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In order to obtain more evidence on the systematic behavior of nuclear energy levels in the deformed
region, a number of neutron-deficient odd-mass activities were studied with internal conversion electron
spectrographs. Some scintillation counter measurements were made. Level schemes are postulated for decays
leading to the following odd-neutron nuclei: Pm'" ~ Sm'", Tb'" ~ Gd'", Tb'" —+ Gd'" Tb'" ~ Gd'"

u" ~ Gd" Tm'" ~ Er'" Tm'" ~ Fr'" Ho" ~ Pr'" Re'" ~ gr'"' Ir' ' ~ Ps"' Ir"7 ~Ps"
and Ir' ' ~ Os' '. As a corollary, data are presented for the odd-proton nuclei populated in the decays of
Pt'" —+ Ir'" and Pt'" ~ Ir"'.The proposed states are described using the Mottelson and Nilsson predictions.
Some conclusions may be drawn concerning such properties of these orbitals as moments of inertia, 3f1/L'2

mixing ratios, and positions of the intrinsic excitations. Ratios of gamma-ray transition probabilities from
the various states are given. Previously published studies of odd-A nuclei in the region of odd-X numbers
99—107 are incorporated in the energy-level systematics.

I. INTRODUCTION

' 'T has become clear that the majority of the large
~ - number of levels observed in the radioactive decay
of the odd-mass nuclei in the deformed rare-earth region
may be described by the uniied model, ' incorporating
the intrinsic levels as calculated by Nilsson (see Fig. 1)'
with rotational excitatnio of these levels. In general, the
low-lying nuclear level structure of the odd-A rare
earths is fairly well known, although many details are
still to be investigated. The emphasis, theoretically, is
to try to explain the observed phenomena with more
detailed models, as have Nilsson and Prior, ' who have
calculated the moments of inertia and collective gyro-
magnetic ratios for even-even nuclei, taking into account
pairing correlation. For odd-mass nuclei, the properties
of a rotational band will depend on the details of the
odd-particle orbital as well.

Mottelson and Nilsson4 have performed analyses of
the intrinsic states of odd-A rare-earth nuclei having an
ellipsoidal equilibrium shape. They have used a set of
asymptotic quantum numbers [cVn,A) and K to charac-
terize the diferent single-particle states in the limit
where the nuclear potential becomes an anisotropic
harmonic oscillator. In this limit, the quantum numbers
are Ã, the total number of nodes in the wave function;
n„the number of nodal planes perpendicular to the
symmetry axis; A, the projection of orbital angular

* Operated for the U. S. Atomic Energy Commission by Union
Carbide Corporation.

$ Gait Ridge National Laboratory Consultant.
'A. Bohr and B. R. Mottelson, Kgl. Danske Videnskab.

Selskab, Mat. -fys, Medd. 27, No. 16 (1953}.
'S. G. Nilsson, Kgl. Danske Videnskab. Selskab, Mat, -fys.

Medd. 29, No. 16 (1955).' S. G. Nilsson and O. Prior, Kgl. Danske Videnskab. Selskab,
Mat. -fys. Medd. 32, No. 16 (1960}.

48. R. Mottelson and S. G. Nilsson, Kgl. Danske Videnskab.
Selskab, Mat. -fys. Medd. 1, No. 8 (1959).

momentum on the symmetry axis; and E, the projection
of total angular momentum on the symmetry axis.

Mottelson and Nilsson4 have classified a large number
of experimentally observed levels which agree with their
predictions. We have previously presented experimental
evidence' for the level ordering of odd-A nuclei having
odd-neutron numbers in the range of 99 to 107. The
systematic behavior of the low-energy excitation spectra
was quite striking and may be correlated with theoreti-
cal predictions. The situation, experimentally at least,
is most clear in the middle of the deformed rare-earth
region.

With this in mind, a number of odd-neutron nuclei
have been investigated in the rare-earth region extend-
ing from Sm'" (iV =89) to Os'" (X= 113), with an aim
to classify more completely the low-lying excitation
spectra. Two of the odd-proton nuclei of Ir (A=189
and 191)were studied primarily to examine the behavior
of excited states at the upper end of the deformed region.
In general, we are trying to determine the positions and
movements of the base or primary levels of possible
rotational bands; for example, the ss —(521] base state
reappears in nuclei between Sm'"' and Yb'", ranging
in neutron numbers from 89 to 97. Checks have been
made on the validity of the proposed state assignments,
employing the quantitative description of any rotational
excitation of these levels and the details of the electro-
magnetic de-excitation or feeding of these levels.

Essentially, this has been a high-resolution conversion
electron study of electron-capture activities. The experi-
mental procedure has been described previously. ' Sepa-
rated isotopes were irradiated in the ORNL 86-in.
cyclotron with proton beams of 70 pA and varying in

energy from 12 to 22 MeV. With rare-earth targets, a

'B. Harmatz, T. H. Handley, and J. AV. Mihelich, Phys. Rev.
119, 1345 (1960).' B.Harmatz, T. H. Handley, and J. W. Mihelich, Phys. Rev.
114, 1082 (1959).
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two-stage ion exchange separation was used to isolate
the desired activity. This procedure was applicable to
conversion electron spectroscopy with weak Eu"" and
Ho"' activities produced by (p,ot) reactions.

The iridium targets were fused with KOH and KNO3
(50—50) and dissolved in HC1. ' The Ir and Pt activity

' G. W. Leddicotte, in The Radiochemistry of Ptatilitm (Na-
tional Academy of Sciences—National Research Council Pub-
lication No. 3044, Washington, D. C., 1962}.

were reduced with stannous chloride followed by ex-
traction of the Pt with ethyl acetate. The ethyl acetate
was removed by evaporation and the Pt taken up in
dilute HC1 for plating on a wire source.

The osmium targets were dissolved in dilute nitric
acid and the Os removed from the Ir activity by several
distillations. The residue from distillation was placed
in a quartz tube and evaporated in HCl just to dryness.
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TABLE I. Conversion electron data for decay of
Tb»1(17 h) ~ Gd»1.

Transition
energy
(keV)

108.1
180.1b
183.2b
192.0
251.8
287.2
318.5
380.1b
384.6b
395.2
416.0b
426,4"
443.8
479.2
499.8b
511.7
587.5
604 8b
703.9b
731.7
794.3b
798.8
805.5b
906.0
938.8b
979.5b

1009.5b

1 000
160
~1.5
44

155
110

1.0
1.7
2.3
9
2.8
6.0

8
0.35
0.35
4.2
0.4
1.4
1.3

~0.06
~0.06

0.28
0.17

~0.04
0.054

~0.04

Lr Lrr Lrrr ~ remarks

170 180 165 100 3f1/E2 = 1.6
24 5.5 3f1

7
21
15

1.4
0.4
1.1
1.6
1,2

0.4
0.4

0.65

0.2
0.2

Energy
(keV)

1025,5b
i053 Ob

1090 Ob

1096.6b

0.035

0.043
~0.04

Energy
(keV)

1170.8'
1249 5b
1308.4b
1311.7"

0.075

0.055
0.075

' Multipole assignments are based on X/L and L-subshell ratios. In-
tensity data are internally consistent. "m" indicates weak line.

b Not placed in decay scheme.

The quartz tube was heated to a bright redness and the
iridium activity caught on a coM finger. The Ir was
taken up in HC1 with a small amount of NaCl added.
Following evaporation of the HCl, the product was
dissolved in water for electroplating onto 10-mil Pt
wires.

The energies and intensities of a large number of
converted transitions were obtained on Eastman "AA"
x-ray film. Transition energies were determined precisely
by a direct comparison of internal conversion lines with
Auger lines and with other well-established energy
measurements. The spectra are generally not mono-
isotopic. The isotopic assignment is based on relative
activation yield with enriched isotopes and on the decay
rate of the lines observed in a series of exposures.

The electron lines which cover a wide range of in-

tensities were read on a series of spectrograms which

must be normalized to each other. Only peak heights
(corrected for radius of orbit and film response) of the
photometrically determined intensities were measured.
The errors which should be assigned to our measure-
ments have been discussed previously. '" ' For the lowest
electron energies ( 10 keV), the uncertainties are

TABLE II. Intensity and multipolarity assigned to transitions
depopulating levels shown in decay scheme of Tb'"(17h) —+

C,e» (Fig. 2).

Proposed ex- Qe-exciting
cited states transitions Multipole'
(keV) ~ (keV) assignment

108.1 (—) 108.1 M1/L'2 = 1.6

Photon intensities
Calcu- Experi-
latedb mental'

1270 1600

395.2 (—)

587.3 (—)

839.0 (—)

287.2
395.2

192.0
479.2
587.5

251.8
443.8
731.7

Mi
F1

1130
228

163
320
277

1125
380
154

980
180

~200

~120

1125

a Multipolarities are assigned either from conversion electron ratios or
from conversion coefficients where photon intensity measurements are
available. Assignments in parentheses are uncertain.

b Estimates of photon intensity are based on conversion electron data
and theoretical conversion coefficients.

e Relative gamma-ray intensity data are normalized to the 251,8-keV
(M1) transition.

greatest, depending mainly on the quality of the source
in the spectrograph.

In the tables of conversion electron data, multipole
orders are based on a comparison of experimental K/L
ratios and L- and M-subshell ratios with theoretical
values of Rose. ' In some cases, dipole radiation is
classified as magnetic rather than electric due to the
absence of an Lzzz conversion electron line. Values of
Mi/E2 mixtures (of photon intensities) are usually
based on L-subshell ratios. In these conversion electron
spectra, it is expected that Bj transitions are more
likely to be unobserved as a result of their small con-
version coeKcients.

In the tables of suggested decay schemes, a number
of multipolarities are proposed (if photon data are
available) based on internal conversion coefficients. The
multipole character of other transitions is often pre-
dictable, either from assignment to a rotational band or
from angular momentum selection rules. The total
transition intensities are subsequently deduced by
applying the relevant theoretical internal conversion
coefficient. For transitions close to K-electron binding
energies, a more accurate estimate of transition intensity
may be obtained from use of L-subshell values. One

may roughly estimate the fraction of electron-capture
decay directly to the ground state, using the estimate
of E x-ray intensity calculated from the KLL Auger
line intensity. '

The experimental decay schemes proposed are sub-

ject, of course, to the uncertainties which must always
be considered. The energies, spins, and parities of the
levels, properly determined, will be independent of the
model attempting to explain them. The classifications
of low-energy excited states are, in the main, based on
considerable interlocking data. The uncertainties be-

e M. E. Rose, Internal Conoersion CoePcienis (North-Holland
Publishing Company, Amsterdam, 1958).
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TABLE III. Intensity and multipolarity assigned to transitions
depopulating levels shown in decay scheme of Eu"'(106 day) ~
Sm'4' (Fig. 2).

Proposed ex-
cited states

( eV)

225 (—)

2772 (—)

De-exciting
transitions

( eV)

22.5

254.7
277.2

Photon
Multipole" Calcu-
assignment latedb

Mt/E2 =90 150

210
1190

intensities
Experi-
mental'

1145

350 2 (—)

528.6 (—)

72.95
327.7
350.2

178.4
506,1
528.7

M1+E~2
3II1
&V1

1296
74

7
122
98

1.135
&90

&30

a Multipolarities are consistent with conversion electron ratios and avail-
able conversion coefficients. Assignments in parentheses are uncertain.

b Estimates of photon intensity are based on conversion electron data
and theoretical conversion coefficients.

o Relative gamma-ray intensity data are normalized to agree with the
B2 conversion coefficient of the 439-kev gamma ray belonging to Eu'50.
Radiations which belong to long-lived Eu'g0 (e,g. , 334 and 439 kev) are
also present in the spectra.

"J.W. Mihelich, 8, Harmatz, and T. H. Handley, Phys. Rev.
108, 989 (1957).

'2 B.Harmatz, T. H. Handley, and J. W. Mihelich, Phys. Rev.
123, 1758 (1961).

» The notation used is Xw $1VN~g In the followi. ng discussion,
this denotes the "primary" level of intrinsic nature, as contrasted
to the collective state above it which is due to rotational excitation
of the "primary" state.

examined "Gd"' has 87 neutrons, the same as Sm'"
which has been discussed in a previous publication. "
The spin of Gd'" is perhaps —,

' —,in analogy with Sm'".
The Tb'" parent is tentatively assigned as a -', —L532)'s
state, corresponding to a deformation of 8&0.18.

Tables I and II list our Tb'" —+ Gd'" conversion
electron data as well as some p-ray scintillation counter
measurements. In Table II, the multipolarities of a few
transitions were deduced from the internal conversion
coefficients. The partial decay scheme constructed from
these data, as well as the apparently similar level
structure of Sm'", is shown in Fig. 2. Note that different
linear energy scales are employed in the chart. There is
a striking similarity in the sequence of energies of
excited states for the two isotones. The postulated states
appear to be arranged in doublets with relatively small
energy spacings. Likewise, the parities of the first five
levels are the same, presumably negative. The levels in
Sm'" populated by electron-capture decay of Ku'" are
probably of relatively low spin (I(-',). For the sake of
completeness, we list in Table III the recently published
Ku"'~ Sm'" transition data" relevant to the decay
scheme.

Many transitions of weaker intensity are present in
the Tb"' spectrum, so that the complete decay scheme
is considerably more complex than shown. Additional
levels at 811.6, 1444, and 1566 keV are possible, based
on energy sums. The unassigned 180.1-keV (M1) y ray

may originate at a 575-keV level and terminate at the
395.2-keV level according to the studies of Strigachev
et al. '4

Neither the Nilsson model nor the shell model" have
been used to attempt to explain the level structures of
Sm 4 and Gd' ~, in the absence of spin assignments.

8 Pm'"(28 h) —+ Sm"'

Little is known about particle and rotational states in
odd-A, odd-S nuclei at the lower edge of the strongly
deformed region. A marked change in nuclear structure
occurs between the isotopes Eu"' and Eu"' (88 and
90 neutrons, respectively). Eu'" shows" a well-
developed rotational structure; there is no apparent
rotational pattern jn Eu'5 .'

One may question the propriety of assigning asymp-
totic quantum numbers to S=89 nuclei; e.g. , Sm'" and
Gd'". The density of low-energy, low-spin states is high
and the rotational bands built on particle states are
unusual. As a result, some of the level assignments are
not unique, and certainly further experiments are
needed to confirm and complete the decay schemes.

The evidence available on the properties of rotational
spectra for nuclei of X=89 are compared with the values
for X=91, 93, 95, in Table IV. In Table V, theo-
retical values for the ratios of reduced transition proba-
bilities are compared with results found experimentally
in the above odd-neutron nuclei. All transitions are
EC allowed.

The energy levels of Sm"' were studied from the
P decay of Pm"". The activity was produced by irradi-
ating Nd'" with slow neutrons and extracting the
Pnl'"' daughter by ion-exchange chemistry.

Internal conversion data for 60 transitions in Sm'"
have been compiled in Table VI. There were difficulties
in the measurement of intensities of high-energy lines
due to the P background. . Figure 3 shows the energy
levels of Sm'" populated by decay of Pm'". The ground-
state spin of Pm'" (X=90) has been measured by
Cabezas et al."to be ss; the s

s—[532)orbital is predicted'
for a deformation (8)&0.2. The ss+L651) configuration
is assigned to the ground state of Sm'", in analogy with
isotone Gd'" and odd-A, Z=89 isotopes.

The postulated levels in Fig. 3 are consistent with
transition energies, intensities, and multipolarities of

'4 A. T. Strigachev, L. S.Novikov, A. A. Sorokin, V. A. Khalkin,
N. V. Tsvetkova, and V. S. Shpinel. Izvest. Akad. Nauk. S.S.S.R.,
Ser, Fiziol. 25, 813 (1961).

i&M. G. Mayer and J. H. D. Jensen, 2'/mentary T'heory of
nuclear Shel/ Structure (John Wiley Bz Sons, New York, 1955)."T. Suter, P. Reyes-Suter, S. Gustafsson, and I. Marklund,
Nuclear Phys. 29, 33 (1962).

'~ nuclear Data Sheets, National Research Council, compiled by
K. Way, F. Everling, G. H, Fuller, N. B. Gove, J. B. Marion,
R. Nakasima, and C. L. McGinnis (U. S. Government Printing
OfFice, Washington, D. C., 1958 to 1961).

"A. Cabezas, I. Lindgren, R. Marrus, and W. Nierenberg,
University of California Radiation Laboratory Report UCRL—
9225, 1960 (unpublished).
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TAsLE IV. Empirical constants for rotational bands and M1/E2 ratios (Sg(N(107).'

