
2108 M. R. McPHERSON AND F. GABBARD

Rev. 114, 201 (1959).
P. R. Bevington, W. W Roland, and H. W. Lewis,

Phys. Rev. 121, 871 (1961).
~H. W. Lefevre and G. U. Din, Australian J. Phys. 22,

669 (1969).
P. R. Borchers and C. H. Poppe, Phys. Rev. 129,

2679 (1963).
J. B. Marion and T. W. Bonner, in East Neutron Phys-

ics, edited by J. B. Marion and J. L. Fowler (Intersci-
ence, New York, 1963), p. 1865.

24F. Gabbard, to be published.
J. K. Dickens, private communication; J. K. Dickens,

E. Eichler, I. R. Williams, and R. Kuebbing, Oak Ridge
National Laboratory Report No. ORNL-4134, 1967 (un-

published), p. 22.
M. S. Zisman and B. G. Harvey, Phys. Rev. C 5, 1031

(1972).
27The computer program used was ALTE modified to

include the enhancement factor {Refs. 6 and 9). t%'. R.
Smith, Comput. Phys. Commun. 1, 106 and 181 (1970)].
Details are given in Refs. 1, 2, and 7.

28P A. Moldauer, phys. Hev. Letters 9, 17 (1962).
2 K. H. Bhatt and J. B. Ball, Nucl. Phys. 63, 286 (1965).
J. Vervier, Nucl. Phys. 75, 17 (1966).

3~8. Chochavi and D. B. Fossan, Phys. Rev. C 3, 275
{1971)

3 S. A. Hjorth, and B. L. Cohen, Phys. Rev. 135, B920
(1964).

PHYSICAL R EVIE W C VOLUME 7, NUMBER 5

P Decay of Ho to Levels in Er~
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The p decay of 6 Ho to levels in the strongly deformed ~ Er nucleus has been studied using
Qe{Li) spectroscopy. Over 150 y rays were observed, about half of which could be assigned
to 6 Ho decay. Among the rotational bands that have been identified in Er are the ground
state, the y band at 821.109 keV, and E~ =4 and 3 bands at 1093.898 and 1541.33 keV, re-
spectively. At higher energies, evidence was obtained for bands having energies (I~E. ) of
1848.20 {2+2), 1930.23 (2+2), 2192.97 (2 2), and 2424. 87 (2+2) keV. P-decay logft values to
levels of ~ Er support a 3+3 assignment for the ~6 Ho ground state.

I. INTRODUCTION

The nucleus '"Er is doubly even and strongly
deformed. Its energy-level properties have been
studied in "'Tm decay, ' ' thermal-neutron cap-
ture, ' "average-resonance neutron capture, "
the (d, P) reaction on 'e'Er,"inelastic deuteron
scattering, "and Coulomb excitation with "O
ions." The properties of levels populated in
"'Tm decay (up to 1715.'ll keV) have been deter-
mined with the aid of p branching ratios, accur-
ate y-ray energies and intensities, y-y coinci-
dence and angular-correlation measurements,
lifetime determinations, and conversion-electron
spectra. Rotational bands that have been identi-
fied include the ground-state, y vibration, and
K'=3 and K'=4 bands with a tmo-quasineutron
configuration.

Levels up to 2148 keV have been identified and
are characterized by their population intensities
in thermal- and average-resonance neutron cap-
ture (hereafter referred to as resonance-capture)
studies. Levels were observed with spins from 0

to 8. Bands that mere identified in addition to
those seen in "'Tm decay include the p vibration
and K'= 1 and 2 octupole. Additional informa-
tion on high-energy levels has been obtained from
inelastic deuteron scattering, which populates
strongly only collective levels. Both collective
and two-quasineutron levels are populated in the
(d, P) reaction. Results of these studies are sum-
marized in Fig. 1 and Table I.

The decay of '"Ho was first studied by Wille
and Fink. ' Takahashi et al."measured a high-
energy P group at 2.2 MeV and a y peak at 850
keV. They determined the half-life to be 3.3+ 0.5
min. Haustein and Tucker" produced more in-
tense "Ho sources by irradiating "Er with 70-
MeV bremsstrahlung. Their spectra include pri-
marily peaks for "'Ho and "'Ho produced by (y, P)
and (y, nP), respectively. They observed y transi-
tions from levels up to 994 keV. Since the Q val-
ue for ' 'Ho decay is 3.0 MeV, "it is reasonable
to expect that levels in "'Er above 994 keV mill
be populated. Indeed, as this study has shomn,
levels with energies as high as or higher than
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those observed in other studies are populated.
Selection rules of p and y decay contribute to the
understanding of their properties.

II. EXPERIMENTAL PROCEDURES

The "'Ho activity was produced by the "'Er(n, p)
reaction on a 400-mg sample of Er oxide with an
"'Er enrichment of 95.47%. The sample was
bombarded with 14-MeV neutrons from the Liver-
more high-flux facility, "which produces greater
than 10"neutrons per sec. The sample was ir-
radiated for two half-lives, transported by a pneu-
matic rabbit system to the counting equipment,
and counted for three half-lives. This cycle was
repeated for several hours for each experimen-
tal configuration.

Measurements were made on three different

Ge(I i) detectors: a 5-cm' planar, a 25-cm'
closed-end trapezoidal, and an 80-cm' closed-
end coax, with resolution values of 2.3, 3.0, and
2.2 keV, respectively, for the 1333-keV line of
"Co. Conventional low-noise preamplifiers and
amplifiers, a pileup rejector, and a Nuclear Data
4096-channel pulse-height analyzer were used.
Zero and gain were stabilized with an ultrastable
mercury-relay pulser.

Peak locations and areas were determined by
the least-squares fitting of a modified Gaussian
on a linear or quadratic background. The fitting
code is further described in Ref. 20. Efficiency
calibration of detectors was accomplished by us-
ing standard International Atomic Energy Agency
(IAEA) sources, in addition to lines of well mea-
sured relative intens~t~es in 56Co,""Br,- "and"Hf. ' In general, errors in the relative-effi-
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TABLE I. Levels identified in Er.

