0. 1, 0.5, 1.0, 2.0, and 4.0 NeV have been
recently published by B. S. Dzhelepov, L. ¹ Zyryanova,
and Yu. P. Suslov, Beta-Processes (Nauka Press, Lenin-
grad, 1972), p. 150.

33P. W. Davis, J. Kern, and R. K. Sheline, Phys. Rev.
135, B1310 (1964).

~4J. B. Ball, M. W. Johns, and K. Way, Nucl. Data AS,
407 (1970).

~5S. C. Paneholi and K. Way, Nucl. Data B2(No. 6), 1
(1968).

3 J. E. Cline and R. L. Heath, Phys. Rev. 131, 296
(1963).
37R. Gunnink, private communication (to be published).
3 S. Raman, Phys, Rev. C 2, 2176 (1970).
3~P. H. Stelson, Nucl. Phys. A111, 331 (1968).

S. Raman, Nucl. Phys. A117, 407 (1968).
4~J. Barrette, S. Monaro, S. Santhanam, and S, Mar-

kiza, Can. J. Phys. 46, 2189 (1968).
42In essence, the sum peak represents a 0' angular cor-

relation. We found, in fact, that the sum peaks together
with accurate absolute detector efficiencies can be em-
ployed to yield (A 2 +A 4) values for various cascades.

4~M. Behar, Z. W. Grabowski, and S. Raman, to be
published.

+O. Hansen and O. Nathan, Nucl. Phys. 42, 197 (1963).
45Y. Y. Berzin, A. E. Kruminya, and P. T. Prokofev,

Izv. Akad. Nauk SSSR Ser. Fiz. 34, 449 (1970) I.transl. :
Bull. Acad. Sci. USSR, Phys. Ser, 34, 389 (1971)].

48L. V. Groshev and V. I. Pelekhov, in Proceedings of
the XXI Annual Conference nn Nuclea~ SpectroscoPy and
Structure, Moscow, 1971, p. 88.

47S. Raman and E. T. Jurney, to be published.
"Rigid classification of the empirical ft values seems

hopeless" —E. Fermi, Nuclear Physics —Notes compiled
by Jay Orear, A. H. Rosenfeld, and R. A. Schluter (Univ.
Chicago Press, Chicago, 1949), revised 1950, p. 82.