Nucleus

Qd153

6.„Sm'6'
Gdlss

Assigned orbital
K [Nn&7

3s —[532]

g+ [660]
-', +[660]

&(fo)

g eV)

212.0

4.85
247.0

3A'/s
( eV)

45.0

(k.eV)
~0+1 ~ ~o

(keV) M1/E2b

37.4

pure .Af 1

89
91

89
91
93
95
95
97

89
93
95

95
95
97
97
99
99

99
99

101
103
105

95
97
99
99

101
101
103
107

4Gd153
Gdlss

64Gd'"
64Gd'55

Gdl»
66Dy161

Frl63
68Er"6

4Gd163
64Gdl»

Dy161

Dyl61
Er163
Dy163

68Er165

7 Qb169
Fr167

Fr167

70/b 169

Qb171
gb173

72Hf'77

Er163
Er165
Er167
+b169

7 Qbl71
Hf173

7,Hf»&
74@7181

-', —[521]
—', —[521]
1—[521]
-', —[521]
—',—P21]
—,
'- —[521]

-,'+[642]
—,'+[642]
-', +[642]
—', —[523]
—', —[523]
—,
"—[523]
-', —[523]
-', —[523]
-', —[523]

l+[

s+[

633]
633]
633]
633]
633]

-,'—[521
sts —[521
s-[5217
-', —[521]
—,
' —[521]
ss —[521]
-', —[521]
k-[5217

—',+[6517
-,'+[651]

0
86.5

303.5
0
0

74.5
104.3
242, 7

129.0
64.0
0

25.6
0
0
0

570.5
585.4

0
0

95.2
351.2
747.2

345.7
297.2
207.8
24.3
0
0

125.9
746.1

52.2
37.7

78.1
72.7
65.0
68.6
71.9
63.8

46.5
44.4
37.5

66.9
72.0
63
66.2
66.8
71.5

52.9
47.2
48.2
53.0
67.9

79.7
76.0
67.2
70.4
72.4
77.1
81.0
90.2

—0.077

+0.024
+0.01

+0.01

—0.01

+0.00'1
—0.008—0.004
—0.009—0.010

+0.47
+0.56
+0.70
+0.79
+0.85
+0.82
+0.75
+0.59

41.6
31.4

60.0
54.5
57.1
60.2
53.2

54.3
51.8
43.8

77.4
83.9

77.2

83.4

79.3
70.9
72.3

59.1
57.1
62.8
66.7
69.8
70.5

15
pure L&'2

26
29
32
18
22

34
24

0.9
0.12

pure 2&2

14
14

1.4
7
1.9
2.1
1.3
1.1

99
101
101
103
103
105
107

70Yb169
+b171
Hf173
Qb173
Hf'75
Hf177
QT181

5
2
5
2
5
2
5
2
5
2
5
2
5
2

[512]
[512]
P12]
P12]
[512]
[512]
[512]

191,4
122.4
107.2

0
0

508.9
365.5

75.4
73.5
77.6
67.6
70.0
82.6
94.6

—0.010—0.005—0.007—0.003—0.004

87.4
85.5
90.2
78.7
81.5
96.4

110.3

20
17

101
103
105

gb171
72Hf175
72Hf»7

2
—p14]

—,
' —pi4]
p —[514]

835.6
348.8

0

76.0
86.0
76.4

—0.034—0.004
126.6
113.0 &0.1

a The energy constants within a rotational band are given by

EI =Eo+(52/28}'/fI(I+1) +a( —1)1+&(I+&)j+B[I(I+1)+a( —1)&+&(I+))j2

where EI is the energy of state of spin I, f is the moment of inertia, E0 is a constant, and "a" is the decoupling parameter which is nonzero only for
Z =$, I0 =~ cases.

b Ratios (of photon intensities) obtained from L-subshell ratios.

Table VlI; however, a prominent low-energy transition
of 4.8 keV was not observed, due to a cutoff in Aim

sensitivity below 9 keV. The 4.8-keV energy-level
spacing agrees with the precisely measured energy
difference between seven pairs of intense transitions.
The 4.8-keV (M1) radiation may connect single-particle
states ss+ [660( -+ as+[651) and is allowed unhindered
(am) in the asymptotic quantum numbers.

There is a possible rotational level at 65.8 keV (-', +)

based on either the s+[651j or s+[660j primary
states. This level is depopulated by a 65.8-keV y ray
(Ml/E2=30) and by a 2% y ray (E2) branch to the
4.8-keV (rs+) state. A 69.7-keV (-,'+) rotational state
could be associated with the sr+[660) band based at
4.8 keV. The rotational energy spacing —,

' ~ 2 appears
larger than might be expected for this orbital. The
perturbation may perhaps be due to a Coriolis inter-
action which couples states which have the same spin
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TsaLz V. Ratios of reduced transition probabilities in de-excitation oi levels in Sm, Gd, Dy, and Er (151&A&165).

Nucleus

Qd165

Fr165

Sm'"
Sm'"
Qd155

Er166

Qd165
Er163
Erl66

Qd165
Erl63
Er165

Sm'"
Qd153
Qd163
Qd155
Frl65

Qd163
Qd155

Dy161
Er163
Fr165

Qd153
Qd155
Qdl65
Qd153
Fr165

Qd153
gb169

Dy161
Qbl69

Qd153

Dy161

Initial state
I(Ks PcVn, A)) (keV)

*(s+[400]) 588 0
-,'(-,'+ [651)) 507.1

2 4+ [4o2])
s'(-: —P32]t)
—,
' (-', +[402))

104.85
344.7
367.7

521 )
532 t)
4027)
651]t)
402))

—'.(f—L532]t)
( +L651]t)

—:(l—P21])
—'.(l —P217)
—:(l—P21])

—:(-.'+L642])
l (-:+L642])
s (s —P23])

s (2 —L512])

l (l —P23])

s (l —P23))
—,
' (-',—[523))

167.8
212.1
109.8
86.5

1427.0

249.6
118.0

132.1
164.5
295.9

129.2
105.3
286.8
945.9
608.0

945.9
570.5

103.2
648.4

-,'(-,'+[651]t) 93.4

—', (-,'—[523)) 201.3

23 (xx+[651)) 589 4

1(s+[66o7t)
—,
'

(xs —[521]) 404.2
-', (xI —[521]) 356.3

—', (xs+ [660]t) 268.6
—', (-',—[521]) 439.7
-,'(-,'—[521)) 384.1

Assumed
multipolarity

Mi
E1
JIi
Ei

Ei
Ei
Mi
E1
E1

Ei
E1

3f1
Ei
Mi

Mi or E1
Mi

Mi or E1
3II1

E2

E2

l, —:4+[651)
651]
651]
521)
521]

$, s ()+[651)t)'
2, 2(s —P21])'

—:,s(s —P23])

—:,s (s —L523])

t)'
)
)
)
)

651)
521)
521)
651]
521]

l, s(i+[642]).-' s(s —P12])

s, s 4+L642])
:— 2 4—P12])

2 2(1+[651]t)

—:,s(s —P23])

Final states
I, I+1,I+2(Ks[It/n. &))

—,', 1 (-', +[660)t)'
s 2 (sf —L521])

s -', -'(/+[660)t)'

s, l, s(s+[660)t)'

s, 1, —:(s—[5217)

$, —',()+[651]t)'

s, s (ss —P21])

f l k(as+[651)t)'

Reduced transition'
probability, exper.

6.6/1
0.58/1
0.5/1(theor. ) b

15/1/
1 6lil" .
0.02/1/0. 4
1.2/1/0. 25 (theor. )"
4.2/w/1
0.6/0. 1/1 (theor. ) "
1.6/1
0.54/1
0.35/1
0.67/1(theor. )b

3 4/1/
0.12/1/1. 3
0.17/1/
0.15/1/1 (theor. )"
1.9/1
2.3/1
9/1
3.7/1
1.5/1
1.5/1 (theor. ) b

2.4/1
0.015/1
1/1(theor. ) b

0.1/1
0.26/1 .

0.46/1
0.4/1 (theor. )b

0.2/1
1.1/1
0.9/1
1.5/1
0.6/1
2.3/1 (theor. )b

1.7/1
2.1/1
2.5/1(theor. )b

0.46/1
0.44/1
0.5/1(theor. ) b

032/l.
0.67/1 (theor. )b

1/2. 7
1/3.0 (theor. )b

a Experimental reduced gamma-ray i~tensity is obtained by dividing the X-electron intensity by the theoretical &-conversion coeKcient and by the
energy dependent term, E»+i.

The theoretical relation is given by the square of the ratio of Clebsch-Gordan coeKcients compiled by A. H. Wapstra, G.J. Nijgh, and R. Van Lieshout,
Nuclear Spectroscopy Tables (North-Holland Publishing Company, Amsterdam 1959).

o Retardation effects and deviations from theoretical transition intensity rules are expected between states involving changes in nuclear deformation
(t designates relatively weak 8).

and parity and with ~X=1. This situation arises in
W'" where a E=~ ground state and a E=-,' excited
state are 208 keV apart. Kerman" has shown that the
discrepancies in the W'" band structure can be at-
tributed to the Coriolis term.

Supplementary data on y and P radiation in the
decay Pm'" —+ Sm'" have recently been published by
Chhry. 's Components of the P spectra proceed to levels
at 0 keV P, —), 165 keV (sr+), 340 keV (sr —), 440 keV,
and 815 keV. A 38% P component (of 1.3 MeV) decays

"A. Kerman, Kgl. Danske Videnskab. Selskab, Mat. -fys.
Medd. 30, No. 15 (1956).

'6 R. Ch&y, J. phys. radium 22, 665 (1961.).

to the ground state. His half-life measurements for
two additional levels at 65 keV (ss—) and 100 keV (s —)
are &5X10 "and &10 ' sec, respectively. In addition,
P-y and y-y coincidences were investigated, as well as
angular correlations. Spin assignments above, in pa-
rentheses, for the low-lying levels are attributed to
Chery. The ground state of Sm'" is described as hg/s or

f7/s in the framework of Mayer and Jensen's shell
model. "

It is suggested that the 104.8-keV (ss+) level is a
single-particle state corresponding to the as+ (402)
Nilsson orbital. This level is forced to de-excite via
forbidden dipoles (Am, = 5 or 6) which may account. for.
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TAaI.z VI. Conversion e1ectron data for decay of
Pm'" (28 h) -+ Sm"'.

I'ransition
energy
{keV) E I-II L III M E Remarks'b

25.6
35.15
58.6e
61.0
64.85
65.8
69.7
76.2
77.2
89.0'

100.05
101.9
104.85
105.8'
109.6'
112.05e
139.4
143.2
149.6'
156.25e
163.0
163.6
167.8
168.4
177.2
186.4'
188.1'

&1000
&700
&300
&100

20
8

1000
80

1250d

~10
~12

&250d
27

~8
20
14

200
175
130
390

400
~280"

85

&250'
13

210

~20
8

C

30
23
19
58

~60o
70 80
25 25

~13 13
'N

70 60
~8 d
105 ii5

c ~6
17 7

~60 15
35 10

100 30
80 20
25
70 12

50 15

50 12

E1
3A/E2 = 2

E2
E2
3II1

3!I1/E2=30
3f1
E2

3/Ii
E1
M1

E1

Energy
(keV)

208.9
219.5'
232.35'
236 8o

239.9
251.1e

75e
275.05
280.0'

290.8
323.7e
339.65
344.4

120

70
15
45

55~j id
3.3
9

100
11

20

III I.III M Remarks' "

Energy
( eV)

358.8
394.5
422.9'
433.6'
440.1
445.0

Energy
(keV)

447 3e
459.0
464.3
467.8'
498.1'
542.0

3.5

Energy
( eV)

547.0
555.5'
715.3'
833.4
838.2
850.7'

a Multipole assignments are based in K/L and L-subshell ratios.
b Intensity data are normalized to 1250 units for the most prominent

line. "m" indicates weak line.' Conversion line is partially resolved.
d Conversion line is a composite of two diferent lines' Not placed in decay scheme.

the measurable lifetime. A questionable level of odd
parity is indicated at 91.5 keU.

Levels shown at 167.8 keV (2 —) and 168.4 keV (2 —)
decay possibly by E1 radiation to ground (2+) and
4.8-keV (~i+) states. The relatively intense photon peak
for the 170-keV transition indicates it is of E1+(M'2)?
multipolarity. From the experimental 1. ratio for the

163.6-keV radiation (I.i/Liii= 6)-, the multipole char-
acter may be Ej.

Uery intense transitions may depopulate a proposed
344.7-keV (2 —L532j) state. The 177.2-keV de-excita-
tion to the 167.8-keV (3~—) state is designated as M1
from ratios of E/I. and I.-subshell intensities. Other
transitions proceeding from the 344.7-keV level (of
239.9, 275.0, 339.7, and 344.3 keV) are classified as El
based on estimates of conversion coefficients. A 27%%uq P
branch was observed to feed the 344.7-keV state. "The
rather small ft value tends to identify this level with the
~
—L532j orbital, which is fed by allowed unhindered

beta transitions.
Three even-parity states are possible at 209.0 keV

(I= s), 237.0 keV (I=2), and 463.9 keV. A number of
states in the higher energy region (at 838.2, 547.0, and
445.0 keV) may de-excite by a pair of gamma rays of
4.8-keV energy difference as well as by other transitions.

C. Tb'"(62 h) —+ Gd'"

The 62-h activity of Tb'" was produced by the re-
action Gd'"(p, 2e)Tb"'. Impurities of Tb'" and Tb'"
were present and had to be subtracted in the analysis
of the spectra. Table VIII lists our internal conversion
data; the number of transitions is in excess of 80. A
decay scheme of Tb'" to Gd'53 is shown in Fig. 4.
Table IX correlates the transition intensity and multi-
polarity data with the decay scheme. Log(ft) values
have been calculated, assuming the intensity of the
branching component to the ground state (first-for-
bidden hindered) is not appreciable.

Tb"' (Z=65) with 88 neutrons probably has a de-
formation (8)&0.18. Assuming this eccentricity, one
may identify the ground state of Tb'" with the orbital
—,'—L532j. The ground state of Gd'" (%=89) is prob-
ably in a 2+L651j state of smaller nuclear deformation,
as has been suggested by Mottelson and Nilsson. 4 The
configuration —,'+L651j has a —,'+ rotational member at
41.6 keV and a 2+ member at 93.4 keV. The small
inertial parameter, 3k'/8= 52.2 keV, may be character-
istic of this orbital. 3E1/E2 mixing ratios for the rota-
tional transitions are (~ —+ 2)15 and (-.,' -+ 2)50. Table V
displays branching ratios within the K= ~3+ rotational
band. The experimental ratio of the B(E2) for the cross-
over transition to the B(E2) for the cascade transition
is 0.32 as compared to the theoretical value of 0.67.

A 109.8-keV state of even parity is depopulated by
intense 311 radiation to the ground (-', +) state with an
8% branching to the 41.6-keV (—',+) level. This may be
the intrinsic ~3+$402) orbital; no rotational excitation
of the particle state is observed.

It is probable that the spin and parity of the 129.2-
keV level are 2+ and the —', +L642j assignment is most
likely. A rotational excitation of orbital —,+f642j is indi-
cated a,t 183.5 keV (2+). As shown in Table IV, the
inertial terms and 351/E2 ratios obtained for —,'+$642)
bands are of similar magnitude, but are quite different
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463.9
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FIG. 3. Levels in Sm' ' exerted
by P decay of Pm'". States associ-
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4.85+ [660]i

0
l

I

CD LO
C3

o~
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15162Sm
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—,—+ [4021
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f 04.8$
~------ {-)
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'-—f523] bands which occur in thisfrom values for ~—

nd 249.6-keV levels might correspond to
—,
' —L532$ o fio to built on the —,—

The ratio of reduce rans' '

1 1 to the members of thebl the 212.1-keV leve o e
K=-' rotational band at 0 an . e—2

E=—'he redicted value of 1.5 for a E=-,consistent with the pre ic e
he 212.1-keV state. eThe relatively in-

' —L'h h llowl hi d d) os
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' '
n from the 303.5-keV level to theA 91.5-keV t a s o

state is 3f1 with some a m'

tofo oth 1o i t t.
of I&-,'. This level may be descri e as
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TABLE VII. Intensity and multipolarity assigned to transitions depopulating levels shown in
decay scheme of Pm'"(28 h) ~ Sm'" (Fig. 3).

Proposed ex-
cited states

(I,Km.) (keV)

De-exciting
transitions

(keV)
Multipole'
assignment

Calculated relative
intensities

&~+&oe

Photon data
of Chery

1V~'

(-:,—:+)
(-;+) 65.8

(k,k+)
(-,',—,'+) 69.7

(-', , -', +) 104.85

(1,—',—) 167.8

(A„-3—) 344.7

(-', ,—',+) 209.0

91.5

61,0
65.8

~ ~ ~

64.85
69.7

35.15
100.05
104.85

101.9
76.2

163.0
16'7.8

177.2
239.9
275.0
339.7
344.3

139.4
143.2
208.9

25.6

77.2
163.6
168.4

E2
M1/E2 =30

~ ~ ~

Mi
&Vi

Jtt/Ii /E2 = 2
3f1
3f1

Ei
E2

(Ei)
(Ei)

3I1
(Ei)
(I'1)
(L1)
(Ei)

E1

(iM 1)
E1

(E1)

50
2650

3600
820

205
1920
2550

470
580
245

3280

1820
2080
3545

10 760
1225

~285
85

765

480

30
3470
2435

3.
500

665
177.

3
690

1000

365.
80

226
3070

1345
2025
3480

10 640
1210

140
50

620

160

7
3225
2280

2500

4100

&7100"

(2850
3480

12 500

&71001

a Multipolarities are assigned either from conversion electron ratios of Table VI or from consistency with angular momentum selection rules; latter
assignments are in parentheses and are shown unmixed since we have no way of estimating mixing ratios.

b Fst1mates of photon intensity are obtained from internal conversion electron data and theoretical conversion coeKcients.
e Photon data of R. Chery (reference 20) are normalized to the 275,0-keV transition, assuming pure B1 multipolarity.
d Composite photon peak of 163.0-, 163,6-, 167.8-, 168.4-, and 177.2-keV transitions.' Composite photon peak of 232.3-, 236.8-, and 239.9-keV transitions.

particle state, with an allowed hindered electron-capture
branch Dog(ft)=7.4] proceeding to it. The 368.6-keV
level is perhaps a -', —rotational excitation of the 303.5-
keV state; the above level spacing (3A'/JR= 78 keV) is
exPected of s

s—
t 521] configurations.