Present vrork (& v) ' Average-resonance
n capture b (d dr) c

79.8 2 0
264.067 4+ 0

(548.45)
821.109 2+2

895.711 3 2

994.654 4 2

1093.898 4 4
1117.56 5 2

1192.89 5 4

1541.33 3 3

1569,40 2 2

1615.17 4 3

1848.20 (2+ 2)

1915.29 (3 2)
1930.23 (2+ 2)

(1994.60) (3+2)

79.800
264.081
548.727
821.21
895.84
928.26
994.79

1094.08
1117.62
1193.06
1217.0
1263.94
1276.52
1311.50
1354.50
1403.87
1411.11
1431.49
1432.99
1448.99
1493.45
1541.60
1541.60
1569.46
1574.24
1605.87
1615.38
1616.89
1626.55
1633.63
1653.68
1656.53
1693
1708.03

1719.22
1728
1737.55
1820.16
1820.31

1827.57

1837
(1848)
1886
1893.00
1902
1905
1914.36

1950.83

1983.15
1998

2 0
4 0
6 0
2+2
3+2
8+0
4+2

4 4
5+2

5 4
0 0
6+2

2 0
6 4
1 1
2 1
4+0
3 1
7+2

7 4
3, 4+

(3 3)
(4 1)
2 2

8
4
6
8+

3
(4+)
(3+)4+

4 2

4+

6 3
3, 4

3 3

3-(0)

(4 3)

79.5
263.6
548.0
821.1
895.9

994,2
1094.0
1116.9
1193.2

1276,5

1403.9
1411.3
1431.4

1493,2
1541.9
1541.9
1569.7
1573.9

1615.3

1633.4
1652.0
1655.8

1708.3

1736.5

1820.6

1828.3
1828.3

1848.3

1893.7

1906.3
1914,0

1930.8

1972.4
1983.1
1995.6
2000.1
2022.2

2, 5
3, 4

2, 3+

3, 4

3, 4+

3, 4
2, 5
2, 5

2, 5

2, 5
+

3, 4+

3, 4

2, 5
2, 5

3, 4

3, 4
3, 4
3, 4

2, 5

3, 4+

3, 4

2, 5

3, 4

2, 5

3, 4

3, 4
3, 4

2, 5
2, 5
2, 5
3, 4
3, 4

80
263
550
821 2+

926 8+

994 4

1189

1261

1357

1428 3

1445

1538

1630 (3-)

1733 (3-, 4')

1843

1910 (3,4+)

79 2+0
264 4+ 0
550 6 0
823 2 2
899 3+2
933 8 0
998 4 2

1094 4 4
1110 5 2
1193 5 4

1265 6+ 2

1312 6 4
1357
1397

1452 7 4

1542 3 3

1605 8 4
1615 4 3

1709 5 3

1826 6 3

1897

( 1944) 7 3

79.82 2+ 0
264.11 4+ 0
548.22 6 0
821.12 2+ 2

895.77 3+ 2

994.72 4+ 2
1094,01 4 4
1117.58 5 2
1193.07 5 4

1431.41 3

1541.48 3 3

1569.44 2, 3

1615.30 4 3

1715.71 4, 5+
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TABLE I (Continued)

Present work
Average-resonance

n capture (d, P) d

2192.97 (2 2)

2254.75 (3 2)

2424.87 (2+2)

2484.57 (3 2)

2090.4 (5 3)

2031.4 +
2056.0
2060.1 3, 4
2080, 9

2108.9 +
2129.2 2, 5

2148.40 2, 5
2170

2257 3
22 74

2052

(2089)
(2102)

2136

2228
2255

2309
2335
2430
2446

(2478)

~ See References 10 and 11.
~ See Reference 12.

c See Reference 14.
d See Reference 13.

See Reference 8.

ciency curves were 5% below 200 keV, 3% from
200 to 3500 keV, and 5% above 3500 keV. In prac-
tice, however, the errors used were computed
from error matrices derived from least-squares
fits to the calibration data. Separate fits were
made in the low-energy (to about 500 keV), mid-
dle-energy (about 300 to 2500 keV), and high-en-
ergy (above about 1800 keV) regions. The three
fits were then joined to produce a single efficiency-
vs-energy curve. Errors were smallest over the
range of energies covered by "Co lines. Total y-
ray intensity errors are the sum in quadrature of
the y-ray fitting error, the peak-efficiency error,
an error due to effects of variations in the source-
to-detector distance, and errors in summing cor-
rections. The peak-efficiency contribution to er-
rors in intensity ratios is a function of the energy
difference between the pair of y rays involved; as
the energy difference approaches zero, the peak-
efficiency error also approaches zero.

Relative half-lives were determined by compar-
ing spectra taken at different times with respect
to the end of irradiation. Each spectrum was a
sum of data from a number of runs. By compar-
ing peak areas and assigning the correct Ho
half-life to a strong known peak, half-life values
and errors could be determined for other peaks in
the spectra.

Energy calibratipn of prpminent Hp lines was
accomplished by simultaneously accumulating data
on calibration sources and the "'Ho sample. The

prominent lines were then used as an internal cali-
bration to determine energies of the weaker lines.
The nonlinearity of the electronic system was
measured by using a large number of standard y-
ray lines accumulated in a single spectrum. A
polynomial was least-squares fitted to the peak-
centroid locations and y-ray energies. The pro-
cedure is described more fully in Ref. 20.

