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Low-energy one-quasiparticle bands in neutron-rich 181Hf
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Excited states in181Hf, populated in the180Hf(d,p) deuteron breakup reactions, were investigated by
in-beamg-ray spectroscopy. The 1/22@510# ground band and the 3/22@512# and 7/22@503# excited bands are
extended to higher spins than previously known. The Coriolis coupling of the 1/22@510# and 3/22@512# bands
is found to be consistent with that derived for the same bands in the classic case of183W.
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The isotope181Hf is located at the neutron-rich side of th
nuclear valley of stability and therefore cannot easily
studied with in-beamg-ray spectroscopy. Information on th
low-energy structure of this nucleus has been obtained
marily from studies of theb2 decay of 3.5 m181Lu and from
nuclear transfer reactions. From these investigations o
three intrinsic states were known below'1 MeV with the
7/22 member of the 1/22@510# ground band as the highe
rotational excitation@1,2#. Only recently some additional ex
perimental information was obtained in an investigation
181Hf via inelastic excitation and transfer by D’Alarcaoet al.
@3#. These authors confirmed the isomeric character of
9/21@624# level proposed earlier@4# and extended the
ground band toI 511/2.

The results presented in this brief report were obtained
a by-product during our investigation of180Ta which was in
part performed with the180Hf(d,2n)180Ta reaction@5#. Dur-
ing this investigation we found that the isotopes181Hf,
180Hf, and 179Hf are produced with appreciable cross se
tions by deuteron breakup reactions. While the observed
sults for the isotopes180Hf and 179Hf did not provide new
nuclear structure information we obtained new hig
precision data for181Hf which justify a short note. During
the preparation of this report we obtained information on
new investigation of181Hf through (n,g) and (d,p) reac-
tions @6# which will be compared with our results below.

A target of 8 mg/cm2 HfO2 enriched to 94.3% in180Hf
was bombarded with 12.4 MeV deuterons at the cyclotron
the PSI ~Villigen, Switzerland!. Gamma-gamma coinci
dences were measured using the setup described by
et al. @7#. The data were recorded in list mode and sor
with an appropriate time window into a 4k34k matrix
which was analyzed with the interactiveRADWARE package
@8#. A total of 5.8 million twofold coincidences containe
approximately 15 000 photopeak-photopeak coincidence
g rays assigned to181Hf.

As an illustration of the quality of our data we show tw
g-ray spectra in Fig. 1. Theg rays assigned to181Hf are
listed, together with the levels which they depopulate,
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Table I. The proposed assignments are based on coincide
with g rays known from the181Lu→181Hf radioactive decay
and can be considered as established except when othe
noted.

The g-ray intensities listed in the second to the last c
umn of Table I were derived, when possible, from theg-ray
spectra in coincidence withg rays populating a given level
For those levels, for which we do not observe populatingg
rays, intensities were determined from thegg coincidence
counts with reasonable assumptions for the depopulatio
the intermediate levels.

The levels listed in Table I up to the 11/22 member of the
ground band and the 9/26 states of the excited bands we
also identified by Bondarenkoet al. @6# in the (n,g) experi-
ments. All level energies agree within 0.1 keV. Theg-ray
intensities reported in Ref.@6# are listed in the last column o
Table I. The agreement with our values is reasonable, tak
into account the large experimental uncertainties of both d
sets, except for a few transitions which are placed doubly
the level scheme~e.g., the 136 and 205 keVg rays!.

The high-spin levels listed in Table I are also assigned
Bondarenkoet al. from the (d,p) reaction. The agreemen
between the two data sets is only moderate, with discrep
cies between five and ten times the errors quoted for the l
energies in Ref.@6#.

One open question is the nuclear structure of
9/21@624# band. The 9/21 ground state is populated quit
strongly in the deuteron breakup reaction~see Fig. 1!, but the
populatingg rays cannot be identified by directgg coinci-
dences because of the long half-life of the 595 keV 9/1

level @3,6#. Bondarenkoet al. adopt a hypothesis made ea
lier by Burkeet al. @4#, in which the high-spin members o
the 9/21@624# band are pushed to higher energies by
Coriolis coupling of this band with the 11/21@615# band, and
suggest the 11/21 and 13/21 levels are at 802 and
1010 keV, respectively. We observe a coincidence betw
g rays with energies of 203.5 and 210.3 keV which we ca
not assign to other isotopes populated in the reaction of
12.4 MeV deuterons with180Hf. If theseg rays result from
the 13/21→11/21→9/21 cascade it would place the 11/21