A pair of levels at 448.2 and 548.7 keV are observed
to de-excite to all three levels of the ground-state
s+$651] band as well as to higher levels. On. the basis
of energy sums, there is perhaps a level at 320.0 keV
which is not shown in I'ig. 4.

The decay scheme shows an excited state at 945.9 keV
populating six even-parity levels of spins I=-,', ~, —,'.
Assuming the decay mode is pure dipole, the reduced
p-ray branching ratios to I=-,', -,'-, —,

' levels of the ground-
state band are experimentally 1.5/1/1 to be compared
with the theoretical ratios 2.3/1/0. 2 for I;=E,= ss. -
Similarly, the experimental branching ratio to the I=—',

and s7 levels of the as+$642] band yields 1.7 while the
theoretical relationship is 2.5 for I,=E,.=~5. In the
absence of photon data, the parity of the 945.9-keV
state could not be determined. The —', —L523] Nilsson
orbital is available, as well as vibrational excitations,
but the data do not permit any further specification.

D. Tb'"(5.6 day) —+ Gd'"

The levels in Gd'" up to 105-keV excitation have
been studied extensively" in the past, by employing
beta-active sources of Eu'". The situation for the low-

lying states in Gd"' has been reviewed by Mottelson
and Nilsson, ' and a decay scheme based on the available
data is in the Nuclear Data Sheets. Electron-capturing
Tb'"' is able to populate higher lying levels in Gd'"
than is Eu'" in its P decay. "The radiations of Tb""
decay have previously been analyzed" using the de-
scendant of 10-h Dy'" in order to obtain isotopically
pure sources. A more complete study was subsequently
carried out by W'ard, " including gamma ray and
coincidence measurements.

New and more precise information on the Tb'" con-
version electron spectrum are compiled in Table X.
This allows one to construct a more elaborate decay
scheme (see Fig. 5) which is consistent with the new
data and information already available. A detailed
analysis of the data is presented in Table XI where the

"T. J. Ward, thesis, Vniversity of Notre Dame, 1957
(unpublished) .
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ALE VIII. Conversion electron data for decay of
Tb'"(62 h) —+ Gd'~.

transitions are grouped according to the postulated
initial level. The level scheme suggests ten Nilsson
orbital assignments, three of which exhibit rotational
excitation.

The experimental magnetic moment (p= —0.3 nm)
and spin (Is=2) of Gd'" identify the ground-state
orbital as s

—L521), in accord with the predictions of
Mottelson and Nilsson. 4 The rotational structure associ-
ated with the ground state shows a positive interaction
term (8=+0.024 keV) which is characteristic of band
mixing; however, no evidence exists for another odd-
parity configuration near to ground.

Transition
energy
(keV) E Remarks' bJz Lrz Lrrz

16.4
19.4
37.4
41.6
46 5e
51.8
54.3
68.2
82.8
87.6
90.2
91.5
93.4

102.3
106.9e
109.7
126.1'
129.2
132.6'
139.8
141.9
166 9e
170.5
174.4
183.5
185 9e
186.9e
193.6
195 2e

208.1
210.1
212.1

E2
3f1

2Il /E2 = 15

80 100 c
4.4 m

810 720 820 ~660
70

110 28 23 35 3f1/E2 =50

8 M1+ (E2)
E1

8 3/E1

6 4
55 10
4.5 d

~100' c
185 25
335 45

c
d 5
12 2

170 19
8.4

1000 150
9

60 8.5
~8d
~9d

~13 d
3

44 d
34 5

r 7 c
1.4
1.1
2.8

14
~30
113

4.5
7.5
5.5

4.5
7
3

353.5 Calculated relative
intensities

&p+&ce

Proposed ex- De-exciting
cited states transitions

(I,Kw) (keV) (keV)

(s,$+) 9~ 4

Multipole'
assignment

41.6
51.8
93.4

3550
880

42

340
80
9

2I1/E2 = 15
iV1/E2 =50

E2
1.5

(E2)
ui+ (E2)

Mi

(-,', ,—,'+) 109.8 16.4
68.2

109.7
20

750
160

1965

3.2
d

15 5'

255
525
143

&1
130

72

19.4
87.6

129.2
54.3
90.2

141.9
183.5

E2
3/Ii
3f1

(2f1)
(ui)
(3f1)
(E2)

2.5

Energy
(keV)

Energy
(keV) 36

45
20
35

2III/p2 2 7 TABLE IX. Intensity and nrultipolarity assigned to transitions
depopulating levels shown in decay scheme of Tb'"(62 h) ~
Gd'" (Fig. 4).

249.6
258.8
262.1
266.6e

275.1
278.4
299.4
303.4
315.05'
318.85
320.0
327.0
332 6e

340 3e
348 6e

354.8
361 Se

392.7e

406.6
436 ie
441.0'
448.2
455.3
466.9~

918.9e
946.0

36
1.2

0.9
2.9
1.2
1.4
2.0
4.6
03
2.5
1.6
0,7
2.2

~0.27
1.5

03
2.1
0.25
04
1.3
1.05
0.08
0.2

4.5

~03
d
0.25
c
d

d
0.35

~0.18
c

0.45

496 4e

502.5e

507.0
525 5e

530.5'
548.8
566.1'
570 9e
599.2'
629.4e

636.2e

665.2e

740 4'
41e

762.4
785 8'
816.3
836.1
843.48

846 9e
852.5
858 3e
904.4
907 Oe

974.0e
992.5'

~0 55d
0.3

~0 55'
0,14
0.33

~0.24d
0.2
0.31
0.27
0.32
0.2
0.2

~0.1d
~0.1
~0.13

0.18
0.24
0.25

~0.05
0.1
0.12
0.20
0.12
0.09
0.07
0.2

(-,',—,
' —} 212.1

(—'„-,'—) 249.6

82.8
102.3
170.5
212.1
37.4

139.8
208.0
249.6

(-,',—',&) 945.9 762.4
816.3
836.1
852.5
904.4
946.0

91.5
174.4
193.6
262.1
303,4

368.6 258.8
275.1
327.0

(El)
E1

(Ei)
(Ei)
(E&)

Mt/E2 =27.
(El)
(El)
(El)
(E1)
(El)
(Ei}
(Ei)

(E1) or (Mi)
(E1) or (311)
(Ei) or Pri)
(El) or (M1)
(Ei) or Pri)
(E1}or (3fi)

690
940
800

3505
7

100
417

1678

65
648
69

~ ~ ~

150
62

173
147

& 79
&166
&181
& 90
& 101
&182

450
733
745

3370
1.3

90
400

1635

22
607

66
'~ ~ ~

148
60

170
145

& 79
& 166
& 181
& 90
& 101
& 182

a Multipole assignments are based on K/L and L-subshell ratios.
b Intensity data are internally consistent. "m" indicates weak line.

Conversion line is partially resolved.
d Conversion line is a composite of two different lines.' Not placed in decay scheme.

a Multipolarities are assigned either from conversion electron ratios of
Table VIII or from consistency with angular momentum selection rules;
latter assignments are in parentheses and are shown unmixed since we have
no way of estimating mixing ratios.

b Estimates of photon intensity are based on internal conversion electron
data and theoretical conversion coefBcients (reference 8).
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g5Tb t62 hr)
—,, —,-f»2l~
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= f556

945,9 5 5—+2' 2

548.7

448,2

368.6 2' 2

Fio. 4. Proposed decay
scheme of Tb'"(62 h) to Gd"'.
Rotational sequences are
aligned vertically. Electron-
capture branches to various
levels are shown by dashed
arrows with relative intensities
in percent and log(ft) values
underlined. The classi6cation
of these branches follows the

Ni
notation of Mottelson d

ilsson (reference 4). Note that
son an

the EC branch to 945-keV level
should be &7%, )6.8.
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There exists some ambiguit as to ty o e ostco sste t

as 2 . eutch et al."prefer instead the low
assignment for the 86 S-k.e . — eV state. Their ref

i h h Nil

ational character of the 118.0-keVEvidence of the rotati
state is listed in Table IV Ie . ntensity rules in

Rao, Nuclear Phys. 28, 503 (1961)"B.N. Subba Rao
. I. Deutch, F. R. Metz er ane ager, and F. J. Wilhelm, Nuclear

Table V indicate that the ground-state transition d-

. - eV (Ml) transition de-exciting the 118.0-keV
state is incorporated in the de ecay sc erne in order to
ac". ieve an intensity balance. Th'

de
nce. is ra iation was not

etected and requires confirmation.

Another rer rotational sequence is possibly based on a
-', +f660) level at 247.0 keV with t '

l

a 66.6 keV (-,'+) and 268.6 keV (-', +). This ban

p p ~y transitions of known multi l

which establish th
n mu ipo arity

ish the spins and parities of the levels. It
may be remarked that the ava1 bli a e coinci ence data
are in agreement with the decay scheme as shown.

One may identify the 286.8-keV level by the asymp-

totic quantum numbers —' —523 ; t is configuration
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TAax, z X. Conversion electron data for decay of Tb'»(5. 6 day) ~ Gd'~~.

Transition
energy
(keV)

18.75"
21.0
26.55h
31.43"
39.8'
40.7b

45.3b
58.0
60.0b
60.3
79.2
80.9
86.0b

86.5b
99.0

101.15
101.6»

105.3b

118.0b
120.5
138.2'
146.0
148.65
150.6
158.6'
160.5
161.3
163.3
175.2'
180.1
181.6
182.05
208.0
220.0
220.6
226.8
239.45
262.45
268.7
281.1
286.9
32i.8
340.8
367.6
371.0'
402.3~

451.3
454.8
501.8
505.9'
559.9'
588.2
592.8
615.5
706.2'
715.3'
ICI.I.Auger

&400

10
1480

28
65

1000
~0 9
~1.6
~3 5

290

65
230
390

3
490

7e ji
~7&

8.5
~3

21
6.2
8.5

130
&3.5d

(4.2d

5.9
1.8

12
3.5
1.9
0.6
0.15

0.15
0.07
0.46

~0 2
0.6
0.075
0.07

r 005
730»

4.5

57
4.6

210
cE

210

10

130

8.2
34
55

75

g3 5d

4 2d

18

C

0.8
0.4
1.7
0.43
0.22

~0 1

330
70

35

22
1.3

58
~5c

55
1.5

450
100

45

29

52
5.5

70

32

2.8

320

~10
20

75

38

12

9.3
14.5

0.3

&3.5d

0.4

75
16

'l0

C)

22

3.5

3.5

0.3

Remarks'

iV1/E2 =17
Jy 2e
I" 1
J'2'

I"1
Ei

311/E2 = 26
jv2

Coulomb excited
Ei

3f1+82
Mi

Coulomb excited
M1/E2 =60

M1+E2
351/E2 = 150

351/E2 =30

Electron intensity data are internally consistent for lines of the same activity. "e"indicates a weak line. Multipole assignments are based on X/L and
L-subshell ratios.

b Transitions are observed also in decay of Eu»~(1.V yr) ~ Gd»~.' Conversion line is partially resolved.
~ Conversion line is a composite of two diferent lines.
e Relative magnitudes of M-subshell lines (i.e., the absence of appreciable Mrv and Mv) makes an P2 assignment preferable to E3, A small admixture

of Mi cannot be excluded on the basis of L-subshell ratio.
& Not placed in decay scheme.
~ Total intensity of KLI Auger-electron lines is tabulated. The Auger-electron spectrum is used to estimate the fraction of e)ectron-capture decay dircet]y

go the ground state, in conjunction with an intensity balance macle on the basis of the decay scheme.
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TABLE Xl. Intensity and multipolarity assigned to transitions depopulating levels shown in
deeey eobeme of Tb' (5.6 day) ~ Gd' (Fig. 5).

Proposed ex-
cited states

(I,Km.) (keV)

De-exciting
transitions

(keV)
Multipole'
assignment

Calculated relative
intensities

Np+Ãce N~

Data of
Ward
N~'

(-',-,'—) 146.0

(2,5+) g6 54

(k,k+)

(-'„-,'+) 105.3

60.0
40.7
86.0

146.0

26.55
86.5
12.7
31.43
58.0

118.0

18.75
45.3

105.3

M 1/E2 =26
(El)
Mi
E2

E1
E1

(Ml)
E2
E1
(El)

Ml/E2 =17
E1
E1

2050

16

106
90

6.5

1280
465

5/84

32
4110

unobserved
0.3

48
5.5

5
326

4545

470

(g,$+) 247.0
(g, -', +) 266.6

(-,', ~&+) 268.6

(-'„-;—) 326.0

(2,k —) 347 1

160.5
148.65
180.1
161.3
163.3
150.6
182.05
268.7

79.2
208.0
220.6
239.45

181.6
226.8
286.9

21.0
60.3

(2lf 1)
M 1/E2 =60
Ml/E2 =30
3f1+E2
Ml/E2 =150

(M1)
(Mi)
(Ei)

(«)
(E1)
E1
(El)

(El)
yri)
(Ml)

E2
E2

225
875

2170
806

1400
6

31
98

253
713
357

148
43
69

300
15

149
525

1580
529
935

3.8
22
96

243
688
347

140
34
62

0.1
1

540
1380

1510

400

(-,',—',+) 367.7 80.9
99.0

101.15
120.5
262.45
281.1
367.6

(El)
311+E2

(Ml)

(Ml)

10
50

117
3.5

1218
34

431

6.5
15
38
1.5

1065
30

427

1170

670

(+) 720.8

E x-ray intensity

220.0
262.45~
321.8
340.8
501.8
588.2

451.3
454.8
592.8
615.5

(Ml)
(El)
(Ml)

(Mi)
(Ei)

(u&)
(M 1)
(3f1)
(Ml)

19
0 4 ~

29
223

7
70

5.5

41
6.0

15
0 ~ ~

26.5
208

7
70

5.3

40
5.8

19 0008

265

Multipolarities are assigned either from conversion electron ratios (Table X},as a member of a rotational band, from conversion coefficients, or from
consistency with angular momentum selection rules; latter assignments are in parentheses and are shown unmixed since we have no way of estimating
mixing ratios.

b Estimates of photon intensity are based on conversion electron intensity results (Table X) and theoretical conversion coefficients (reference 8).
Photon data of Ward (reference 21) are normalized to the 105.3-keV transition, assuming pure Bi radiation.

~ Recurring transition energy is previously listed.
An extrapolation from KLL Auger-electron intensity data to K x-ray intensity is based on K-fluorescence yield of 0.94 and total K Auger intensity of

&.66 times the KLL Auger intensity. The adopted values are obtained from the compilation by A. H. Wapstra, G. J. Nijgh, and R. Van Lieshout, Nuclear
5pec&roscopy TaNes (North-Holland Publishing Company, Amsterdam, 19S9).
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resolved. Relative photon intensities are as follows:

623'/413'/373'/(320+ 330)y = 1/8/4/2.

At 64.0 keV above ground, there may be the expected
s+L642j state with a rotational excitation of 115.8 keV

(s+) superimposed. The —,'+ assignment for the 64.0-
keV level is supported by the E&1 character of the de-
exciting radiation to ground (-, —). The inertial param-
eter for the odd-neutron ss+L642] state in Gd'" is
35'/s'= 44 keV, which is reasonable (compare e.g. , Gd'"
and Dy'" with 35'/6=46. 5 and 37.5 keV, respectively).

The energy diGerences of transitions to the lowest
bands indicate tentative levels at 330.9, 436.6, and
477.2 keV.

Transition
energy
(keV)

22.2
60.2
69.2 &60
80.5 d
83.9 30
85.1 30

104.3 1200
145.3 2.6
164.4 28
165.4 1.2
190.1 32
239.7 65
241.5 140

I.r Lrr I.rid BED Remarks~

15
55
33
11
5.5 40 42

230

c 10 9 Ei
c 18 20 3i11/E2 = 18
c 12 10 Ei

iV1/E2 = s'

8 70

7
11
22

TABLE XIII. Conversion electron data for decay
of Tm'"(2 h) —+ Er'".

TABLE XII. Conversion electron data for Eu'~'(15 h) ~ Gd'". Energy
( eV)

Energy
(keV)

Transition
energy
(keV) E I-IZ Lrf r Remarks'

40.6
51.8
54,5
64.0
77.0

131.4
276.6
320.5
330.7
361.8
372.8
413.1
477.3
527.0b

623.3"
687,5b

727.4b

&1000)100

20

25
160

15

370 120 105 )110
1000 300 275 450
325 130 160 125

65 w

30

iV1/E2 = 34
iV1/E2 =29

iV1+I:2
E2

' Electron intensity data are separately consistent for high- and low-
energy ranges; transitions &200 keV could not be normalized to those
&200 kev. "2'" indicates a weak line. Multipole assignments are based on
K/L and L-subshell ratios.

b Not placed in decay scheme.

F. Tm'"(2 h) —+Er"'

'4 D. R. Bes, Nuclear Phys. 6, 645 ('1958),
ss P A. Seeger, N. uclear Phys. 25, 1 (1961).

The experimental basis of the level scheme of Dy"' as
populated by the decay of Ho'" (2.5 h) has been pre-
viously published. ' The theoretical interpretation of the
decay scheme was performed by Bes." The distinct
properties of the odd-nucleon orbitals assigned to Dy"'
(iV=95) are incorporated in Tables IV and V.