III. EXPERIMENTAL RESULTS

Figure 2 shows the y-ray spectrum from 0 to
1.3 MeV taken with the 80-cm' diode. A low
conversion gain of 0.34 keV/channel was used to
allow good definition of multiplet peak shapes. A
high-energy spectrum (1 to 4 MeV), also ob-
tained using the 80-cm' diode, is shown in Fig. 3.
The corresponding energy calibrations are shown
in Tables II, III, and IV. Peak centroids of ener-
gy standards listed in Table II were least-squares
fitted with fifth-order polynomials to determine
the system nonlinearities for the low- and high-
energy spectra. Values of AF. refer to the differ-
ence between the standard and fitted energies
(&,ta —&r~)

The ' 'Ho y rays listed in Table III were used to
internally calibrate the low-energy spectrum.
The "'Ho lines were measured by simultaneously
accumulating data on both the source and the stan-
dards indicated in the table. For the high-energy
spectrum, y rays used as internal standards in-
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eluded lines from '"Ho measured in the low-ener-
gy spectrum, and '8Al and 24Na lines, which ap-
pear in the source due to activation of silicon and
aluminum contaminants. Two other contaminant
lines ("Mn with an energy" of 1810.712+ 0.036
keV and 'H at 2223.29+0.07 keV") appear as sin-
glets and are in agreement to within error with
the calibration used, but were not included in the
calibration.

A list of observed y rays is given in Table V.
Included are intensity values and placements in
the "'Ho decay scheme. Most y rays with half-
lives too long or too short to be identified with

the "'Ho 3.3-min decay are not included.

primarily on the consistency of y cascades using
our accurate y-ray energy values. Use has also
been made of previous work. '" " Relative P-de-
cay intensities were determined from the re-
quired intensity balance for the population and
decay of levels. Logft values were based on the
assumption of no P feeding of the ground state,
as supported by the P-spectrum measurement of
Takahashi. "

P decay to the ground state of "'Er
from the 3' ground state of '8'Ho (see Sec. IVB)
is highly forbidden. A summary is presented in
Table VI of I'K assignments, P population inten-
sities, and logft values for levels populated in
' 'Ho decay.

IV. LEVEL SCHEME FOR Er
AND DISCUSSION

Our proposed ""Er level scheme is shown in

Figs. 1 and 4. Placements of y rays are based

A. Ground-State Band

Levels of the ground-state rotational band at
79.800 and 264.067 keV are fed from several high-
er-lying levels. The intensity balance of y transi-
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FIG. 2. y-ray spectrum of ~ Ho from 0 to 1.3 MeV. Counts in region labeled "electronic" are due to the absence of
an upper-level discriminator on the analyzer when the data were taken.
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tions indicates that there is no p feeding of either
level. The 284.47+ 0.07-keV y ray may be the 6'
-4+ transition observed in other studies. '""
However, an inconsistency in reported energies
(Koch" reports a value of 284.646+ 0.010, where-
as Keller, Zganjar, and Pinajian' measured a val-
ue of 284.11+0.11keV) and the la,ck of other evi-
dence for population of the 6' level leaves the as-
signment uncertain.

Levels of the ground-state band have been ob-
served up to spin 8. Properties of the band have
been described by previous investigators. ' The
depression of energy levels is indicated by the co-
efficients given by Koch" for the third-order
I(I+ 1) energy-sequence equation, which are:

A, = 13.3428 keV+ 0.4 eV,

B=-7.23+ 0.03 eV,

C =14.6+ 1 meV.

B. y-Vibrational Band and Ground

State of Ho

Levels of the y-vibrational band with spins from
2 to 8 have been identified in (n, y) studies. '0 " In
our work we have observed the 2', 3', 4', and 5'
levels at 821.109, 895.711, 944.654, and 1117.56
keV, respectively.

y branching ratios, listed in Table VII, are in
good agreement with results of other investiga-
tors" "0"and are consistent with an average
band-mixing parameter (z2) of 0.0367+ 0.0021
(compared, for example, to a value of 0.0388
+0.0015 obtained by Gunther and Parsignault').
Mixing of the y-vibrational and ground-state bands
has been studied intensively by Gunther and Par-
signault using several theoretical models, both
macroscopic and microscopic. They conclude that
existing calculations indicate a weaker mixing of
the y-vibrational and ground-state bands than ob-
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TABLE II. y rays used to measure spectrometer nonlinearities.

Source

57Co
139Ce
203H

51Cr
198Au

207Bi
137Cs
"Mn
88@

207Bl

"Zn
"Co

Na
60Co

124Sb

207B1

88'
124Sb

208Tl

122.063 + 0.004
165.853 *0.007
279.188+ 0.006
320.078 + 0.008
411.794+ 0.008

569.689 + 0.013
661.638 + 0.019
834.827 + 0.021
898.021 + 0.019

1063.635+ 0.024

1115.518+0.025
1173.208 + 0.025
1274.511+0.028
1332.483 + 0.046
1690.94 + 0.04

1770.17 + 0.04
1836.02 + 0.04
2090.92 + 0.04
2614.48 *0.09
2753.98 + 0.09

Reference

25
b
b
b
25

25
25
25
25
25

25
25
25
c
24

24
24
24
24
24

AE of fit
low-energy
spectrum '

0.000
0.000

-0.001
0.002

-0.002

0.004
-0.006

0.003
-0.002

0.001

0.001
-0.001

0.000

DE of fit
high-energy
spectrum ~

0.000
0.002

—0.009
0.007
0.000

0.004
—0.002
—0.003

0.000
0.001

~ Difference between measured energy and polynomial fit of measured values.
B.C. Greenwood, B. G. Helmer, and B.J. Gehrke, Nucl. Instr. Methods 77, 141 (1970).

c G. Murray, B. L. Graham, and J. S. Geiger, Nucl. Phys. 63, 353 (1965).

served experimentally.
The structure of the y band has been studied by

Bes et gl." According to their calculations, four
configurations have sizable amplitudes in the y
band; these are the two-neutron configurations
[521k + 5214] and [5234 —5214] and the two-proton
configurations [4114+ 4110] and [4114 —4134].

The P decay of "'Ho proceeds strongly to the 2',
3', and 4+ members of the y band. This, along
with the absence of P decay to the ground state,

strongly suggests an I'E: assignment of 3'3.
Logft values to the first four levels of the y band
are 5.6, 6.2, 7.1, and 8.7. The first three val-
ues compare well with theory" for allowed de-
cays, which gives ratios of 5.7/6. 2/V. O. The logft
for ti population of the 5' level is expected to be
large (a10), which is inconsistent with the value
of 8.7 we have obtained. However, the presence
of a small detectable amount of y feeding of the
5' level could greatly alter the logft value.