level at 798.7 or 805.5 keV and the 13/21 level at 1009.0
keV. Unfortunately, due to the complexg-ray spectra ob-
served in the present work we cannot even assign these
incidentg rays unambiguously to hafnium isotopes.
©2002 The American Physical Society01-1
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The first two members of the 11/21@615# band are pro-
posed by Bondarenkoet al. at 622 and 759 keV. We observ
a level at 617 keV, which decays by a 313 keVg ray to the
9/22 member of the ground band as might be expected
the 11/21 level. However, the intensity of the 313 keVg ray
suggests the interpretation of the 617 keV level as 132

member of the ground band~see also the discussion of th
ground band given below!. We also observe a very wea
205.4–315.4 keVgg coincidence which could result from
the decay of a 619.2 keV level to the 9/22 member of the
ground band in181Hf. Unfortunately, the 315.4 keVg-ray
energy coincides with a 315.6 keVg ray in 180Ta which
appears most strongly in the dominant (d,2n) reaction@5#
making the association of the 205.4–315.4 keVgg coinci-
dence to181Hf uncertain. We do not observe ag ray from the
propsed 13/21 level at 759 keV to the 11/22 member of the
ground band, which might not be significant since the 131

level is expected to decay predominantly to the lower-ly
members of theKp59/21 and 11/21 bands.

Alternatively, we observe coincidentg rays with energies
of 127.5, 152.1, 178.7, and 331.0 keV which could be

FIG. 1. Gamma-ray spectra in coincidence with the 98.6 k
5/22→1/22 and 205.2-keV 9/22→5/22 transitions. The peaks
marked by3 result from the 98.4-304.0-214.3 keV cascade
179Hf.
04730
r
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TABLE I. Levels and transitions assigned to181Hf.

Neutron Initial levela Final level Transitiona

orbital Eexc I p Eexc I p Eg I g
b

1/22@510# 98.6 5/22 0.0 1/22 98.6
204.0 7/22 45.7 3/22 158.4 27 28

98.6 5/22 105.4 100 100
303.8 9/22 98.6 5/22 205.2 100 100

204.0 7/22 100.0 13 6
465.9 11/22 204.0 7/22 261.9 100 100

303.8 9/22 162.0 72 87
616.9 13/22 303.8 9/22 313.1
830.9c 15/22 465.9 11/22 365.0

3/22@512# 251.9 3/22 0.0 1/22 252.0 30 9
45.7 3/22 206.1 100 100
98.6 5/22 153.4 24 13

329.3 5/22 0.0 1/22 329.3 100 100
45.7 3/22 283.7 9 12
98.6 5/22 230.7 7 7

204.0 7/22 125.3 55 65
251.9 3/22 77.4 '6 6

440.7 7/22 45.7 3/22 395.0 14 16
98.6 5/22 342.1 100 100

204.0 7/22 236.7 28 23
303.8 9/22 136.7 6 2
251.9 3/22 188.9 9 11
329.3 5/22 110.9 '5 5

573.7 9/22 204.0 7/22 369.7 86
329.3 5/22 244.2 100 100
440.7 7/22 133.2 30 42

749.4 11/22 303.8 9/22 445.5 100
465.9 11/22 283.5 33
440.7 7/22 308.6 37
573.7 9/22 175.7 24

930.0c 13/22 465.9 11/22 464.0
616.9 13/22 312.6
573.7 9/22 356.7

9/21@624# 595.2 9/21 204.0 7/22 391.3 42 41
303.8 9/22 291.3 100 100
465.9 11/22 129.3 28 68
440.7 7/22 154.5 30 24

7/22@503# 663.6 7/22 98.6 5/22 564.9 36 26
204.0 7/22 459.6 40 32
303.8 9/22 359.7 21 12
251.9 3/22 411.8 36 29
329.3 5/22 334.3 100 100
440.7 7/22 222.8 29 22

800.0 9/22 663.6 7/22 136.4
965.0 11/22 663.6 7/22 301.5 45

800.0 9/22 165.0 100
7/22@514# 904.1d 7/22 251.9 3/22 652.2 100 100

663.6 7/22 240.5 40 10

aAll energies in keV; estimated accuracy60.1 keV.
bFirst column: present work; estimated accuracy620%. Second
column: Ref.@6#; typical errors between620% and630%.
cTentative assignment.
dAssignment proposed by Bondarenkoet al. @6#.
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11/21→9/21, 13/21→11/21, 15/21→13/21, and 15/21

→11/21 transitions, respectively, of an unperturb
9/21@624# band. This assignment would be in agreem
with the systematics of this band which is known in177Hf
and 179Hf, but again the assignment of theseg rays to 181Hf
is not experimentally established.