By use of mass-free activities of Tm"', it has been
possible to record radiations converting in Kr"' as
listed in Table XlII. Only the low-energy portion of
the de-excitation spectrum is reported. The mass tables
of Seeger" predict an energy of 2.3 MeV is available for
electron capture of Tm'". The decay scheme that is
drawn in Fig. 7 is consistent with transition intensity

249.2
275.3
299.9
335.4
345.6
393.5
404.2
471.2

26
37
3.3
5
5.3
2.2
3.8

505 ie
531.0
49 9e

579.9e
613.0
655.5'
671.1.e

1.8
~0 7e

2.7
2.6

1.2
1.8

TABLE XIV. Intensity and multipolarity assigned to transi-
tions depopulating levels sho~vn in decay scheme of Tm'&'(2 h) —-~

Er&63 (Pig. 7).

Proposed ex-
cited states

(I,Z ) (kev)

0
(l,'—)

De-exciting Calculated relative
transitions Multipole intensities

{keV) assignment E~+E«E~b

iV1/E2 = -', 178

4', —;—) 10
(-';, —,

' —) 164.5

(-,', -,'—) 249.5

(-'„-,'- —) 345.7

(-,',—,
' —) 404.2

(-,',—,
' —) 439.7

(s,s-+)

(-'„-,'+) 415.1

104.3
60.2
80.5

164.4
85.1

145.3
165.4
249.2

241.5
345.6
239.7
299.9
404.2
190.1
275.3
335.4

69.2
393.5

Mi
iV1/E2 = 18

(iV1)
(mi)

3f1+82
(E2)
(ui)
(iV1)

(Mi)
(F-2)
(ui)
(ui)
(ui)
(3f1)
(ui)
(ilI1)

Ei
(iV1)

2100
465
96
82
45
10.5
3.5

836
151
382
367
45

121
208
43

515
103

545
42
21
47

8
6.5
2

667
145
302
322
42
80

177
39

a Multipolarities are assigned either from conversion electron ratios of
Table XIII, as a member of a rotational band or from consistency wit&
angular momentum selection rules; latter assignments are in parentheses
and are shown unmixed since we have no way of estimating mixing ratios.

b Estimates of photon intensity are obtained from internal conversion
electron data and theoretical conversion coefficients.

a Multipole assignments are based on K/L and L-subshell ratios.
b Intensity data are normalized to 1200 units for the most prominent

line. "m" indicates weak line,
& Conversion line is partially resolved.
~ Conversion line is a composite of two diAerent lines,' Not placed in decay scheme.
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,&T~"'(2br)

egg = 2300
—,', —,'+ ta«)
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FIG. 7. Proposed level diagram n
Tm"'(3 h) ~ Er'6'. 439.7

&04.2
415, 1

5 t
2'2

I z z

&, -', + [65']t

345.7 —' -'-[52ij

249.5
2'r

(pl

o

(64.5
2'2

104.3
2 2

f52']

O

83.9
2' 2

68 Er

22o2 5 5
~, ~

+ f642]

—,, &-[»31

and multipole or er determinations summ
'

dmarize in

The Tm"' rog ound state is expected to be —i2+$411],
as for the other Tm isotopes; therefore, the levels
directly populated in Er'" should b f lou e o re atively low

spin. One may identify the ground state of Er'" h
e —,—~ ~&orbital. This assignment is consistent with

the rotational interpretation of the 83.9-keV (I=~
level. The ex
M1

perimental moment of inertia and th e

/E2 mixture for the rotational transition (see
Table IV) are characteristic of —,'—[523) bands. The

low-lying intrinsic —',+L642J excitation in Kr"' at 22.2
keV occurs as the ground state in the isotone D "'.

The
evels at 104.3, 164.5, and 249.5 keV, is based on con-

siderable interlocking data. The energy levels are rather
well fixed, having a total of 16 transitions beginning or
ending with them. The data indic t th lca e e popu ating of
a -', —state (at 249.5 keV) of the proposed K=~2 band
for which the rotational energy constants 3A'/d and 8
are, respectively, 71.9 and +0.01 keV. The experimental
branching ratio from the 164.5-k V ~

— l l e. - e ~
— evel to the
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-', —L523] band is

B(M1: -', —+ 52)/B-(M1: —,
' —+ —,') =0.26,

assuming pure M1 radiation. The predicted ratio is 0.4.
At 345.7 keV above ground, there appears a probable

2
—L521] state which could be the base for a rotational

sequence extending to I= 2 at 439.7 keV. The energies
of the states in the E=2 band have been fitted to the
rotational energy formula (see Table IV). The value
obtained for 3A'/8 is 79.7 keV and for a is +0.47, which
are in accord with the known systematics of the
—,
' —f521] orbital.

The E'=-,' band is observed to de-excite mainly to
the ~

—
I 521] configuration. This is indicative of allowed

unhindered transitions between states having the same
asymptotic quantum numbers. Reduced transition
probabilities for gamma rays (assumed pure M1) be-
tween bands E;=—'„Ef——

2 are compared as follows:

experimental 0.54/1, theoretical 0.67/1 for the 404.4-
keV (-,') state; and

experimental 0.12/1/1. 3, theoretical 0.15/1/1 for the
439.7-keV (-', ) state.

It is possible to interpret the available data on the
415.1-keV excited level as indicating the —,'+ $651] state.
The positive parity assignment is consistent with the
observed E1 de-excitation to the 345.7-keV (-,'—) state.
It would appear that a spin —,

' is preferable on the
assumption of dipole radiation proceeding to the 22.2-
keV (-', +) level. The evidence for level ordering of
~3+$651] states serves to establish the 415.1-keV level
assignment as reasonable.

G. Tm'"(29 h) —+ Er'"
Some data have been available' regarding the levels

of Er'"(iV=97) which are populated by the electron-
capture decay of Tm"'. The existence of —,

' —f521] and

~+$642] states at 243 and 47 keV, respectively, has
been discussed previously. ' Additional data have since
been published by Gromov et al. 26 and Staehle et al."
Using more intense sources in the present study, over
90 transitions have been measured (see Table XV), and
an attempt was made to classify some of the higher
energy transitions according to their conversion co-
e%cients (see Table XVI).The data allow one to expand
the decay scheme (see Fig. 8). Checks have been made
on the validity of the proposed scheme employing the
rotational energy criteria as well as the ratio of in-
tensities of de-exciting transitions.

The parent, Tm"', is most likely in a —',+$411]state
with a disintegration energy of 2 MeV."In the decay

"K. Ya. Gromov, Meng-hua Kang, B. S. Dzhelepov and
V. Zvol'skia, Izvest. Akad. Nauk. S.S.S.R., Ser. Fiz. 25, 1092
(1961).

2 G. G. Staehle, R. G. Wilson, and M. L. Pool, Bull. Am. Phys.
Soc. 6, 238 (1961);and private communication.

scheme of Fig. 8, the rotational excitation of the ~—
ground state is situated at 77.2 keV. The character o
the intraband transition is E2 and the moment, 3A'/8,
is 66.2 keV which are characteristic of ~

—[523] con-
figurations. The above rotational interpretation was
suggested by Mottelson and Nilsson. 4

A few remarks are in order for some of the multi-
polarity assignments in Table XV. It is concluded that
the 15.4-keV radiation is E2 on the basis of observed
conversion in Afar, 3frrr, Eir, and Elrr shells; however,
a small admixture of I cannot be excluded on the
basis of experimental data. The E1 multipole assign-
ment for the 47.1-keV transition is made on the basis
of I.-subshell ratio data. The experimental ratio is
1.5/(1/1 as compared to the theoretical ratio' of
1.6/0. 7/1. The 297.2-keV radiation appears to be E2
from conversion line data, as well as from conversion
coeKcient values.

The designation of the 47.2-keV state as ~+L642]
is partly based on L&,1 radiation proceeding to ground
(-', —), and on a 30-keV (E1) gamma ray originating
from the 77.2-keV (2 —) level. A study' of the levels of
Yb"7, an isotone of Er'", established the 2+(642]
orbital at 29.7 keV.

A 117.7-keV (2+) state may de-excite to the 47.2-keV

(—', +) level by a 70.5-keV (M1/E2= 140) transition, and
has been assigned as the —,+(633] orbital. An intrinsic
level is somewhat preferable since a 70.5-keV rotation
of the ~+L642] state would yield higher values for the
inertial term and M1/E2 ratio than are usually obtained
for this orbital.

In the decay scheme of Fig. 8, an anomalous rota-
tional sequence is shown based at 297.2 keV (-,' —P21]),
which de-excites preferentially to both levels of a band
based at 242.7 keV (3~ —L521]). This is expected of
allowed transitions between con6gurations having the
same asymptotic quantum numbers and 6K=1. The
branching ratio of the rotational 356.3-keV (~ —) level
to the members of the 242.7-keV band yields B(M1:
—,
' —& ,')/B(M1: —,'—+ —,') =0.35—, to be compared with the
theoretical value of 0.67. The analogous branching from
the 384.1-keV level (E= 2i, I= 2) gives B(M1: 5 ~ 2)/
B(M1: ~

—+ —',) =0.17, in agreement with the predicted
value of 0.15.

The energy constants for the three excited levels of
the E= ~i —sequence are 3P/d = 76 keV and u= +0.56.
The M1/E2 ratio for the 59.1 keV (~3 ~ ~~) transition
is 1.4. Certain regularities appear in the properties of

2
—$521] bands in the region of odd-1V numbers 95 to

107 (see Table IV). The M1/E2 mixing ratios for
rotational transitions between ~

—+-,' states are low
(1.6+0.5) except for the case of Er" where M1/E2= 7.
Figure 9 presents experimental decoupling parameters
for the ~2

—L521] configuration. There is a smooth varia-
tion observed in "u" as a function of mass number,
indicating a maximum of +0.85 for Yb'~'. The occur-
rence of a maximum was predicted by Mottelson and
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TABLE XV. Conversion electron data for decay of Tm'8~(29 h) ~ Er'«.
'7

Transition energy
M

c 8P

C

460

Remarks'

E2
%1+82

E1
Ei
Ei

M1/E2= 22
Mi

M 1/E2 = 1.4
Mi

F1/E2= 140
E2

M1/82 =2
E2

g~eV)

15.45
27.75
30.05
35.2b
47.15
53.2
54.45
59.15
60.4
70.55
77.2
82.25
86.9
88.2

113.6
141.4
150.8
156.0b
165.5
175.7b
181.5b
195.6
197.2b
205.2
209.9
218.6
221.5b
223.9
233.2
234.6b
242.7
248.9
249.7b
264.4
275.6b
279.1
286.1b
292.3
295.9
297.2
306.9
312.1
330.5
346.6
356.3

20
9
3.3

10
260
140

~1500
8

135
27
15

~07

2.3
6

&175~
50

3Q
d
2.7

190
1
2.4

3.3
8

175

d

1.3
200

1
&5~

30
14

115

8
1.3

22
g40
g80

3.4

14
400

2.5
7.6
1.1
7.5
1.2
1.2
4.9
1,0
2.7
5.0

165

1.2

3.1
1270

5
4.5

&2.9~
7

&1.6~
13
83

125
2.8

10
2.9

33
22

110

&5~
60 M1/E2 = 1003.31.8

2c 1.9

&290.8

12185

F21.7 0.56

2.2
C

~160

0.51.5
0.4
5
3.6

1.1
0.9

Energy
(keV)

365.3
384.1
389.2b

400.2b
420.7b
426.9b
429.9b
442.4b
448.1b
456.0
459.9
471.8
477.7b
487.0b
513.5b
526.8
530.9
542.2
558.3
563.7
573.8
577.3b
589.4

Energy
t' eV)

605.6b
608.1
622.8
664.6b
677,3
680.5b
698.6b
747.4b
791.0b
806.8
821.2b
826.9b
837.7
892.8b
907.8b
932.4b
952.8b

1045.7b
1131.0
1184.5
1246.4b
1379.5
1426.9

&0.37~
~Q 4'
~0.5'

1.0
0.33

~0.15'
1.4

&0.4~
0.26

14
0.18
0.2"
0.7
0,8

0.11
0.14

0.28
0.44

0.16
0.11

6.2
1.4
4.5
1.5
1.4
0.5
0.4
2.2
1.8
6.6

11.7
2.0
2.2
5.2
1.5
2.0

4.8
1.0
8.7
1.2
0.5
3.0

1

0.6
d

&0.4'
0.25

0.75
2.1
0.3

2.1

0.1
0.8

0.04
0.07

Intensity data are internaOy consistent. "m" indicates weak line. Multipole assignments are based on theoretical K/I- and L-s«bshel»ati» «M F-
Rose, Internal Conversion Coe@cients (North-Holland Publishing Company, Amsterdam, 19&8).

b Not assigned in decay scheme.
& Conversion line is partially resolved.
~ Conversion line is a composite of two different lines.
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TmLE XVI. Intensity and multipolarity assigned to transitions depopulating levels shown in decay scheme
of Tm"'(29 h) ~ Er'" (Fig. 8).

Proposed excited
states

(I,E7r) (keV)

De-exciting
transitions

(keV)
Multipole'
assignment

Calculated relative
intensities

&p+&cc

Photon data of
Gromov ef al.

E~'

(-;,—',+) 47.15

(k k+)
(-'„g'—) 242.7

(-,', —,
' —) 295.9

(2,2
—)

(-,',—,
' —) 356.3

(-'„-,' —) 384.1

(2,k+) 589 4

(-', or q+) 573.9

(-', ,g-) 608.0

($,—,'+) 853.9

(—,
' or —,

' —) 920.0

(-,', —,'+) 1427.0

30,05
77.2

47.15

70.55

165.5
195.6
242.7
53.2

218.6
248.9
295.9

297.2
54.45
59.15
60.4

113.6
279.1
356.3

27.75
86,9
88.2

141.4
306.9
384.1

15.45
82.25

205.2
233.2
292.3
471.8
542,2
589.4
150.8
209.9
459.9

456.0
526.8
573.8

223.9
312.1
365.3
530.9
608.1

264.4
346.6
806.8
558.3

563.7
330.5
622.8
677.3

837.7
1131.0
1184.5
1379.5
1426.9

M1/E2 = 140

E2
(E1)
Mi

M1/E2 =22
Mi
(Ei)
(M1)

3f1
M1/E2= 14.

Mi
M 1/E2 = 100

E2
(Mi)

Mi+E2
E2
(ui)
(ui)
(Ni)
(ui)
E2

M1/E2=2
(E1)
(E1)
(Ei)
(E2)
(M1)
(E1)
(E1)
(E1)
(E2)

yti)
(~i)
(E1)

(ui)
(Mi)
(Mi)
(ui}
(M1)

(M1)
3f1

(mi)
(Ei)

(Mi)
(Ei)
(m)
(ui)
{Mi)
(Ei)
(I-'1)
(Wi)
(Li)

2280

227

12
iio

7720
345
802
202
790

2570
3110

142
1100
715
117
341

16
8

21
6

29
25

420
8

67
~ ~ ~

781
135
198
918

91
136
744

183
72

346

6
108
101

21

~ ~ ~

473
1607
275

397
235

28
23

89
297
512

67
177

1530

33

2.7
104

6200
73

604
196

9
100
230
113
314

8
1,8

3
25
24

&1
1

64
~ ~ ~

765
133
192
915

82
130
730

176
70

345

4.6
96
94

21

~ ~ ~

434
1590
zu

~
232

28
23

89
297
512

67
177

4300

&4300~

(1370e

e
1590

&900'

815

190

~ Multipolarities are assigned either from conversion electron ratios of Table XV or from consistency with angular momentum selection rules; latter
assignments are in parentheses and are shown unmixed since we have no way of estimating mixing ratios.

b Estimates of photon intensity are obtained from i~ternal conversion electro~ data and theoretical conversion coeKcients.
o Photon data of K. Va. Gromov et al. (reference 26) are normalized to the 806.8-keV transitio~.
~ Composite photon peak of 292.3-, 295.9-, and 297.2-keV transitions.
e Composite photon peak of 346,6-, 356.3-, and 365.3-keV transitions.
t Composite photon peak of 542.2-, 558,3-, and 563.7-keV transitions.
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'90

& 80&&
CV

I1

0.8

FIG. 9. Empirical constants for
anomalous rotational sequences
based on the 2

—L521) configura-
tion in odd-A nuclei (see Table
IV). Note that 3h'/8=90 keV for
Q718I

0 Q6

Q 4
165 165 167 169 171 173

A, MA$S NUMBER

175 177 179

are connected by an 82.3-keV transition (Ml/82=2)
of possible rotational character. A strong 460-kev radia-
tion of E2 multipole order may proceed between the
507-keV (st+) and 47-keV (as+) states. The branching
ratio between the 507.1-keV state and the st —$5217 band
is in agreement with the predicted value where
I,=E;=s and pure E1 radiation are postulated. Quanti-
tatively, the comparison is 0.58 (experimental) and 0.5
(theoretical). In the analogous branching from the
589.4-keV (ss+) level to the I=st, ss, —', members of the
E=-', band, the ratios are more consistent for assuming
E;=~ than for E,=~3. In the Nilsson diagram of Fig.
1, there is no intrinsic E.=a+ state in the region of
neutron number 97. However, the asymptotic state
st+L6517, which originates from the gsis state of the
spherical potential beyond the 126-neutron shell, is close
to the s

—! 5127 orbital for 3=0.3.
A level at 608.0 keV is observed to populate five

odd-parity states of spins ~, ~, ~7, and is designated as
an intrinsic —,—L5217 state. Intensity considerations
and selection rules'" indicate that a 1*I electron-
capture branch Dog(f1) = 8.27 proceeds to it. For a level
at 853.9 keV, an assignment of as+I 6517 is Preferred,
representing an intrinsic excitation associated with
smaller eccentricity. Under this assumption, the elec-
tron-capture branch is allowed hindered with log(f1)
=7.1. The postulation of the 920.0-keV state as I= ts

or 2
—is consistent with the observed feeding to states

of I(ss. A very tentative level at 573.9 keV (ssor —,'+)
is not indicated in the decay scheme.