TABLE III. Calibration of low-energy internal standards.

Source

139Ce
Ho line
Ho line
Ho line
Ho line

3'Cs
Ho line
Ho line
Ho line

'4Mn

Energy

165.853 + 0.007
184.276 + 0.020
198,230 + 0.020
346.505 + 0.020
447.450 + 0.024

661.638 + 0.019
741.293 + 0.028
815.910+ 0.029
821.096 ~ 0.029
834.840 ~ 0.021

~ of fit
calibration
spectrum ~

0.000

0.001

—0.001

~ of fit
low-energy
spectrum

0.001
0.009

-0.004
-0.011

—0.005
0.007
0.003

' Difference between measured energy and polynomial fit of measured values.
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TABLE DI'. High-energy lines used as internal standards.

Source Energy Reference AE of fit

Ho line
Ho line

Al contaminant
24Na contaminant

1297.300+ 0.050
1358.996 + 0.050
1778.940 + 0,050
2753.98 + 0.09

25
25

—0.002
0.004
0.000
0.001

The most probable pn configuration of the ground
state of "'Ho, based on level systematics in the
region, is [5230 —5214]. This configuration can
couple with the [5234 —5214] component of the y
band by an allowed unhindered P transition requir-
ing a change of one quasiparticle. The low mea-
sured log ft value is in good agreement with this
supposition.

C. E =4 Band at 1093.898 keV

Levels of the 1093.898-keV band have been ob-
served in (n, y)'0 "and (d, P)" studies up through
the 8 level at 1605.85 keV. The ground state of
"'Ho populates the 4 and 5 levels at 1093.898
and 1192.89 keV, respectively. Table VIII shows
the y rays that deexcite these levels as measured
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FIG. 4. Decay scheme of Ho. The asterisk denotes energies taken from Koch (Ref. 10).
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TABLE V. y rays observed in Ho decay spectra. ~

(keV)

Present work

I hei

Assignment
From- To

(n, y)'
Ey

(kev)

68Tm c

(keV)

i68Ho d

(keV)

79,833+0.030

99,215+ 0.030
146.40 + 0.06
162.44 +0.08

171.10 + 0.13
173.83 + 0.09
184.275 + 0.020
198.221 + 0.020
209.20 + 0.19

0.85+ 0.15
0.113+ 0.013
0.11~ 0.03

0.042 + 0.008
0.062 + 0.009
17.9+2.0
7.1+ 1.5

0.09+ 0.03

80 0

1094 995
(34

(2z Mg)
long 7'

264 80
1094 896

79,7998+ 0.0011

99.285 + 0.015

184.281 + 0.003
198.236 + G.003

79.82+ 0.02
99.05 + 0.08
99.29 + 0.02

173.8 + 0.3
184.30+ 0.02
198.25 + 0.02

79.82'

184.30 ~

217.44 + 0.10

284.47 +0.07
297.77 +0.25
365.71 +0.07

381.67 +0.19
383.62 + 0.08
422.278 + 0.029
429.786+ 0.036
447.461 + 0.024

0.062 + 0.016

0.125 ~ 0.020
0.040+ 0.014
0.121+0.014

0.057 + 0.012
0.148+0.012
0.65+ 0.06

0.386 + 0.018
4.0 + 0.3

(549 264)

1615 1193

1541~ 1094

217.420
272.87
284.646

(297.44
365.64

381.38
(383.50
422.302
429.70
447.519

+ 0.006
+ 0.05
+ 0.010
+ 0.25)
+ 0.03

+ 0.08
+ 0.25)
+ 0.025
+ 0.04
+ 0.025

272.87+ 0.09
284.11+ 0.11

422,24 + 0.11

447.47 + 0.02

457.592+ 0.027
546.73 +0.06
557.012 + 0.027
559.17 + 0.26
569.50 +0.06

579.92 + 0.10
596.02 + 0.09

631.670 + 0.027
645.56 + 0.04

673.48 + 0.13
679.08 + 0.15
720.171+ 0.030

730.580 + 0.028
741.298 + 0.028
748.290 + 0.037

815.903 + 0.029

821.093+0.029
829.887 + 0.035
843.764 + 0.034
853.49 + 0.06
904.95 + 0.18

914.861+ 0.031
928.84 + 0.11
952.49 + 0.06
994.93 + 0.11

1012.05 + 0.15

1014.10 +0.04
1026.96 + 0.17
1034.48 + 0.16

0.88 + 0.03
0.46 + 0.05
1.93+0.12

0.066 + 0.024
0.231 & 0.017

0.148 + 0.017
0.183+ 0.019

9.5 ~ 0.5
0.31+ 0.04

0.106+0.014
0.088+ 0.014
2.24 + 0.11

4.42+ 0.25
107+3

0.378 + 0.024

53.5 ~ 2.0

100+3
0.60+ 0.05

0.551+0.020
0.185+ 0.018
0.045+ 0.008

2.52+ 0.15
0.105+ 0.014
0.158 + 0.012
0.085 + 0.008
0.094+ 0.012

0.483 + 0.019
0.067 + 0.013
0.064 + 0.011

1541 995
821 264

896~ 264
1541 821

long 7'

1541~821

995 264
821 80

1569~ 821

896 80

821 0
1094~ 264

("Mg)
1118 264

995~ 80
1193~264
1848- 896

(2z Mg)
1848~ 821
1930~896

457.64 + 0.04

(557.00 + 0.25)

631.75 + 0.04

673.50 + 0.10

720,11 6 0.09

730.72 + 0.07
741.43 + 0.07
748.30 + 0.10

816.08 + 0.07

821.18 + 0.08
830.06 + 0.12

853.54 + 0.08

915.01 + 0,07
929.03 + 0.12
952,45 + 0,28

1012.47 ~ 0.15

546.76 + 0.03
557.08 + 0.14

631.66 + 0.02
645.71+0.03

673.68 ~ 0.09

720.32 + 0.03

730.61+ 0.03
741.32 + 0.03
748.31+ 0.07

815.95 + 0.03

821.11+ 0.03
829.91+ 0.03

853.47 ~ 0.20

914.90 ~ 0.03
928.93+0.09

1014.18+ 0.05

557.2

579.6 ~0.5

609.6 +0.5
631.9 + 0.5

656.4 +0.5
663.4 + 0.5

730.3 +0.6
741.32 '