In a very recent study of high-K orbitals in 181Hf, which
came to our attention after submission of the present rep
the 11/21@615# band is proposed with the bandhead at 6
keV @9#. However, this 617-keV level is not reported to d
cay to the 9/22 member of the 1/22@510# band and therefore
its relation to the 616.9 keV level proposed in the pres
work is unclear.

The ground and first-excited bands, with the configurat
1/22@510# and 3/22@512#, respectively, are expected to b
mixed due to Coriolis coupling. This mixing has been stu
ied in the isotone183W, where these bands have an almo
identical structure as in181Hf @10,11#. In order to test the
similarity of the Coriolis coupling in the two isotopes w
have performed a simple two-band mixing analysis of
bands in 181Hf analogous to that described by Brockme
et al. @10# for 183W.

The unperturbed rotational energies and the matrix
ment of the Coriolis interactionHc are given by

Erot~K,I !5E01AK@ I ~ I 11!1a~2 ! I 11/2~ I 11/2!d~K,1/2!#

1BK@ I ~ I 11!1a~2 ! I 11/2~ I 11/2!d~K,1/2!#2

~1!

and

^I ,3/2uHcuI ,1/2&5h1A~ I 21/2!~ I 13/2!. ~2!

The results of the two-band analysis with the above eq
tions are compared in Table II with the corresponding res
given in Ref.@10# for 183W.

The fitted values for the Coriolis parameterh1 for 181Hf
and 183W are in remarkable agreement. The rotational

TABLE II. Energy parameters resulting from least-squares
to the experimental energies of the 1/22@510# and 3/22@512# bands.

Fitted valuea
181Hf 183W

Parameter I II I II

h1 ~keV! 21.7 23.0 21.71 22.74
A3/2 ~keV! 13.19 13.40 14.02 13.75
B3/2 ~keV! 20.020 20.007
A1/2 ~keV! 15.28 15.30 15.84 16.08
B1/2 ~keV! 10.011 10.009
a 0.1532 0.1564 0.1719 0.1706

aDerived from the rotational bands in181Hf and 183W up to the
11/22 and 9/22 states, respectively.
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rametersAK can be compared with the valuesE(21)/6
515.55 and 16.68 keV of the core nuclei180Hf and 182W,
respectively. The small values for the 3/22 bands are perhap
due to the influence of higher-lying bands: Brockmeieret al.
@10# discuss the coupling of seven additional bands and
a significant improvement by including these bands.

In Table III we list the maximum and average deviatio
of the calculated level energies from the experimental on
The large improvement of the description of the 3/22 band
by including the quadratic term inI (I 11) in the rotational
energy indicates again the importance of the coupling of
band to higher-lying bands.

In Table I we assign the 616.9 and 830.9 keV levels as
13/22 and 15/22 members of the 1/22 band. The energies
calculated for these levels are 614.4 and 832.5 keV for fi
and 611.4 and 814.9 keV for fit II. This disagreement is
contrast to183W where the energies calculated with the p
rameters of fit II for the 11/22, 13/22, and 15/22 members
of the 1/22 band agree with the experimental values repor
in Ref. @11# within '1 keV. However, Brockmeieret al.
mention already that fit II is unsatisfactory because of
inconsistent signs of theB parameters, and that an improve
fit is obtained by including additional higher-lying bands i
stead. In the present case the levels are already stro
mixed for moderate spins~e.g., in fit II the lower-lying 13/21

level is composed of 58%K51/2 and 42%K53/2) and one
has to expect appreciable energy shifts by the additional
mixed bands. The large mixing also makes an interpreta
of the g-ray intensities difficult. In view of the large exper
mental uncertainties of the few observed branching ratios
have therefore made no attempt of such an interpretation

We would like to acknowledge the help of M. Dorthe,
E. Garrett, J. Kern, H. Lehmann, J. L. Schenker, and T. W
ber during some of the experiments. We are grateful to
Bondarenko and T. von Egidy for making available the
work prior to its publication. This work was supported by th
Deutsche Forschungsgemeinschaft~grants Gu 179/3 and 436
UKR 17/17/98!, the Paul Scherrer Institute, and the Sw
National Science Fund.

s TABLE III. Deviations of calculated from experimental energie
in 181Hf.

Values in keV
Quantitya h150 Fit I Fit II

DEmax(K51/2) 1.31 0.50 0.32
DEav(K51/2) 0.67 0.22 0.14
DEmax(K53/2) 3.73 1.38 0.29
DEav(K53/2) 1.66 0.56 0.15

aDE5uEexp2Ecalcu for the rotational levels up to the 11/22 states
in 181Hf.
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