The fact that the 1427-keV level is de-excited by X';1

radiation to the —,
' —$5217 configuration, as well as to

ground (—', —), suggests an assignment of I= ', + to the-
level in question. The assignment is supported by
branching ratios to the members of the s —L5217 band,
which are in exact agreement with theory where
I;=E;=—,'. This level may correspond to the orbital
s+ $4027. Electron capture to the 1427-keV state
should be ah and is observed to have log(ft) = 6.7.

H. Ho'"(3 h) ~Er'"
Since the existing evidence on the beta decay" of

Ho" to Er" was incomplete, a detailed study of the

TAsr, z XVII. Conversion electron data for decay of
Ho167 (3 h) ~ Er167

Transition
energy
(keV)

57 ic
73.7
79.3
83.4

133.4
136.9
150.4
207.8'
237.7
241,id
260.2d
266.5
271.7d
304.3
320.7
322.8
331.0"
347.7
386.6
403 4
459.3"
531.5'

Lr

50

250 50
150 30

90
60 10

W

80 15

35 6
15

M

Lrr Lrrr Remarks

45 45 3f1/E2 =7
20 20 E2

VO ui+(Z2)
M1/E2 =7

a Multipole assignments are made on the basis of X/L and L ratios.
b Intensity data are internally consistent; "m" indicates a weak line.
& Transitions are associated also with decay of Tm'67(9. 6 day) -+ Er1".
& Not assigned in decay scheme.

28T. Handley, W. S. Lyon, and E. L. Olson, Phys. Rev. 98,
688 (1955).

The density of single-particle energy levels in Er'"
appears to exceed the level density predicted by the
Xilsson scheme. An alternative is to consider some of
these levels as vibrational excitations of lower lying
states, but there is no 6rm evidence for this possibility
on the basis of the present data.
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FIG. 10. A possible decay scheme
for Ho' 7(3 h) to levels in Er'".
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conversion electron spectrum was made. A level struc-
ture for Kr"~ populated by electron-capturing Tm"'
has been previously proposed' ' on the basis of three
transitions of 57 keV (3II1/E2= 7), 208 keV (E3), and
532 keV. The ground-state spin of Er"~ has been
measured as —,

' and is represented by Mottelson and
Nilsson' as the 2+L633j configuration. The first excited
intrinsic state was found at 208 keV (TUs ——2.5 sec) and

classified as —', —L521j. A -', —rotational excitation at
265 keV and a possible spin —', state at 532 keV were
also postulated in the decay of Tm'".

The low yield of 3-h Ho' 7 produced from the
Er'"(p,n) reaction tended to increase uncertainties in
the experimental results reported in Table XVII.
According to Fig. 10, Ho'~~ decay may excite those
levels associated with electron-capture decay as well as
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TAsLE XVIII. Conversion electron data for decay of Re'"(68 day) ~ VP83.

Transition
energy
(keV)

41.0
46.5
52.6
82.9
84.7
99.1

101.9'
102.5'
103.1'
107.9
109.7
120.4'
142.1
144.1
160.5
161.4
162.3
192.6
203.3'
205.1

208.8
209.9
210.3'
244.3
245.2
246.1
262.5'
291.7
313.0
354.0
365.6
406.6
EI.L Auger

&50
&250

175
~8c

25
C

470
530

13
12
24

1300
8

~p 6
3.8

100
2.4
0.5c

3.4
~6o
29

&0.8'
14
5,5
44
0.25

~p p4.

400

13
3000

870
27

&1208
18

70
80

&9d
220

1.6

&0.8 l

18

0.9
0.8

490
155
27
9

270

d
10

~45c
~p 5

C

&1.4d

220
100

~5c
240

21
~P 3

&1 4d

0.55
&5.4d

950
260

12
20

120

19
20

2.2

58
0.5

~p 6d

1.5
0.25
0.2

280
65

30

17

1.3

0.45

Remarksb

M1/E2 = 135
M1/L'2 = 70
M1/L2 =3

I"2

M1/A"2 =50

I'2

Ml/E2 =8
3f1/E2 =25.

A2
E3
I".2

L'2

a Conversion line energy calibration is based on precise transition energy measurements of Ta»8 decay (reference 30).
b Multipole assignments are made on the basis of K/L ratios and L-subshell ratios. Intensify data are normalized to 3000 units for the most prominent

line; "u" indicates weak line.
"' Conversion line is partially resolved.
d Conversion line is a composite of two difterent lines.' Not previously observed in decay of Re»8 (reference 31).

a number of new states. The ground state of Ho"' is
expected to be the —,

' —[523] orbital, as is the case for
the other odd Ho isotopes.

The first rotational level (s+) based on the ground
—,'+[633] state is at 79.3 keV. This measurement re-
solves the existing ambiguity regarding the isotopic
assignment of the first excited states in Er" and Er' '
by the Coulomb excita, tion process. "

The data suggest the development of the E=—,
' rota-

tional sequence to 2
—and possibly 2

—levels at 281.5
and 415.1 keV, respectively. The experimental de-
coupling constant (a=+0.70) a,nd moment term
(3k'/8=67. 2 keV) identify the orbital as -', —[521].
There exists an anomalously high M1/E2 ratio for the
57-keV g ~ —,') rotational transition.

Tvvo possible —,
' —levels are placed at 347.7 and

53j..s keV; the latter was previously assigned' in con-

"E.L. Chupp, J. W. M. DuMond, F.J. Gordon, R. C. Jopson,
and H. Mark, Phys. Rev. 112, 518 (1958).

nection with Tm'" decay. The level energy systematics
of intrinsic states in this region suggests that the
-'; —[512] state is more likely to occur at 347.7 keV.
This configuration occurs at an excitation energy of
191.4 keV in Yb", an isotone of Er' ~ The 347.7-keV
state is de-excited by Ej radiation to ground; the I I
assignment is consistent with the very intense photon
peak observed at 340 keV. The relationship between
intensities of the 340- a,nd 208-keV photon peaks is
10 to 1.

Of interest; is the rota, tional —',—[523] band based at.

585.4 keV, which is characterized by 3A'/8=71. 5 keV.
The inertial term corresponds well with observed values
in odd Dy and Er isotopes (see Table IV). The ratio
M 1/E2 =7 for the 83.4-keV rotational transition
(Vs -+ ss) is considerably higher than is usual for ss—[523]
configurations.

Mottelson and Nilsson' have classified the Ho"~
decay spectrurri in the same ma, nner as that shown in
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Fig. 10. As they point out, the rather small log(ft) value
for the 20% beta branch to a 700-keV level is indica-
tive of allowed unhindered transitions between s —[523]
and —',—[523$ states.

III. RESULTS AND DATA FOR NUCLEI 183(A(191

A. Re'"(68 day) —+ W'"

This study of excited states in W'", and subsequent
studies with odd-A Os nuclei, are a natural extension
of our previous research' which terminated at W'".
High-precision measurements with beta-active sources
of Ta'" have been reported earlier by Murray et al."
The theoretical analysis of the W'" decay scheme was
performed by Kerman, "who included a particle-rota-
tion coupling (Coriolis interaction) between the
—',—[510)and ss —[512) configurations to explain devia-
tions of the rotational energy spacing. Kerman also
calculated electromagnetic transition probabilities be-
tween admixed states, since the interaction has an
important e6ect on branching intensity rules. Thulin
et ul."studied the electron-capture decay of Re'" and,
in general, their work was a confirmation of that of
Murray et al.

More recently, Gallagher and Nielsen" investigated
the 5.2-sec isomer of W'" which had been chemically
separated from its parent, 5.2-day Ta'". They con-
cluded that the isomeric state at 309.5 keV was de-
populated by the 102.5-kev (M2) y ray first reported
by Murray et ul. This transition proceeds to the ~~—

state of the E=-,'—band. Schmidt-Ott et a/. " have
reported a 210-keV (E3) p ray competing with the
102.5-keV (M2) y ray with an intensity of 3.5% of the
total isomeric decay. The parity of the 309.5-keV state
is certainly positive; the spin is either ss" or 11/2."

In the present experiment, the excited states of
W"' (X=109) were investigated with sources of 68-day
Re"'. The electron intensity data compiled in Table
XVIII are sufficiently improved to allow further com-
parison with theoretical predictions of Mi/E2 mixing
ratios. "The agreement is quite close. Table XIX is a
listing of transitions depopulating the various levels in
W'" as presented in Fig. 11.Two transitions of 142 and
262 k.eV are shown to originate at a new rotational (-', —)
state with 554.2-keV energy. The calculated energy
value of 555.5 keV" for this high spin state in the
K=-,'—band tends to confirm the assignment.

The 309.4-keV isomeric excitation may also be ob-
served in Re'" decay proceeding to members of the
A =-,' band via 102.5-keV (M2) and 210.3-keV (E3)

"J.J, Murray, F. Boehm, P. Marmier, and J. W. DuMond,
Phys. Rev, 97, 1007 (1955)."S. Thulin, J.O. Rasmussen, C, J. Gallagher, Jr., %'. G. Smith,
and J. M. Hollander, Phys. Rev. 104, 471 (1956)."C. J. Gallagher, Jr., and H. L. Nielsen, Nuclear Phys. 24,
422 (1961).

~ W. Schmidt-Ott, K. Hoffmann, I. Y. Krause, and A. Flam-
mersfeld, Z. Physik 162, 329 (1961).

TmLE XIX. Intensity and multipolarity assigned to transi-
tions depopulating levels shown in decay scheme of Re'~(68
day) ~ W'ss (Fig. 11).

ProPosed ex- De-exciting
cited states transitions Mu]tipole~

(I,E~) (keV) (keV) assignment

Calculated rela-
tive intensitiesX„+X„N"

(-,',s —) 46.5
(-,',—', —) 99.1

46.5
52.6
99.1

207.0 107.9
160.5

308.9 101.9
209.9

Mt/L2 = 135
M1/Li'2 =70

A2
(3f1)
X~2

(Mi)
I'2

5510
1690
1075
725
65
12
21

570
240
220
150
40

2
16

208.8 109.7
162.3
208.8
82.9
84.7

192.6
245.2
291.7
103.1
'120,4
203.3
205.1
313.0
365.6
142.1
262.5

(—'„-',—) 291.7

(—.'„-',- —) 412.1

(-';, —,
' —) 554.2

Jl 1 /L2 = 50
M1/I'2 =8

(mi)
2I 1/I?2 =3

(M1)
M1/L2 =2.5

(M1)

(mi)
(Mi+Z:2)

(Z2)
(M1)
(Mi)
(L2)
(Mi)
(J-2)

830
3060
320
290
720

25
26

247

5
12
40

7.5
10

180
1400
194
36
90
14
19

226

7
32

7.2
4

(-,', —',-) 453.1

(-,'-, —'.+) 309.5

41.0
144.1
161.4
244.3
246.0
354,0
406.6

102.5
210.3

(Mi)
(M1)
(m)
I~2

(Wi)
(mi)
(J-"2)

(m)
L3

22
25
52
40

126
42

1.6

2
9

23

90
36

1.5

E x-ray intensity' 10 450

a Multipolarities are assigned either from conversion electron ratios of
Table XVIII or from consistency with angular momentum selection rules;
latter assignments are in parentheses and are shown unmixed since we have
no way of estimating mixing ratios.

b Estimates of photon intensity are obtained from internal conversion
electron data and theoretical conversion coef5cients of Rose (reference 8).

An extrapolation from KLL-Auger intensity data to K x-ray intensity
is based on K-fluorescence yield of 0.94 and total K-Auger intensity at 1.66
times the KLL-Auger intensity.

radiation. A classifica, tion of —,'+ [624j for the 309.4-keV
state seems more likely than 11/2+[615]. According
to the Nilsson diagram (see Fig. 1), 11/2+[615) is
expected to occur in W'" at a higher excitation than
the s

—[503) intrinsic state, which appears at 453.1
keV. One may observe an average energy displacement
of 315 keV bet;ween os+[624] and -', —[510] states in
%=107 isotones (e.g. , Yb'" Hf"'& W"', Os'"). This is
approximately the energy difference for W"' (X=109).
The assignment of as+ rather than 11/2+ is, however,
not consistent with the fact that the ga,mrna rays are
of higher multipolarity than might be expected from
angular momentum selection rules.

In the figure, the log(ft) values for the different
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7~ Re' (68d)——,', -,'+ [~os]

554.2
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2' 2
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308.9 2, 2

FIG. 11. Proposed
decay scheme of Re'"
(68d) ~ W'" based
partly on studies of
P decay of Ta'83
(reference 30). All
transitions are ac-
counted for in the
level scheme.
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electron-capture transitions have been calc

ectron-capture decay totals about 70% to the I=

1N and have log(ft)'s of 7.7 and 8.0 res ec
'

e (s —) and 99.1 keV (—', —) of the -' —~510"

found
ransi ions are classi6ed as 1h and are

ound to have log(ft) values of 8.7 and 8.4 res ecti

version. There is, therefore, no direct br
s a e, w ich is expected.

As will be shown below, the —,
' —[510] and —,

' —512

a e is a compilation of the properties of
collective excitations (i.e. 3A'/ lE
ratios) in this region. The effe e ects of particle-rotation

coupling are included in the em ir'e empirical results. Only for
as t e Coriolis couplin effect b

( K " hn~; ese values are enclose
in Table XX. I,'k

c ose in parentheses
e . i ewise, the eGects of band mixin on

transition probabilities ar
'

l d d
' 'm

branching ratios of Table XXI
reincu e in the ex crim

B. Ir'ss(15 h) —+ Os"'

An investigation of the p
t' f ar

neutron deficient dd 0
roperties o nuclear

n o — s isoto es wa
ar evels in

p
p uring indium activities. Our 15-h Ir"' so

was produced by the (p 2 -rn se, e reaction on a 19-m Os
target enriched to 60% Os"'. Tabl X

e main, the low-energy portion of the de-
spectrum. Id t 6

o e de-excitation
en i cation of theo

is based on relative measured yields from a
systematic activation of several Ossevera s isotopes. It is

p
'

e o identify the character f tho e more intense
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TABLE XX. Empirical constants for rotational bands and Mf/E2 ratios (181&2&193).'

107
109
109
109
111
113

Nucleus

74+)181
74183

4QT183

76QS185
QS187

7 QS189

[510]
510]
510)
510)

[510]
510)

1

s —[
4 —L
1
2
l —[

Assigned orbital
K~[Na~]

&(Io)
( eV)

385.2
0
0
0
0

36.2

35'/s
(aeV)

87.8
(95 1)a
78.1
71.4
48.5

B
(k.eV)

—0.003
+0.074
+0.020

+0.48
(+0.17)~
+0.19
+0.02—0.60

46.5
37.4
9.8

59.1

135
230

~ ~ ~

140

Ip+1 —+ Ip
(keV) Mi/E2b

65.0 15

109
109
109
iii
113

112
114
116

112
114
116

7 +7183
183

7 QS185

76QS18?

7 QS189

7?Ir189
7?Irl91
z?Ir'93

2Ir189
z?Ir191
7?Ir»3

3 —[512]
-'; —[512]
-', —[5127
—,
' —[512]
—',—[512)

-', +[402)
-', +[402)
-', +[402)

4+[40o]
-', +[400]
—,'+[400]

208.8
208.8
127.8
74.3
0

94.2
82.4
73

(84.3)'
97.9

114.4
134.0
83.5

126.7
143.7
156.6

161.8
200.0

+0.05—0.035
+0.06

+0.33
+0.39
+0.34

—0.015—0.035

82.9
94.5

113.1
69.6

113.7
129.4
139.0

82.1
96.5

3
1.4
0.3
2.4

pure Mi
pure Mi

a The energy constants within a rotational band are given by

EI =E0+ (i)22j2g) LI (I + 1)+a ( 1)I+»2 (I+k) 3 ++PI (I+1) +a ( —1)I+»2 (I+g) ]2,

where EI is the energy of state of spin I, 8 is the moment of inertia, E is a constant, and "a" is the decoupling parameter which is nonzero only for
K =$, Io = ~2 cases.

b Ratios (of photon intensities) obtained from I.-subshell ratios.
0 The effect of Coriolis mixing is included except for those values in parentheses which Kerman (reference 19) obtained for W»8.

TABLE XXI. Ratios of reduced transition probabilities in de-excitation of levels in W, Os, and Ir(183&2 & 191).