773.3 + 0.5
S15.95'
S21.11'

914.7 + 0.7
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TABLE V (Continued)

Present work

lre&
Assignment
From-To

(~ v)
g

(keV)

"'Tm '
Ey

(keV)

i68Ho d

(keV)

1076,66

1097.37
1104.55
1108.94
1137.21
1139.0

+ 0.10

+ 0.05
+ 0.22
+ 0.30
+ 0.34
+ 0.5

0.090 + 0.007

0.254 + 0.012
0.055+ 0.009
0.043 + 0.011
0.066+ 0.022
0.040+ 0.018

(lf6 f5 gn)

1075.2 + 0.9
1077.6 + 0.9

1105.0 + 0.5
1930~821

(2255~ 1118) 1137.2 + 0.6
1144.02 + 0.35

1144.16 + 0.14

1173.49

0.075+ 0.009

0.40 + 0.05
60go

1995 821

1167.37 + 0.12

1173.87 + 0.18

1167.49 + 0.07

1176.46
1197.07
1260.15

1264.0
1267.94
1273.59
1277.33
1293,73

+ 0.16
+ 0.34
+ 0.06

+ 0.4
+ 0.11
+ 0.04
+ 0.06
+ 0.05

0.078 + 0.009
0.036 + 0.009
0.265 + 0.020

0.031+ 0.008
0.156+ 0.012
0.57 +0.05

0.290 + 0.018
0.356+ 0.015

2255~ 995

1541~264
(ii6myn)

1196.55 + 0.18

1263.5 + 0.7

1277.77 + 0,25 1277.41 + 0.04

1297.273 + 0.037
1341.56 + 0.26
1350.92 *0.35

1358,99 + 0.04

1371.847+ 0.034
1433.67 + 0.07

1.00+ 0.05
0.059+0.010
0.027+ 0.020

0.564+ 0.025

3.8 + 1.0
0.19+ 0.05

2193 896

sum peak
(1615~264)
2255 897

2193 821
2255~ 821

1298,04 + 0.38

1358.80 + 0.25

1371.8 + 0.5
1433.5 + 0.6

1351.59+ 0.05

1373 + 1

1442 + 1
1461.20
1488.47

1507.64

+0.08
+ 0.44

+ 0.20

0.243+ 0.011
0.029 + 0,009

0.053+ 0.007

1541 80

(if6m ')

1461.74 + 0.04
1488.8 +0.3

1529.12
1541.38
1603.72

1651.37

+ 0,13
+ 0.23
+ 0.08

0.115+ 0.012
0.025+ 0.020
0.337+ 0.020

0.047 + 0.007

2425~ 896
sum peak
2425~ 821

1650.23 + 0.28
1678 + 1

1711.86 + 0.21
1731.19 + 0.18
1768.36 + 0.09

0.043 +0.006
0.052 ~ 0.006
0.75 + 0.03

('4')
1848~ 80 1769 + 1

1835.45
1848,24
1850.42
1914.73
1930.25

2094.83
2112.46
2127.27
2175.00
2192.42

2220.72
2345.08
2379.8
'2390.18
2404.70

+ 0.45
~ 0.09
+ 0.10
+ 0.13
+ 0.10

+ 0.29
+ 0.13
+ 0.19
+ 0.27
+ 0.14

+ 0.35
+ 0.12
+ 0.6
+ 0.37
+ 0.16

0.321 + 0.013
0.71 + 0.04
0.51+0.03

0.133+ 0.009
0.358 + 0.015

0.044 + 0.007
0.176+ 0.010
0.069 + 0.007
0.012 + 0.012
0.010+0.010

0,090 + 0.021
0.602+ 0.020
0.014 + 0.005
0.028 + 0.005
0.121+ 0.007

1915~80
1848 0
1930 80
1995 80
1930 0

~6Mn in part
(34m C y)

sum peak
sum peak

2485~ 264
2425~ 80

2485~ 80

1834.70 + 0.18

1850.7 + 0.8
1915.0 + 0.7

1850 + 1
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TABLE V (Continued)

Present work

(keV)
Assignment

From-To

(& v)

(keV)

168Tm c

(keV)

%68Ho d

E
(keV)

2424.92 + 0.14
2591.57 + 0.34
2614.40 +0.26
3102,3 + 0.5

0.264 + 0.012
0.040 + 0.007
0.057 + 0.007
0.235 + 0.011

2425~ 0

(208Tl)
(37S)

For comparison purposes, all y rays observed in ~8 Tm-decay studies have been included as well as those neutron-
capture p rays that correspond to y rays from Ho decay.

See References 10 and 11.' See Reference 8.
See Reference 18.

~ These y-ray energies were taken from Ref. 8 and used as calibration lines.

in "'Ho decay, neutron-capture studies, and "'Tm
decay; intensities are normalized to the 198.221-
keV line in "'Ho. Some weak lines observed in
other studies do not appear in '"Ho spectra due
to the Compton background and interfering y rays
from other activities. y rays at 98.99 and 99.24
keV are unresolved in the present study and in
"'Tm decay, but were resolved in the (n, y) work" .

with a bent-crystal spectrometer. Values shown
in parentheses were computed using the 98.99- to
928.84-keV and 99.24- to 198.221-keV intensity
ratios determined from the (n, y) results and ad-
justed to give the total 99-keV intensity measured
in this study. Table VII indicates some inconsis-
tency in intensity values of the 99.24- and 829.887-
keV lines as measured in different studies.

The half-life of the 1093.898-keV level (115.t
a 3.3 ns), ' decay mode (strong deexcitation to the
3'2 and 4'2 levels), and transition multipolarities
support the previously assigned I'K values of 4 4.
The 1192.89-keV level has been identified as the
5 4 member of the 1093.898-keV band. In ' Ho
it is observed to decay strongly to the band head
and weakly (due to a K forbiddenness of 3) to the
4'0 1'evel at 264.067 keV.