Nucleus

183
QS185
QS187
Os187
Os'8'

QS189

+7183
)s'85

+f183
OS185

+7183
QS185
Os187

QS187
QS189

QS189
Irl91

191

Iy189

OS189

Ir191
Ir189

OS189
Os189 7(7 )

216.7
219.4

Initial state
I(Km[a&)) (keV)

-', (-,' —[512]) 208.8
-', (-',—[512)) 127.8
—,
' (-,' —[512)) 74.3
'; (-',—[501]) 501.4
2(2 —)

2' {s'—[5017) 233.6

-,'(-,' —[5127) 291.7
—', (-',—[512]) 222.3

—,'(-,' —[512]) 412.1
-;-($—[512]) 351.7

—,
' (-', —[510]) 99.1
2 (s —[51o]) 97 4
—,
' {-,' —[510)) 75.0

-,'(-,' —[501]) 501.4
-,'(-', —[501 ) 233.6

-(-,'- [510]) 95.3
-', {-',+[400)) 179.0

2 (2+L402]
-', (-',-+[402] 721.8

—;(—', —[503)) 275.9

—;(-,'+ [400]) 351.4
—', (-', +[400]) 317.6

Mi
Mi
Mi
Jtf/Ii

Mi

510]
510]
510]
510]
510)

-„'-,'(-', —[510))

-', l, —.'('s —[51o])

2, 4, 2(2 —[5107)

E2
E2
E2

A2

E2
Ii2

k, '. (4—[510))
s, 9 (s —[510))
k, k(s —[510))

k, 5 (2 —L512])
l, l (l —L512])

k k(l —L512])
''-, 5 (2+L402])

k, l (i+[402))
5, 2 (2+[4o2))

$, l (2 —[512))

2,
—'.(l+ [4o2])

l, l (i+[402))

2, l (5—[512])
k, l (5—[512])

Assumed . Final states
multipolarity I, I+1, I+2(K7r[NN, A7)

Reduced transition'
probability ratios

0.07/1/0. 46
0.16/1/0. 52
1 9/1/
1.2/1/

0/1/e ~ ~

1.25/1/0. 25 (theor. )"
2.1/1
0.25/1 (theor. ) b

0.9/1/100
6.5/1/110
0.9/1/0. 3 (theor. )
13/1/u
1.5/1/0. 9
0.75/1/0. 35 (theor. )b

2.6/1
1.9/1
0.4/1
3.5/1 (theor. )b

1.6/1
0.7/1
1.5/1(theor. ) b

2.4/1
0.34/1
0.67/1 (theor. )"
0.6/1
0.6/1
2.3/1 (theor. )"
0.36/1
0.67/1 (the or.) b

6.4/1
1.3/1
0.15/1 (theor. )b

2.4/1
1.0/1
1.5/1 (theor. )b

& Experimental reduced gamma-ray intensity is obtained by dividing the K-electron intensity by the theoretical K-conversion coefficient and by the
energy dependent term, E»+1. Coriolis interaction effects are not subtracted. All transitions are K-allowed.

b The theoretical relation is given by the square of the ratio of Clebsch-Gordan coef6cients compiled by A. H. Wapstra, G.J. Nijgh, and R. Van Lieshout,
Nuclear SPectroscoPy Tables (North-Holland Publishing Company, Amsterdam, 1959).
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TABIK XXII. Conversion electron data for decay of Ir' (15 h) —+ Os'".

Transition
energy
(keV)

24.2
30,4
33.85
37.4
60.0
90.45
94.5
97.4

100.75
119.65
124,95
126.9'
127.9
129.4
153.6
158.3
160.75
185.0
220.4
222.35
223.8
254.4
266.5'
300.4e

307 1e

314.4
321,5e

339 2e

352.4e

377.76

406.8'
419.1'
431.4'
507 0'
513.70

39 4e

745 7'
KLL Auger

&50
)9

&26
145

2
1.2

~180
23

~0 5
29

~30'
5o

8.6
1.4

&5.9d

&5 8d

50
0.35
0.25
0.28
C

0.9
02
0.3
0.48
0.65
0.28
0 250

0.35
0.37
0 55'

70

12
7
3

600
250

18
2,6

26
0.4

3.2
4.5
C

5.4
4.6
C

1.3
C

C

8.5
d

90
60
3.5
4.

95
3.5

&5.9'

0 77'
10c

&1.71

33
45

3.6
85

2.5

0.55

&5.8'

&0.64"
&1.7"

0.7
0.2

2
1

190
85

C

2
47

7

1.5
1.4
1.6

0.25
0.35
0.34
2.2

35
20

12
2.3

0.44

Remarks'

M1+ {L~'2)

F1/E2 =230
F1/E2 30
M1/Ei2 =24
M1/E2 = 1.4

I'2
iV1/E2 =30

E2+ (iVI1)

M1+ (E2)
E2

L&'2

E'2
2~.'2

i&I 1

a Intensity data are normalized to 600 units for the 37.4-keV I.z-electron line; "2o" indicates weak line.
» Multipole assignments are based on K/L ratios and I.-subshell ratios.
e Conversion line is partly resolved.
d Conversion line is a composite of two different lines.' Not placed in decay scheme.

transitions as 3f1, E2, or M1+E2 (see Table XXI).
A number of transitions in the conversion electron
spectrum have been previously reported. "The 15-h Ir"'
parent appears to be represented by the —,'+[402j con-
figurations as are Ir'8' "'.4

The spectra of Os"" consist of intrinsic states
—,
' —[510j at ground and 2

—[512j at 127.8 keV, with
each of which is associated a rotational band (see
Fig. 12). The interpretation of the intrinsic states, as
implied by the rotational structures, is further sup-
ported by a comparison of the moments, M1/E2 ratios,
and transition probabilities for the analogous states in
the isotone, %'".No attempt was made to estimate the

34 R. M. Diamond and J. M. Hollander, Nuclear Phys. 8, 143
{1958).

contribution of the odd nucleon to the moment of
inertia by an analysis of the ratio hd/d rigid, where Ad

represents the increase in 0 for the odd-nucleon case
over the value for the even-even nucleus with one less
neutron. The rapid variation in the values of 3h'/g for
the E2(2+ —+ 0+) transitions in even-A Os nuclei and
the effect on 8' due to E=~ and E=2 band mixing
would obscure such an analysis. The regularities in the
energies of excited 2

—[503j particle states may perhaps
be an indication that the tentative 356,5-keV state is
the same orbital.

The intraband transitions determine the four level

spacings in the —,
' —[510$ sequence of Os'" to within

0.1 keV. The energy of the E=-,', I=-,' level, using the
parameters, is predicted to be 12 keV higher than the
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7r &' (&5 hr)

p~ 2
+ 402

Ec = 302O

7 '
2'2

356.5- e, —, -[5OZ]

9
317.8 2' 2

e ectrpn-ca &

12. Partial level schem f
pture decay of Ir""(15

me pr

to Os"'.

222.35

C

CS
Al

77

198,)5

/27. 85 ~(
2' 2 0

O

9?.4
5
zf 2

)f 3
(pl p74 2~ 2

experimental value of 317.8
p' cal. energy is about 8 ke less thlrlc

keV. In W'83

(I=9~) energy stas ate. For those transi
e less than the observed

between levels of s d ff
nsitions proceeding

spin difference one th "'po
J p=230, 30, 30~ and

present, thus indicating the rotational

character of the levels. Table XXI dis la s
m ntal ratio of the val 8 E2evaue E2 forth

o h B(82) to

pre ictlon o 3.5.
Experimental decou linp ing parameters for postulated
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TABLE XXIII. Conversion electron data for decay of Ir'87(13 h) ~ Os'8 .

Transition
energy
( eV)

9.8
25.5
64.55
65.3
74.35
75.05
84.9
87.1
90.7

112.4
113.15
115.65'
150.5
156 6e

162.8'
163.5
170,4e

177,7
180.9'
181 85e
187.5
189 2'
198.7'
206.9e
224.4
252.9~

258 45e

)50

155
40

125
62
36

940
25
10

160
3

2.7
iid
11,5

(64b

Energy
(keV)

1700
820

~100'
1500

(80d
Oc

C

'N

C

C

160
C

C

C

7
~20'

80

~1.7
~34c

10.5

(105d

18.5
7.5

&r.'~'rr.'%rr =5'1:o.6
250 50
130 80

3900 3900
160 50

~]700' 1640

630
C

2000
380
900

17

(105d

&1000
190

540
100
240

Remarks' "

311
JI1

351/L'2 =60
E2
3f1
X~2

F~2

E2+ (iV1)
M1/L'2 =0.3

Mi/E2 =- 6
E2

Remarks' "

261.5e

263 4e

266.38

275.95
276.6
299.50

313.95
344.6'
348 28

370.1~

395 6e

398.7
400.7
426.4
427.1
447.6e

486.1
491.7
501.4
515 5e

22 Oe

576.7
586.7
588 9e
610.9
636.8
651.5
654 35'
715.9
725.65
747 4'

32
3
5.4
5.2

25
100

5
5.5
7.5

19
67

~175d
5.4
9

33
39
10.5
7.5

~15.5"
4.6
3.6

59
(5d

5
(3d

2.6
2.6

3.6
16

~1.3
3

C

~27
0.9

C

5.6
(8d

(17d

10

C

(3d

14'

~ Multipole assignments are based on K/L and L-subshell ratios.
b Intensity data are normalized to 3900 units for the most prominent line. "m" indicates weak line.
0 Conversion line is partially resolved.
~ Conversion line is a composite of two diferent lines.
e Not placed in decay scheme.
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TAi3LE XXlIl (conttntted)

1217

Energy
{keV)

757 05'
760.3'
800.2
886.9
903 ie
912.8
978.0
987.9

1102.8
1112.1

2.4
~0 7

6.6

2.1
23
10.3
10.7

1.5

LI LII LIII Remarks

—',—t 510] bands in Os'" and W'" disagree with each
other and with predicted values for this orbital. Id=-,'—
bands in Os"' and W'" are described by decoupling
constants a=+0.02 and +0.19, as compared with
at&„„=—0.17 for the expected eccentricity, 6=0.2. The
experimental 3A'/8 values differ by 10/o, the lower one
belonging to Os'" It is possible that. the 3A'/d term
reflects a stronger Coriolis effect on Os'", which is con-
sistent with the decreased energy separation of the
relevant levels. It is significant that Kerman" gives
95.1 keV as the "true" value of the E=—,'inertial term
in W'", where the experimental value is 78.1 keV.

The members of the rotational band associated with
intrinsic state ~e —L512) at 127.8 keV are 222.3 keV
(-,' —) and 351.7 keV (2—). Within the band, the cascade

y rays indicate strong E2 admixtures (M1/E2=1.4),
which are found consistently in —,—L512j bands in this
region. Of interest is the absence of feeding from
—,
' —P10) to 2

—P12) bands, although all three levels
of the E= e~sequence proceed to all levels (where AI& 2)
of the ground-state K= ~~band. As has been observed
previously, levels de-excite preferentially towards Ko
(except for rotations), where Ko is the K number
assigned to ground.

The interpretation of Os'" states is supported by a
comparison of interband transition probabilities be-
tween E;=—,

' —and K~=~ —states, with the results
obtained in W'". The reduced p-ray branching ratios
for M1 radiation in Os"' are

E,=127.8 keV (2):

E,=222.3 keV (-', ):

RIld

E„=351.7 keV (-,'):

127.9y/90. 4y/30. 4y= 0.16/1/0. 52,

185.0y/124. 9y/24. 2y = 6.5/1/110,

254.4y/153. 6y/33. 8y = 1.5/1/0. 9.

The analogous branching ratios in W'" are

E,=208.8 keV (—', ):
208.8y/162. 3y/109. 7y =0.07/1/0. 46,

E,=291.7 keV (~~):
245.2y/192. 6y/84. 7y =0.9/1/100,

E,=412.1 keV (7,-):
313.0y/205. 1y/103. 1y= 1.3/1/io.

The theoretical relationships are given by 1.25/1/0. 25
for I;=3~, 0.9/1/0. 3 for I;=-'„and 0.75/1/0. 35 for
I;=7. The observation that comparable ratios of W"'
and Os' are in striking agreement among themselves
but appear to disagree with predictions may be in-
terpreted as evidence of band mixing.

C. Ir"'(13 h) ~ Qs'"'

Our experiments with Ir"' activity indicate the
existence of at least 65 transitions of energies less than
1 MeV. It may be noted that all of the stronger radiation
up to 400 keV, listed in Table XXIII, are classified as
either 3f1, E2, or as a mixture of these. Conversion
electron lines, attributed to a 9.8-keV M1 transition,
are observed to convert in the S and 0 subshells.
Gamma-ray scintillation spectra were studied, and
Table XXIV lists the experimental photon intensities
normalized relative to the 611-keV M1 conversion co-
eScient. The resulting conversion coeScients for the
transitions of 912, 978, and 988 keV are consistent only
with 3f1 multipolarity. Earlier work on this nuclide was
done by Diamond and Hollander" who irradiated
rhenium with n particles. An energy-level diagram
which is compatible with experimental results is illus-
trated in Fig. 13.

The Ir"~ ground state should correspond with the
—,'+L402j configuration just as for Ir"' and Ir"' The
lowest excited states of Os'" are found to be very similar
to those proposed in %'".The ground-state spins have
been measured, and found to be ~ for both nuclei, and
the magnetic moments are identically 0.12 nm. The
experimental deformation of Os"~, deduced from the
measured intrinsic quadrupole moment, is 0.18 as
compared with 0.21 for %'" '

The development of the ~
—L510]sequence, consisting

of states at 0, 9.8, 75.0, and 100.5 keV, is based on five
intraband transitions and twenty-one interband transi-
tions populating the levels. The energies of the states
have been fitted to the rotational energy formula. Thus,
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TABLE XXIV. Intensity and multipolarity assigned to transitions depopulating levels shown in decay scheme
of Ir'87(13 h) -+ Os"' (Fig. 13).

Proposed excited
states

(keV)

De-exciting
transitions

(k.eV)
Multipole'
assignment

Calculated relative
intensities

N~+N„ N~

Photon
data'
N~

($,$—)

(~,5 —)

0
9.8

75.05

100.55

74.35

187,5

351.0

501.4

725.8

987.8

1112.3

9.8
65.3
75.05
25.5
90.7

64.55
74.35
87.1

112.4
113.15
177.7
187.5
163.5
275.95
276,6

150.5
313.95
400.7
426.4
427.1
491.7
501.4

224.4
651.5
715.9
725.65

486.1
636.8
800.2
886.9
912.8
978.0
987.9

610.9
1102.8
1112.1

SI1
L&'2

k2
iV1

i@1/Li;2 60
Mi
yri)

X 2+(gI1)
M1/E2 =0.3
SI1/J 2=6

A2
(SI1+I'2)

(~~1)
X':2

X~:2

3f1
J~2

(ui)
(ui)
(ui)
(ui)

(3I1)
(ui)
(ui)
(ui)

(ui)
(I'2)
(ui)
(I;2)
(m)
(ui)
(M1)

(X1)
(ui)
{m)

)5000
10 830

5200
2880

25

1720
10 700

360
120
480

2440
1140

75

42
620

2400

2300
600
745

45
145

~93
120

160
(500

398

1950
1030
1093

1810

205

~ ~ ~

390
330

60
3.5

350
1000

42
35

120
1220
780 f
32

23
500

2310

2085
555
700

28
140

~90
117

150
&500

390

1920
1020
1080

1735

203

1700

500

3720

1300

1400

1800

& Multipolarities are assigned either from conversion electron ratios of Table XXIII or from consistency with angular momentum selection rules; latter
assignments are in parentheses and are shown unmixed since we have no way of estimating mixing ratios.

b Estimates of photon intensity are obtained from internal conversion electron data and theoretical conversion coeKcients.
o Photon data are normalized to the 610.9-kev transition, assuming pure M1 multipolarity.

the ground-state rotational band in Os'" is described
by 3A'/8=48. 5 keV and the decoupling constant
a= —0.60, compared with 3A'(8 = 71 4 keV and
a=+0.02 for Os"5. The theoretical value of g for

[510]bands is expected to increase with decreasing
deformation, according to Mottelson and Nilsson, '
which is opposite to the behavior of the experimental
results. One may note that the decrease of the (E=—,')
inertial term in Os", as compared with Os", is con-
sistent with the relatively small energy separation of
the -', —[512) particle state. In postulating the 9.8-keV
(-,'—) excited state, it is presumed that the de-exciting
transition is of su%cient intensity to at least balance
the intensity of the electromagnetic radiation proceed-
ing to it. Our intensity measurements are highly un-
certain for such low electron energies. Electromagnetic

transition probabilities for E2 radiation de-exciting the
75.0-keV (-', —) state show the effect of band mixing.
Quantitatively, the experimental ratio of the crossover
to the cascade transition is 0.4, while the simple theo-
retical relation gives 3.5.

The orbital assignment of 2
—[512) for the 74.3-keV

intrinsic state is consistent with the associated rotational
excitations at 187.5 keV (—,'—) and 351.0 keV (z' —)
which characterize this configuration. The cross feeding
between bands as well as within the band is extensive.
For the 113-keV intraband transition, proceeding be-
tween levels of spin difference one, the multipolarity is
351(82=0 3, a,nd the E2 crossover is .present, thus indi-
cating the rotational character of the levels. The rota-
tional energy parameter for this band is 38'/8=134
keV, which is considerably larger than for neighboring
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E=109conh ura
'

3h' a=9
g ations. Compare, for exam l W'"

/ =&"I.9 keV and Os'" with 35'/8=114
p e, wit

dis lac mp cement of energy levels due to the Co
'
.4 keV. A

would tend to
'

e o e onolis effect
en o increase the inertial term f tho e upper

band. The relatively small ener se ar

h h k d ff . Th
l 8 8=~ ~

e ec . e positive si ns of
i.e., =+0.02 for E=-', and

Ir ~8? (13 hr) 3 3
» & +[402]

gc = 2085

ll)2, 3 (-j

0(
987.8

2' 2

I'"zo. 13. Nuclear levels in Os"'
populated by electron-capture de-
cay of Ir's'((13 h). A tentative state
at 586.4 keV is not shown.
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TABLE XXV. Conversion electron data for decay of Ir'8'(11 day) ~ Os'".

Transition
energy
( eV)

25.7
30.8
33.35
36).23
56.5
59.1
59.3
69.6
95.2
95.3

97.8
138.3
147.1
149.9
164.0
180.5
185.85
188,6
197.4
206,3
216.7
219.35
233.5
245.0
275.8
I'LL Auger

~15c

13
13

6)

11
3.2

18
6.3
8.5
4.6

15
13
13

100
14

230

LI

15
33

360
39

350
~30c
490

1.6
3.0

1.5
VO

~2 5c
tg

cl

C

C

~1 5

150
2.7

LII

65
50
5

45
6

830

1.5
~2c

35c

~1.6c

4.50

4.5
d

25c
3c

LIII

180-
75
13

6
0.6

3.1
2.4
0.8

1.8
0.8

95
50

140
10

110

C

(3(l
2.2

cl

2
2.1
C

14

180

Remarks' b

Mt+ (E2l
3f3

2
M1/E~'2 =230
Mi/A2 = 140
M1/F2 = 140
3f. 1+8'2
M 1/A2 = 2.4

&V1/Ii.2 = 12

M1/62 =3
ilIi/E2 =1

A'2

m+ (r2)

M1+ (L'2l
M 1/F~2 =0.5
I!,2+ (cV1.)

f.'2
L~2

M1/L2=0. 5
L~2

Mi/F, 2 =0.6

a Intensity data are normalized to 830 units for the &9.6-keV LII-electron line; "n" indicates weak line.
b Multipole assignments are based on X/1. and I. ratios.' Conversion line is not completely resolved.
d Conversion line is a composite of two different lines.

8=+0.06 for E'= —,
' bands) also imply a, substantial

amount of interband mixing.
Decay branching from Ir" is approximate a,nd is

meant to serve only as a guide; no data as to the
existence of electron-capture branches to the 9.8-keV
and ground states were obtained. The decays of Ir to
the excited states (shown in Fig. 13) are first forbidden,
and have log(fi) values ranging from 6.7 to 7.4.

A knowledge of the multipolarity of six transitions
de-exciting the 501.4-keV state establishes the spin and
parity of the level as 2 —.The level at 987.8 keV is
depopulated by transitions to the level at 501.4 keV, as
well as to the 2

—[510] and 2
—[512] configurations.

In this case, the relative photon and electron data fit
reasonably well an assignment of M1 for transitions of
912, 978, and 988 keV to spin 2, ~, and 52 states, which
establishes the 987.8-keV level as —,

' —.
Some remarks may be made about the gamma-ray

de-excitation of these I= ~3 —states. The experimental
ratios B(3f1:—,

' —+ —,')/B(M'1: 2 ~ —,') are 1.9, 1.2, and 1.0
for decay of the 74.3-, 501.4-, and 987.8-keV (2 —)
states, respectively, to the members of the E= ~

—band.
There is surprising consistency in the above ratios, as
well as with the predicted ratio of 1.25 calculated for
EC;= 2. In line with the ordering of intrinsic states, the
expected orbital —,

' —[501] is assigned to the 501.4-keV
excitation.

D. Iris~(11 day) —+ psi»

Proton irradiation of Os'" produced a source of Ir"'
activity. Our conversion electron data, , compiled. in
Table XXV, indicates that all of the intense gamma rays
are either E2 or a, mixture of E2+M1, except for the
30.8-keV radiation of 3II3 multipole order, "which de-
populates a 5.7-h isomeric state (—,

' —[505]). Earlier
experiments with Ir'" have been reported by Diamond
and Hollander'4 and also by Kane, " all of whom used
high resolution spectrographs. In addition, Kane did
photoelectric conversion measurements. Their results,
in general, are in agreement with the level scheme shown
in Fig. 14, and the relevant transition data summarized
in Table XXVI.

The ground-state spin of Os'" has been measured as
Io= —,

' with a magnetic moment of p=0.65 nuclear mag-
neton. " The ground-state assignment of -', —[512] is
supported by a predicted value of @=0.9 nm for this
orbital. From measured E2 transition probabilities, the
calculated deformation of Os'" is 8=0.15, as compared
with &=0.18 for Os'" and 8=0.21 for W'" '

In the decay scheme (Fig. 14), a, rotational excitation
of the 2

—ground state is postulated at 69.6 keV (—', —).
The level has been Coulomb excited by Durham, Rester. ,

""W. R. Kane, thesis, Harvard University, 1959 (unpuMished).
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e deca of Re"'nd Class "and also observed in the P decay of Re
by Crasemann, Emery, an~ ~ ane.

M1/82=2. 4 mixture, which is charac-transition is an
h -' —P12]orbital, and has 3A'/8=83. 5 keV.

Another rotational sequence is possi y ase o

j 1 1 t 36.2 keV with a rotational excitation
at 95.3 keV (-', —). There appears to be no additions,

0 '" ~A'=113). The lack ofrotational structure in ~s '
'" ~X=89~ at the ot errotations was noted also in Sm

end of the deformed region. The intraband radiation
h ——(510] configuration is descri ed

M&q'E2= 140 mixture; this is comparab e wi
M1/E2=135 in W'ss and M1/E2=230 in s
Coriolis interaction is apparent y

' y'~ 0

1 modif ing the inertia
properties of the low-lying bands. The trends in experi-

36 F E Durham, D. H. Rester, K, M. Class, Bull. Am. Phys.~ ~

'78. Crasemann, G. T. Emery, an
Phys. Soc. 7, 353 I', 1962).

1 d
' T bl XX indicate that in Os'" the level

h'1 hspacing o t e upperf th per K= —' —band is elevated, w i e e
lower E=-' —band is depressed.

bers of33 6-k V (-' —) state decays to all members o
h E= ' and E= ' b.an-ds—by mtxe -—+t e =-,—an

-' —50i .transitions, an md may perhaps be designated as —,—
1 wa note that the AI=O, 1 transitions have owOne may note a

M1/E2 ratios (see Table 'XXVI). This is u pis unex ected,
since dipole radiation is K allowed and unhindered in

e asymp 0 ic quh t t' quantum numbers. The electromagnetic

experimenta y . , as coIl 07 compared with the theoretics
value of 1.5.

The next level at 275.9 keV is de-excited by 3II1+E2
to the ground (-,' —) state, an y pure .2

gamma rays to the 30.8-keV (s —) state. e mu '-

polarities of the gamma ray gg
—-' — h

275.9-keV level, and one might expect the orbita
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Proposed ex- De-exciting
cited states transitions Multipole

(I,En.) (keV) (keV) assignment'

Calculated rela-
tive intensities

N~+N. , N~b

TABLE XXVI. Intensity and multipolarity assigned to transi-
tions depopulating levels shown in decay scheme of Ir'"(11
day) —+ Os' ' (Fig. 14).

219 keV in Os'" by Coulomb excitation. There are a,

number of possible interpretations of the pair of —,'—
states: a, gamma vibration of the ground state, or a

second rotational excitation of the as —[512] configura-
tion, or a —,—[503] single-particle excitation. The ex-

perimental E2 transition probabilities from the above
—,
' —states to the ground-state (E=—,

' —) sequence yielcls

69.6

(2,—', —) 30.8

33.35 E2
69.6 sIt/11/E2 =2.4

30.8

205
3210

235

&1
360 E,=216.7 keV: B(E2: —,

' ~ -', )/B(E2: —,
' —+ -,') =2.4

and

(-,', —.,' —) 36,2
(l, l —)

(-,'—) 21K).7

36.23
25.7
59.1
95.3

147.1
185.85
216.7

M1/F2 =250
AI1+ (E2)
Ã1/L2 = 140
iV1/F2 = 12

M1/E2 =1
yS1+E2)

E2

640
25

650
230

34

130

28
0.5

j13
65

13
22

105

(-,'—) 219.4 149.9
188.6
219 35c

(-,', -,'- —) 233.6 138.3
164.0
197.4
233.5

56.5
59.3

180.5
206.3
245 Oc

275.8

E2
M1/E2 =0.5

E2

M1/L'2 =3
M1+ (E2)
L2+ (M1)
i@1/E2 =0.5

3E1/E2 = 140
Af1+E2

(~1)
E2
E2

off. 1/E2 =0.6

28
30

120

28
23
36
80

70
60

7.5
40

200
90

8
10
21
60

11
10
3.7

29
170
70

(—) 314.6 95.2
97.8

219 3c

245 Q'

(3f1)
(M1)
E2
E2

21
~13

~830

E' x-ray intensity 6000

a Multipolarities are assigned either from conversion electron ratios of
Table XXV or from consistency with angular momentum selection rules;
latter assignments are in parentheses and are shown unmixed since we have
no way of estimating mixing ratios.

b Estimates of photon intensity are obtained from internal conversion
electron data and theoretical conversion coefBcients.

o Recurring transition is listed twice.

—,—[503]at about this region of excita, tion. The experi-
mental Ji2 y-ray de-excitation from the 275.9-keV state
to the ss —[512]band is

B(E2' —' ', )/B(E2 —' -') = 0—36

where the intensity rules predict 0.67 for E;=—', and 24
for E;=-,'. The existence of an appreciable amount of
F2 admixture to 351 radiation in transitions to low-

energy states involving a spin difference of 0 or 1. is
observed as for the 233.6-keV state.

Excited states at 216.7 and 219.4 keV are classified
as —', —on the basis of the observed de-excitation and
feeding. McGowan et al." have observed a. level at

'8 I'. K. McGowan, P. H. Stelson and R, L. Robinson, in E/ectro-
magnetic Lifetimes and Properties of tVttclear States, Nuclear Science
Series 37 (National Academy of Sciences-National Research
Council Publication No. 974, Washington, D. C., 1962), p. 119.

E,= 219.4 keV: B(E2: —,
' —& ss)/B(E2: —', —+ -', )= 1.0.

The predicted value for E;=-,' is 1.5. The existence of a,

strong quadrupole component in the de-exciting p rays,
as shown in Table XXVI, may be related to the collec-
tive excitations described by the unified model (although
dipole radiation may be allowed under angular mo-
mentum selection rules). Rotational (AI= 1) transitions
in cascade would have low M1/E2 mixing ratios associ-
ated with the —,

' —[512]orbital. Theoretically, of course,
dipole radiation is forbidden in vibrational transitions.

It is possible, on the basis of the remaining transitions,
to postulate a 314.6-keV state of odd parity. The com-
posite 245.0-keV (E2) radiation may proceed from both
the 275- and 314-keV states. Consideration of the excita-
tion and de-excitation intensity about the 30.8-keV
level determined the apportionment of the transition
intensity data.

The decay of Pt'"~ Ir'" reported below indicates
that Ir'" is most likely in a as+[402] state. The in-

tensity of the EI.L Auger lines is consistent with an
estimate of a 20%%u~ electron-capture branch to the ground
state of Os'". Figure 14 presents the approximate elec-
tron-capture branching percentages to levels in Os'", all

of odd parity. The transitions are expected to be first.

forbidden and are observed to have 7.2(log(ft)(7. 7.

E. Pt"'(ll h) —+ Ir'" and Pt'"(3 day) ~ Ir'"'

In this study of excited states in neutron-de6cient,
odd-Z Ir nuclei, the decay schemes were examined for
possible collective effects, as well as for regularities in

the energies of single-particle states. Previous investiga, -

tions of deformed nuclei' " have shown average dis-

placements of about 100 keV between intrinsic proton
states populated in odd-A isotopes, where AA =2.

Composite sources of Pt(2=189, 191, and 193m)
were produced by irradiation of natural Ir foils with
22-MeV protons, and subsequent chemical extraction
of the Pt. ' Analysis of the complex spectrum of Pt'"'
was limited by the presence of Pt"' and by the low

activation yieM. No decay from Pt"' was observed,
aside from transitions (of 12.6 and 135.5 keV) following
4.4-day Pt'" decay.

O' N. K. Glendenning and S. G. Nilsson, Hull. Am. Phys. Soc.
6, 377 (1961).



PROPERTI FS OF NUCLEAR LEVELS

TABLE XXVII. Conversion electron data in decay of Pt"'(3 day) —+ Ir'@.

Transition
energy
(keV)

41.8
49.5
82.45
85.2
96.5

129.45
172.3
179.0
1.87.75
213.8
219 8e
221.9
223.7e

268.25'
269.1
272.0e
351.5
360.3
409,9
457.0
493 Oe

495.1
539.5
584.2'
588 3e
6Q4 6'
624.6
KLL Auger

&900
670
390

80
36

1 4
12
7.7
6.6

14.7
1..4

56
100
91
24

2
2.8

60
0.3
0.5

C

49
460

Lr

r 30
440

13
300
105
62
13,5
5,5

C

1.1

9
15.5
14

35
C

850

42
30

C

5

7.5

Lrrr

4Q

780

13
18

3.5

2.6

470

70
30
16

5
1.7

2.6

3.5

1.3

0.2

110

8

1.2

Remarks' b

E3
Jtff 1+E2
M1/E2 = 1.4
M1+ (Z2)
M1/E2 =55
MI/E2 = 7

Mi
3II1/E2 =2.5

Mi
Mi
3f1

' Multipole assignments are based on K/L and L-subshell ratios.
b Intensity data are normalized to the most prominent line. "2'" indicates weak line.' Conversion line is partially resolved.
d Conversion line is a composite of two different lines.' Not placed in decay scheme.

TABLE XXVIII. Conversion electron data for decay of Pt'"(11 h) ~ Ir'+.

Transition
energy
(keV)

71.6
82.15
94.25

113.75
141.1
176.4
181.2'
186.65
190.9"
204.0
223.45
225,9'
243.6'
258.3
300.6
317.8
404.2

41 8e
545.5
569 3e
608.1
627.5
721.7
736 3'
93 2e

802 Oe

&920
1100

19
~240'

14

29
0.6

100
11
33

-82~
26

43
46

~39'
10'
27

1.5
47

Lr

500
700"

C

330'
220

18

40

10

C

14.5
5

d
7
6

5

LII

100

1840
110

C

70
13
12

Lrrr

160

1770
70

900

55

230

Remarks'b

iV2
Mi
E2

3f1/E2 =7
Mi

3f1+E2

E2
E3
E2

n Multipole assignments are based on K/L and I-subshell ratios.
1' Intensity data are normalized to 1840 units for the most prominent line. "2e" indicates weak line.
" Conversion line is partially resolved.
'I Conversion line is a composite of two different lines.
e Not placed in decay scheme.
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From the available data" (including conversion elec-
tron Tables XXVII and XXVIII), it appears that the
properties of nuclear levels excited in odd-Ir isotopes
are very similar. The eccentricities are 8=0.14 for IrT 191

and 6=0.12 for Ir'", based on observed E2 transition

probabilities. 4 Measured spins (Io——$) and magnetic
moments (p=0.2 nm) of the above Ir isotopes are con-
sistent with ground-state assignments of 2+L402j.

The rather complete conversion electron data, com-
piled in Table XXVII for Pt"'~ Ir"' decay, allow

78Pt tg& (3d) 3 3
2

QFC = 1475

624.5

%p J'

Qo
7 5 +2' 2

CO

p3 +0 y

—,', —', + I4o2]

5 —+2' 2 351.4

/

+Op

I

34 3.2
2' 2

FIG. j.5. Electron-capture disinte-
gration of Pt'"(3 day) ~ Ir"'.
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TABLE XXIX. Intensity and multipolarity assigned to transitions depopulating levels shown in decay scheme
of Pt"'(3 day) —& Ir"' (Fig. 15).

(VeV)

Proposed excited
states

(I,K~)

De-exciting
transitions

(keV)
Multipole'
assignment

Calculated relative
intensities

&p+&ce x„b
Photon data f

Smith et el. 'E„'
0

129.45
343.2

129.45
213,8

3f1/L~2 = 7
(Af1+I:2)

1170 310
2

(5 5+)

82.45
178.95

539.3

624.5

82.45
49,5
96.5

179.0
172.3
221.9
269.1

351.5

360.3
187.75
409.9
457.0
539.5
85.2

495.1
624.6

M 1/A2 = 1.4
Af. 1+F2
M 1/Li'2 =55
3f1/Ii 2 =2.5

Mi
(M1)

L~'2

M1

Af1
(3f1)
Mi

(E2)
(M1)

%i+A"2
(M 1)
(E2)

5880
57

2620
220
830

24
214
435

800
85

985
1120
1270

112
48

460

565
5

375
112$
350)

14
185
365

680
40

875
1090
1200

11
45

453

440

1095

875
220

1860

(11/2, 11/2 —) 1.71.25

E x rays

41.8

12 000

Multipolarities are assigned either from conversion electron ratios of Table XXVII or from consistency with angular momentum selection rules; latter
assignments are in parentheses and are shown unmixed since we have no way of estimating mixing ratios.

b Estimates of photon intensity are obtained from internal conversion electron data and theoretical conversion coefficients.
o Photon data of W. G. Smith and J.M. Hollander, Phys. Rev. 98, 1258 (1955), are normalized to the 409.9-keV (M1) transition. Our scintillation counter

measurements are in essential agreement with the previous data except for an increase in the relative intensity of the 457-keV y ray by a factor of 2.7
observed in our spectrum.

one to expand the decay scheme presented in Nucl. ear
Data Sheets, 1960. The postulated levels shown in

Fig. 15 are compatible with the newly included multi-
polarities assigned in Table XXIX. One may note the
agreement of calculated photon intensities (obtained
by dividing E-electron intensities by the appropriate
theoretical conversion coeKcient) with experimental
results. Our data and the results of Coulomb excitation"
are consistent with rotational excitations of 129.4 keV
(-', +) and 343.2 keV (~~+) belonging to the ~3+[402]
ground state. An intensity balance of the proposed
decay scheme indicates no appreciable electron-capture
branching to the 2+[402] configuration, and this is
somewhat unexpected. The weakly fed isomeric state
at 171.2 keV (11/2 —) could be associated with the
11/2 —[505] orbital.