Harlan and Sheline" measured a large cross
section, for population of the 1093.898-keV band
in the (d, p) reaction on "'Er. This gives strong
support for the two-quasineutron assignment
[6330 + 5214]. P decay from ~e'Ho to the 4 4 band
head should proceed as a first-forbidden decay,
but with an additional large forbiddenness factor
due to a AQ of 7. The low measured logft ('I.3) is
therefore difficult to understand. However, the
logft is poerly determined due to effects of y-ray
summing in the detector. In "'Ho decay, y in-
tensity into the 5 4 level appears to exceed the
intensity of deexcitation y rays. This is probably
the result of an unresolved y peak at 198.24 keV
(see Table VIll) of intensity a0.36. A lower limit

of 8.0 can be placed on the logft for decay to the
5 4 level.

D. K"=3 Band at 1541.33 keV

The first five levels of the 1541.33-keV band
have been identified in (n, y)" "and (d, P)" stud-
ies, and the first two were observed in '6'Tm

TABLE VI. Levels of Er populated by the P decay
of "'Ho.

Level (keV)
E~ % of

I X (MeV) total decays Log ft '

0
79.800+ 0.001 b

264.067 + 0.014
(548.45 + 0.07)
821.109+ 0.023

0 0 3.00
2 0 2.92
4 0 2.74
6'0 2.45 «0.046
2 2 2 18 71 0

—8.9
5.6

895.711+ 0.025
994.654 + 0.028

1093.898 + 0.031
1117.56 + 0.06
1192.89 + 0.10

1541.33 + 0.04
(1569.40 ~ 0.05)
1615.17 + 0.11
1848.20 +0.06
1915.29 + 0.09

3 2 2.10
4 2 2.01
4 4 1.91
5 2 1.88
5 4 1.81

3 3 1.46
2 2 1.43
4 3 1.38

(2+2) 1.15
(3+2) 1.08

19.4
1.94

-0.8
«0.042
Small

2.54
0.134
0.24
0.59

«0.131

6,2
7.1

—7.3
«8.7

6.6
7.8
7.5
6.8

—7.4

1930,23
(1994.60
2192.97
2254.75
2424.87
2484.57

+ 0.07
~ 0.06)
+ 0.05
+ 0.07
+ 0.07
+ 0.14

(2'2)
(3 2)
(2 2)
(3 2)
{2+2)
(3+2)

1.07
1.01
0.81
0.75
0.58
0.52

«0.346
«0.191

1.7
«0.38
«0.466
«0.074

—7.0
—7.1

5.9
—6.4

9
—6.6

Logft values were determined using the Moszkowski
nomogram I S. A. Moszkowski, Phys. Rev. 82, 35 (1951)j.
Errors are +0.1. However, this does not include a con-
tribution due to errors in the value of Ee, which may be
large for high-energy levels.

"Determined by Koch (Ref. 10).
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TABLE VD. Relative transition probabilSies from the K"=2+ band at 821.109 keV.

Level

821.109 557.012
741.298
821.093

264.067
79.8:00

0

4 0
2+0
0 0

0.075 + 0.004
1.000
0.560 + 0.011

0.050
1.000
0.700

0.077
1.000
0.564

B(E2)
z, =0 36.7x 10-'

895.711

994.654

1117.56

631.670
815.9Q3

730.580
914.861

853.487

264.06V
79.800

264.06V

79.800

264.06V

4 0
2+ Q

4+ 0
2+0

4+ 0

0.64+ 0.04
1.00

1.00
0.19+ 0;02

0.40
1.00

1.0Q

0.34

0.64
1.00

1.00
0.20

For a description of the theory in the strong-coupling limit and with band mixing, see 0, Nathan and S. G. ¹ilsson,
in Alpha-, Beta-, and Gamma-ray Spectroscopy, edited 'by K. Siegbahn (North-Holland, Amsterdam, 1965),Vol. 1,
p, 601.

decay. ' Vfe have also seen the first two levels of
the band in '8'Ho decay. Table IX shows the y
rays that deexcite the 3 3 level at 1541.33 keV
and the 4 3 level at 1615.17 keV as measured in
decay and (n, y) studies. Intensities are normal-
ized to that of the 447.461-keV line. Results of
xesHo and res Tm decay are generally in ag
Several weak lines observed in the (I, y) spectrum
could not be seen in decay studies. Michaelis„
Ottmar, and Weller" have attributed the large
discrepancies of the (n, y) intensities to the popu-
lation of a 4 1 level very close to the 1541.33-keV
level.

Harlan and Sheline" have assigned to the
1541.33-keV band the two-quasineutron configura-
tion [6330 —5210]. This is consistent with p-de-

cay results, as both xesao and MBTm can populate
the [6330 —5214] configuration by a one-quasipar-
ticle change. Logft values in "'Ho decay are 6.6
to the 3 3 level and V. 5 to the 4-3 level. Both are
in the range expected for first-forbidden decays.
The corresponding values in ' 'Tm decay' are 7.1
and 8.9.

Reduced y-transition ratios for this band are
comyuted and tabulated by Gunther and Parsig-
nault. ' The present results are in qualitative
agreement with those of Ref. 5, which were found
to be most consistent with a K value of 3. How-
ever, agreement with theory was found not to be
sufficient for a K assignment to be made from y-
transition intensities alone and indicates a sig-
nificant amount of configuration mixing.

TABLE VIII. y intensities from levels of theK"=4
band at 1093.898 keV.

TABLE IX. Transition intensities from levels of the
K"= 3 band at 1541,33 keV.