The parent, Pt"', is perhaps in a g —[512]state with
a disintegration energy of 1475 keV. In the decay scheme
of Fig. 15, a 2+[400] band is shown, consisting of
levels at 82.4 keV (2+), 179.0 keV (~3+), and 351.4 keV
(-,'+). The energy level spacing of the IC=-,'+ band has
been fitted to the rota, tional energy formula (see Table

40 K. Alder, A. Bohr, T. Huus, B. Mottelson, and A. Winther,
Revs. Modern Phys. 28, 432 (1956).

XX).In this case, the Coriolis effect is probably making
a considerable contribution to the energies. Such an
interaction may account for the value of the parameter
8=+0.39 keV which characterizes the 2+[402] band.
It is estimated that 50% of the electron-capture transi-
tions from Pt"' go to the members of the E=-2+ se-
quence. The transitions are classified as 1h and are
estimated to have log(ft) = 7.6.

At 539.3 keV, there appears a possible 2+[402]
particle state which may have a rotational excitation at
624.5 keV (2+). The rotational interpretation is con-
sistent with the M1/F2 admixture of the intraband
radiation. The log(f1) values are 6.9 and 7.7, respec-
tively, for the decay to the 539.3- and 624.5-keV states.
These are reasonable for the indicated 1u a,nd 1~u
transitions to the two states in question.

The proposed decay scheme of Ir'" is shown in

Fig. 16, and the associated intensities and multipola, rities
are listed in Table XXX.The Ir'" ground state should
correspond with the orbital ~3+[402] as in the case
for Ir"'. The data suggest the development of a rota-
tional sequence at 113.7 keV (~~+) and 300.5 keV (—', +)
based on the ground (~3+) state. The percentage of E2
a,drnixture in the 2~ —' rotational transition is the
same for both Ir' ' and Ir"'. The rotational band in
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78 t (&l hr) s
&89

2
&Ec = 2450

372.) ~' ~

O

2 2 Qt76
+

300.5

Pro. 16. Levels in Ir'" excited
by electron-capture decay o Pt189

(11 }I).

)76,5+l 'I

ru 0

94,25 ~

[400]

f I 3.75

y( IS9l'

the lighter isotope is described by 3A',/'8 = 126.7 keV and
8=+0.33 keV compared with 3A /8==143.7 keV an
8=+0.39 keV for Ir'". The inertial terms appear to
re ec e ra8 t th rapid change in 5 for adjacent even-even

are 155 keU innuclei. The relevant 2+ ~ 0+ values are
Os'" and 18/ keV in Os'".

rs at 372.1 keVThe 11/2 —L505j intrinsic state occurs at 3/2. 1 e
in Ir'" and appears to correspon witwith the isomeric

=4.9 sec, which occurs in Ir"' at 171.2 keV.
The nature of the 372.1.-keV eve is ase
character of the de-exciting y rays of 71.6 keV ~&2:

—~ —'+) and 258.3 keV (E3:11/2 ——+ -",+).The
1 8, . Th M2 and E3E3 competes to the extent of on y &. . e

e with E 1. andlti ole assignments are compati e w
I-subshell ratio data. An estimate of e of the order of
magnitu e o e a -'d f the half-life of this state is 1 @sec. The
Diode 0 popu a ion 0f 1 t' n of the 11/2 —state is unknown, as

th ase for the 171.2-keV level in Ir"'.ist ecase o
O y construct the levels of the —,+ 400 con-ne may con.

withfi t' in Ir'" beginning at 94.2 keV —,+,
cessive rotations at 176.3 keV (-,+) ansuccessive

It is apparent that the inertial paraarameters for2
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TABLE XXX. Intensity and multipolarity assigned to transi-
tions depopulating levels shown in decay scheme of Pt'"(11
h) —& Ir'" (Fig. 16).

Proposed excited
states

(I,K~) (kev)

De-exciting Calculated rela-
transitions Multipole~ tive intensities

(kev) assignment E„+Ã„E~"
0

113,75 113.75 iV1 /A2 = 7 ~3170 ~700
300.5 186.65 (half 1) 560 270

300.6 I',2 610 550

94.25
176.3

317.6

94.25
82.15

176.4
141.1
204.0
223.45
317.8

I;2
2lIIi

%1+82
Mi
yri)

(iV1)

6575 945
4900 ~540

~205 90
1970 555

~160 ~85
285 220
510 ~410

(11/2, 11/2 —) 372.1 71.6
258.3

SZ2 1030
80

17

721.8 404.2
545.5
608, 1
627.5
721.7

(F1)
(ui)
(ui)
(12)
(&V1)

275 240
950 895

1105 1060
950 935

1170 1135

a Multipolarities are assigned either from conversion electron ratios of
Table XXVIII or from consistency with angular momentum selection rules;
latter assignments are in parentheses and are shown unmixed since we have
no way of estimating mixing ratios.

b L'stimates of photon intensity are obtained from internal conversion
electron data and theoretical conversion coeKcients.

E=—,'+ bands are anomalously large; 3A'/8 = 162 and
200 keV for Ir'" and Ir"', respectively. Here, the
Coriolis interaction may be making a contribution of
large magnitude. Of course, if the energy levels of the
JI. = ~ band are perturbed, it is dificult to say what the
true decoupling parameters are. The intensity balance
indicates electron-capture branches of about 20%
proceed to the 176.3- and 317.6-keV rotational levels of
the E=-,'+ band. The decays have log(ft)=7. 3 and
are classified as 1h.

In analogy with Pt"', the ground state of Pt'" is
designated as —,'—(512j.The dominant electron-capture
branch to the 721.8-kev level is 1n with log(f1) =6.7.
Electron capture proceeds similarly to the 539.3-keV
particle state in Ir'", which suggests a —',+(402$ orbital
assignment for the 721.8-keV level. In addition, the
experimental M1 branching ratios from the above
I= ', + states to members o-f the —,s+L402j bands are
identically 0.6 (see Table XXI).

Pt'"' was present in our sources of Pt"'. Two
transitions of 135.5- and 12.58-keV energy were
identified with the isomeric decay Pt'" (4.4d) ~ Pt'"
(long-lived). The differences in energy of the I.r and
MI conversion electron lines of the 12.58-keV transition
are those of Pt. The transition is 3f1 rather than E1;
the latter would convert primarily to the 3f»& and Xz&z

subshells. The 135.5-keV radiation belonging to Pt' '
is of 3f4 character. The designation as 3f4 is consistent

with the observed ratios: K/I-r/Irr/Lrzr=058/048/
0.15/1. This is to be compared with the theoretical
values of 0.37/0. 46/0. 11/1 for M4 and 2.2/1. 1/0.2/1 for
3E3.' Similar results have been published previously
by Ewan. 4'

IV. DISCUSSION

The purpose of this investigation was to establish
more detailed nuclear level schemes and to obtain data
on systematic properties of the spectra. In particular,
an attempt was made to ascertain the applicability of
the Nilsson model. The criteria for construction of decay
schemes include transition energy fits, angular mo-
mentum selection rules, internal consistency of intensity
data, the characteristics of rotational configurations,
interband and intraband branching ratios, and log(ft)
estimates. Excited states have been classified as rota-
tional or intrinsic, according to the available evidence
and their systematic behavior. The main features of a
number of earlier decay schemes have been verified.

In the analysis of nuclear excitation spectra, it is more
dificult to establish the character of the high-lying
states. The postulation of spins of the upper levels is
generally based on the observed decay to the lower
bands, and the designation of parity is made on the
basis of intensity and multipolarity considerations. The
assumption must be made, in general, that pure multi-
pole transitions proceed between bands. In the absence
of hindrance factors, dipole radiation which is allowed
under angular momentum selection rules should be
dominant. The consistency of the log(ft) values with
the asymptotic selection rules proposed by Alaga" may
allow a test of the level classifications.

This investigation of systematic behavior of energy
levels ranges from mass 151 (87 neutrons) to mass 189
(113 neutrons), which expands our previous study in
the region of odd-neutron numbers 99 to 107. In addi-
tion, some data are presented for two odd-proton nuclei,
Ir"' and Ir"'. As pointed out in the text, the lightest
nucleus to which any kind of rotational behavior may
possibly be ascribed is Sm'" (1V=89). At the other end
of the rare-earth region, neutron number 113 appears
to be the limiting case. The understanding of these
limiting cases is important for the development of an
adequate theory to explain the transition region.
Particle states and states of collective character seem
to be arranged here in a complicated way, possibly due
to the influence of particle-rotation coupling of the
many K=-,', -,'-, and -', bands in this region.

Considerable data are presented in Tables IV and XX
on the nature of collective excitations which give rise to
rotational bands. Empirical results from our previous
investigation in the region halfway between closed
shells are included in Table IV. Relevant data are the
inertial parameter 3A'/8, the correction term 8 for
deviations from the I(I+1) energy ratio, as well as the

4' 6.T. Ewan, Can. J. Phys. 35, 672 (1957).
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TABLE XXXI. Summary oi intrinsic excitations (in ireV) listed according to the Nilsson orbital description for odd-A nuclei in the
region of odd neutron numbers 89 to 113. Parentheses are used to designate decreasing reliability of the level assignments; double
parentheses designate least certainty.

Nu- 3/2 — 3/2+ 1/2+ 3/2+ 3/2—
N cleus P32 j L402 j L660j $651j (521j

S /2 + 5/2 — 7/2 + 1/2 — 5/2 — 7/2 — 9/2 + 1/2 — 3/2 — 7/2—
f 642 j LS23j L633j L521j L512j t514$ L6241 $510) $512] t 503]

89 Sm»1 (344) ((104))
89 Gd»3 (212) (109)

(4) (0) ((167)) ((209))
(0) ((303)) (129)

91 Sm»3

((326)) ((36/)) (247)

93 Gd»2

(86) (1OS) ((286))

(64)

95 Gd'69

95 0y161
95 Er163

0
74 0

((415)) (104) ((22))
25
(D) (345)

9 / Dy163

97 Er166

97 Yb162
((1427)) ((853)) (242) (47)

((239)) (29)

D

o ((117)) (297) (6o8)
(0)

99 By(66
99 Ji 1.162

99 Yb168
((s85))

(570)

(0) (108)
o 2o7 ((347))
0 (24) (191) ((962)) ((146S))

01 Yb121

101 Hf"3

103 Yb"3
103 Hf(»

(95)

351
(207)

D 122 (83S) ((936))
o ((107))

0 636
O (348) ((1045))

1os Yb(26

105 H f122

105 +7129
(746) (508)

(0)
0

(0)
321

((4»))

C(»1))
(1O58)

107 Yb'22

107 Hf128

107 gr181

107 Os«3

((104))
(215)

((953)) ((746)) 365 ((4O8) )

(0) ((326))
o (37S)

((385)) ((560)) ((807))
0 (170)

109 @7183

109 Os'86

Q7186

Os182

Os189

((3o9)) 208 453
127 ((356))

(0)
(74)

o ((217))

"' The compilation is based on the assignments of Mottelson and Nilsson (reference 4), our previous work (references 5 and 6), and the present work,

value of u for K=-,' bands. In every case, the particle
state is the base state of the rotational band starting
with spin I=E.

The M'1/E2 ratios for the first rotational transitions
are listed in the above tabulations. The relative E2
strengths seem to depend on the details of the odd-
particle orbital. Rotational (AI= 1) transitions in cas-
cade appear to have similar M1/E2 mixing ratios, in
the absence of strong particle-rotation coupling eGects.
It is also possible to show a correlation of experimenta, l
moments of inertia with the asymptotic quantum
number assignments. With reference to —,

' —L510] and
ss —P12] bands, the true moments of inertia are ob-
scured by the rapid variation of the adjacent even-even
moments in this region and by the Coriolis effect, in
which the distortion is found to reflect the magnitude
of the spacing of the intrinsic levels.

Figure 9 displays decoupling factors which charac-
terize s

t—$521] bands encountered in odd-X nuclei.
The parameter u corresponds to a partial decoupling of

the particle motion from the rotating nucleus. The be-
havior of a is of special interest since it depends on the
wave function of the intrinsic motion. Mottelson and
Nilsson have explicitly calculated the expected value
of a as a function of deformation. ' There is a good cor-
relation of experiment with theory for orbital st —L521],
but the situation with regard to orbital s —P10] is
ambiguous.

The experimental evidence indicates levels which are
describable by the unified model, ' and the positions of
intrinsic states which may be correlated with the Nilsson
diagram. ' The relative positions of the postulated in-
trinsic states in the deformed region may now~be
examined. Table XXXI is a summary of possible
intrinsic levels for odd-E nuclei with neutron numbers
89 to 113.The particle excitations not discussed above
are the same as those proposed previously. 4 ' The reli-
ability of the state assignments is indicated by using
parentheses around the level energies given in keV. At
the far ends of the deformed region, the particle state
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FIG. 1'l. Empirical energy spac-
ing between common intrinsic
states which appear in neighboring
isotones and isotopes (see Table
XXXI).The open circles represent
the values for isotones and the
filled circles are for isotopes; in
each case D.4 =2.
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assignments are considered less firm, partly due to a
lack of evidence of rotational structures. The systematic
occurrence of the properties of odd-nucleon orbitals is
also less pronounced, possibly rejecting changes in
nuclear deformation and of configuration mixing.

One sees a reasonably smooth trend of positions of
intrinsic states reproduced by the sequence of Nilsson
orbitals appropriate to the strongly deformed region.
These are the s

s—[521], as+ [642], ss —[523], 7s+ [633],
—,'- —[521], -', —[512], -', —[514], -,'+[624], -', —[510],
ss —[512], sr —[503], and —,'—P05] neutron orbitals. It
is not surprising that the 11/2 —[505] state is not
excited in Gd isotopes since its high spin prevents it
from being fed. At large deformation, orbitals as+[402]
and —,'+[400] may appear; they originate below the
82-neutron shell. The following orbitals associated with
smaller eccentricity may be populated: s —[532],
is+[660], and as+[651] for light rare earths, and
ss —P01] and —', —[503] for the Os region.

Isotones of neutron number 95 have different ground
state classifications, an unusual circumstance. The
s
—P21], s+ [642], and s —[523]orbitals are assigned

to isotones Gd'5 Dy and Er 3 respectively. The
experimental results make these assignments fairly
certain.

Stephens et al.4' have pointed out the correspondence
between empirical energy levels in spectra of odd-proton
nuclei with Z) 89 and Nilsson's single-particle model.
For instance, the ground-state levels as+ [651],
&
—P30], s+[642], s —[523], and ss—[521] are ob-

served for proton numbers 89, 9j., 93, 95, and 97, re-
spectively. It is interesting to note that the sequence of
levels given above is fairly well reproduced in odd-
neutron nuclei with X)89 except for a displacement
of the -,'—[530] state.

"F.S. Stephens, F. Asaro, and I. Perlman, Phys. Rev. 113,
2i2 (19S9).

Figure 17 displays the relative energy shift of single-
particle states for a sequence of isotones (open circles)
and isotopes (filled circles), where the mass difference is
two in each case. Common ground-state orbital assign-
ments are not included. The observed level spacing for
successive isotopes is, for twenty cases, less than 150
keV and they average 60 keV. The remaining five cases
are distributed about the 200-keV value. The energy
displacement of similar levels in adjacent isotopes is
found to vary from 20 to 600 keV. The numerical results
are not distributed in any particular pattern. The direc-
tion of the energy displacement is, however, internally
consistent with a few exceptions.

Glendenning and Nilsson39 have reported similar
results in a comparison of energies of analogous intrinsic
states for odd-A, odd-Z deformed nuclei. They ascribe
the energy shift to differences in the interaction energy
of the odd proton on adding a neutron pair.

There remains the possibility of vibrational excitation
of the ground or higher-lying intrinsic states. For
example, for P vibrations, there should be a rotational
band with E=EO, and for y vibrations, a pair of bands
with E=

~

Ps&2 ~, where Es is the E number for the
ground state. It is perhaps too early to conjecture
further on these possibilities with the information now
available.

To summarize, then, new and more precise data are
presented for the decay of Pm"' Tb"' '" '" Eu'"
Tmi ' HO167 Re183 Ir185'187'189 and Pt189,191,193m

the tables of data, multipolarities are indicated which
are based on experimental results (L or E/L ratios, or
internal conversion coeKcients). Some of the other
indicated multipolarities are simply consistent with the
decay scheme and selection rules. Tabulated ratios of
reduced gamma-ray transition probabilities are based
on relative E-conversion line intensities and the ap-
propriate internal conversion coeKcients; pure multi-



1230 HA RMATZ, HAN DLE Y, AND M I HELI CH

polarity of the lowest possible order is assumed unless a
statement to the contrary is made. The possibility of
multipole mixing, as well as admixtures due to the
Coriolis effect would affect these ratios. To observe the
effect of asymptotic selection rules, gamma-ray transi-
tions proceeding to states of similar spin and parity
were compared. Any consistency in the various intensity
ratios may point out a systematic behavior which wouM
not be obvious otherwise.
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