Level (keV)
Intensity

(keV) I ~K 6 Ho Tm (n y) level

~y @lovel

(kev) (keV)
Intensity '

X "K Ho Tm (n y)

1192.89 75.33 1117.56 5 2 0.0016
98.99 1093.898 4 4 (0.27) (0.023) 0.58

198.24 994.654 4+2 Unresolved from the
198.221-keV y ray

297.18
928.84

895,V11 3 2 0 0021
264.067 4 0 0.11 0.0078 0,32

1093.898 99.24 994.654 4 2 (0.58) (0.60) 0.43
198221 895711 3 2 71 V 1 71
272,79 821.109 2 2 0.014 0.015
829.887 264.067 4 0 0.60 0.88 1.03

1541.33 348.51 1192.89 5 4
447.461 1093.898 4 4
546.73 994.654 4 2
645.56 895.Vll 3+2
720,171 821,109 2 2

1277.33 264.067 4 0
1461.20 'i!'9.800 2 0

1615.17 (211.41) 1403.8V 2 1
303.82 1311.50 6 4
422.278 1192.89 5 4
49V.83 lllV. 56 5 2
521.39 1093.898 4 4

1350.92 264.067 4 0

4.0
0.46
0.31
2.2
0.29
0.24

0.056
4.0
0.43
0.26
2,0
0.29
0.060

0.65 0.049

0.079
4.0
1.5
1.2
3.8
4.0

0.0043
0.024
2.1
0.46
0.2'8

Values in parentheses were obtained from measured
values and (n, y) y-intensity ratios. See text for elabor-
ation.

b See Reference 8.
c See Reference 10.

Intensities are normalized to the 447.461-keV transi-
t%on in each case.

b See Reference 8.
~ See Reference 10.
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E. Level at 1569.40 keV

Micha, elis, Ottmar, and Vfeller" identified a.

band at 1569.48 keV from thermal-neutron-cap-
ture spectra, . The 2- to 5 levels mere observed
at 1569.48, 1633.63, 1719.22, and 1827.57 keV.
Based on their work and results of resonance-
capture, " (d, p), " and (d, d')'4 studies, they iden-
tified this band as the K'= 2 octupole vibration.
Both of the lowest-lying two-quasiparticle con-
figurations that might contribute to the band
([6424 —5214]„„and [411& —5230]») can be popu-
lated from "'Ho by a change of one quasiparticle.

No y transitions from levels of the 1569.48-keV
band to the ground-state band were observed by
Michaelis et g/. The most intense transitions
were to low-lying levels of the y band. Of these,
transitions from the 3 and 4 levels lie under
peaks from y-band deexcitation in the 700- to 900-
keV region, which are very intense in "'Ho-de-
cay spectra. However, we have observed a
748.290-keV y ray, which corresponds closely
to the 748.30-keV transition from the 1569.46-
keV level to the 2'2 member of the y band. %'eak-
er transitions from this level do not rise above
background in the "'Ho spectrum.

The logft value for decay to the 1569.40-keV lev-
el is '7.8. The corresponding value in iesTm de
cay' is 8.9. The higher logft in the decay of "'Tm
to this band may result from the fact that a tran-
sition to the [411k —5230]» configuration cannot
occur without a two-quasiparticle change.

F. Band at 1848.20 keV

Evidence for a level at 1848.20 keV is provided
by y rays having energies consistent with transi-
tions to the 0' and 2' levels of the ground-state
band, and 2' and 3' levels of the y band. Tran-
sitions to the 3' and 4' levels of the y band would,
if present, be obscured by other intense y rays.
Possible spin and parity values are 1' and 2'.
A logft of 6.8 favors the 2' (allowed) over the 1'
(second-forbidden) assignment. The 2' assign-
ment is further supported by the presence of a
level in resonance capture" at 1848.3 + 0.4 keV
having a spin and parity of 2+ or 5'.

We also find evidence for a level at 1915.29
keV with y transitions to the 2' and 4' members
of the ground-state band. Spin and parity values
for this level are limited to 2', 3', and 4'. A

level at 1914.36 keV having a spin and parity of
3 or 4 was observed in (n.y)." Although it is
close to the 1915.29-keV level, the energy differ-
ence (0.93+ 0.17 keV) indicates that the two are
different levels. Two levels near 1914 keV were
also observed in other studies, but with energy
errors large enough for them to be associated

TABLE X. Relative transition probabilities from the
X~ =2+ band at 1848.20 keV.

Level
&y &a ~ +(E2)theory

(keV) (keV) I K B(E2),„X=2X=1

1848.20 952.49
1026.96

1768.36
1848.25

895.711 3 2

821.109 2+ 2

264.067 4+ 0
79.800 2 0

0 0+0

0.21+ 0,02
0.09+ 0.02

1.00
0.75 + 0.05

0.05 3.20
1.00 1.00
0.70 2.80

1915.29 1651.37 264.067 4 0
1835.45 79.800 2 0

0.25 + 0.04
1.00

0.40 2.50
1.00 1.00

G. Levels at 1930.23 and 1994.60 keV

The presence of a level at 1930.23 keV is indi-
cated by transitions to the 0' and 2' levels of the
ground-state band, as well as to the 2' and 3' lev-
els of the y band. The most intense transition, at
1850.42 keV, may have been observed in thermal-
neutron capture, "but was not assigned. Spin and
parity possibilities are 1' and 2', with the logft

TABLE XI. Relative transition probabilities from the
K~ =2 band at 2192.97 keV.

Level (keV)
&f- ~
(keV) I~X B(E1),„

+(@1)theory
K=2 %=1

2192.97 1297.273
1371.847

895.711 3+2 0.32+0.08
821.109 2+ 2 1.00

0.50 2.00
1.00 1.00

2254.75 1137.21
1260.15
1358.99
1433,67

1117.56
994.654
895.711
821.109

5 2 (0.07+0.02)
4+ 2 0.56 + 0.05
3 2 1.00
2 2 0.28+0.02

1,29 1.29
1.00 1.00
0,71 0.11

with either the 1914.36- or the 1915.29-keV level.
Each is consistent with a spin and parity of 3
[1914.0 keV (3 or 4 ) in resonance capture" and
1910 keV (3 or 4') in (d, d')"].

Vfe propose that the levels at 1848.20 and 1915.29
keV are the 2' and 3' members of a K= 2 band
for the following reasons:
(1) The ratio [logft (3')/logft(2')] of V.4/6. 8 com-
pares well with theory" which gives a ratio of
V.3/6. 8;
(2) branching ratios of y transitions to the ground-
state band, assuming E2 multipolarities (see Ta-
ble X), are in reasonable agreement with theoreti-
cal values; and
(3) a moment of inertia 8=1.208~., is in qualita-
tive agreement with the moments of inertia of ex-
cited bands (8& b,„d = 1.0V 8, , and 8 8 b,„d = 1.34 8, , )
generally observed in rotational nuclei.

A level at 1843 keV mas populated in inelastic
deuteron scattering, ' which gives evidence that
the 1848.20-keV band has a collective character.
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TABLE XIl. Relative transition probabilities from
the K"=2+ band at 2424.87 keV.

Level (keV)
E final +(@2)theory

(keV) I"K &(E2)exp K=2 K=1

2424.87 1529.12 895.711
1603.72 821.109
2345.08 79.800
2424.92 0

3 2 0.19+0.02
2+2 0.56 ~ 0.04
2 0 1.00
0+0 0.37+0,02

1.00 1.00
0.70 2.80

2484.57 2220.72 264.067 4 0 1.1 + 0.3 0.4 2.5
2404.70 79.800 2+ 0 1.0 1.0 1.0

H. Band at 2192.97 keV

Level placements at 2192.97 and 2254.75 keV
are based on the observation of y rays populating
levels of the y band and on the detection of weak
sum peaks. The 2192.97-keV level is deexcited
by y transitions to the 2' and 3' levels of the y
band. A peak in the y spectrum at 2192.42 keV
can be attributed to summing of a cascade through
the 2' level of the y band. Most probable spin and
parity values in the absence of a transition to the
ground state are 2, 3', and 4'.

The 2254.75-keV level populates the 2+, 3+, 4',
and possibly the 5' levels of the y band. However,
the 1137.21-keV y ray may deexcite the 0' level
of the P band, "rather than populating the 5' level
of the y band as interpreted above. A sum peak is
observed due to cascades through the 3' and 4'
levels of the y band. The logft for population of
the 2254.75-keV level is 6.4. Spin and parity val-
ues are limited to 3' and 4'.

Two weak y rays were observed in thermal-neu-

of 7.0 favoring the latter. A level at 1930.8+ 0.8
keV was observed in resonance capture" and was
also assigned a positive parity. The y-branching
intensities suggest a K value of 2. The reduced
intensity ratio, assuming E2 multipolarities, of
transitions to the 0+ and 2' levels of the ground-
state band is 0.56, compared to theoretical values
of O.VO (K=2) and 2.80 (%=1).

A level at 1994.60 keV is suggested by the ener-
gy fit of y rays to the 2' levels of the ground-state
and y bands. Most probable spin and parity values
in the absence of a transition to the ground state
are 2, 3', or 4'. The energy separation of the
1930.23- and the proposed 1994.60-keV levels and
the corresponding moment of inertia 8= 1.248, .
suggest that they form the 2' and 3' members of
a K= 2 band. The above interpretation should be
viewed with caution, however, because of the
presence of a level at 1995.6+ 2.0 keV in reso-
nance capture, with a spin and parity of 2 or 5-.

tron capture" with energies corresponding to the
most intense transitions from both the 2192.97-
and 2254.75-keV levels; neither was placed in the
previous level scheme. A weak peak was ob-
served in (d, P)" excitation corresponding to a
level at 2255 keV, which may be the 2254.75-keV
level. Most significant, however, is the presence
of an intense peak in inelastic deuteron scatter-
ing" indicating a collective level at 2257 keV hav-
ing a spin and parity of 3 . This energy value is
within error of the 2254.75-keV level. It is pro-
posed, therefore, that the 2192.97- and 2254.75-
keV levels are the 2 and 3 members of a K=2
band for the following reasons:
(1) Both levels are strongly populated by P decay
(logft values of 5.9 and 6.4, respectively) while
no other levels within 150 keV are populated with
sufficient intensity to be identified;
(2) both deexcite (see Table XI) only to the y band
(transitions from a K'= 2 band to the ground-state
band should be weak); and,
(3) the energy separation gives a moment of iner-
tia 8=1.298, .

I. Levels at 2424.87 and 2484.57 keV

The presence of a level at 2424.87 keV is indi-
cated by the energies of y transitions to the 0'
and 2' levels of the ground-state band, and the
2' and 3' levels of the y band. Possible spin and
parity values are 1' and 2'. The log ft of 5.9
favors the 2' assignment. Placement of the
2484.57-keV level is based on y rays populating
the 2' and 4' levels of the ground-state band.
Most probable spin and parity values in the ab-
sence of a transition to the ground state are 3'
and 4'. It is suggested that these levels are the
2' and 3' members of a K=2 band because:
(1) The energy separation gives a moment of in-
ertia 8 =1.358~, ; and,
(2) y-transition intensities (see Table XII) weakly
favor aK of 2.
A level populated by (&, P)" was observed at 2430
keV and another may have been observed at 2478
keV. These may be the 2424.87- and 2484.57-keV
levels and, if so, would suggest a two-quasi-
neutron configuration.

V. SUMMARY

Several rotational bands in '"Er seen in other
studies have been observed in the P decay of '"Ho.
These include the ground-state, y and K" =2
octupole bands, and the K" =4 and 3 bands at
1093.898 and 1541.33 keV, respectively. Our
results are consistent with the interpretations
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that have been presented previously for these
bands. The P decay to these bands, including the
strong decay to the y band, supports a 3'3 assign-
ment for the ' Ho ground state with a Pn configu-
ration [5234 —5214 j predominating.

Several additional '6 Er bands have been tenta-
tively identified. Evidence from inelastic deuter-
on scattering" indicates that K' = 2' and 2 bands
at 1848.20 and 2192.97 keV, respectively, are
predominantly collective. Bands at 1930.23 and
2424.87 keV have K" =2' as the most probable
K value. Evidence from the (d, p)" reaction fa-

vors a two-quasineutron configuration for the
2424. 87-keV band.
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