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Nuclear structure of 166Ho studied in neutron-capture, „d,p…, and „d,3He… reactions
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The nucleus166Ho was studied with thermal and average resonance neutron capture and with (d,p) and
(d,3He) reactions. We have devoted a large effort to the measurements ofgg-coincidence spectra in the broad
energy interval 50–6243 keV. From these data and those of previous studies, the level scheme has been
developed containing levels grouped into 23 rotational bands below 1 MeV. Of these, six bands are new and
several others, known previously, have been modified and expanded based upon our experimental data. In all,
32 new levels have been identified. Of particular note has been the identification of two rotational bands whose
underlying structure consists ofg-vibrational states built upon the two lowest energy quasiparticle states in
166Ho. Two new Gallagher-Moszkowski matrix elements were determined:EGM(p7/22@523#6n5/22@523#)
52108.5 keV andEGM$(p7/22@523#6n7/21@633#)7Q22%51138.2 keV. The resultant level scheme is in
good agreement with semiempirical and quasiparticle phonon models where residual interactions have been
taken into account. Suggestions are given for further experimentation on166Ho level structure using existing
technology.

PACS number~s!: 21.10.2k, 23.20.Lv, 25.40.Hs, 27.70.1q
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I. INTRODUCTION

Doubly odd, deformed nuclei offer the unique possibil
to obtain information on the proton-neutron interaction
low excitation energies. Two manifestations of this intera
tion can be observed in the level structure of these nuc
namely the Gallagher-Moszkowski~GM! energy splitting of
spin doubletsK5uVp6Vnu, whereK andV are projections
of quantum numbers of the total spin and of the odd-part
spin, respectively, and the odd-even energy shifts in the
els of K50 rotational bands~Newby shifts! @1,2#. Over the
past several decades, a considerable body of experim
data has been accumulated, especially concerning level s
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ture in the deformed nuclei of the rare-earth region@3#. By
assuming appropriate forms for the proton-neutron inter
tion, one can also calculate values for these matrix eleme
EGM andEN @4#. Comprehensive studies have been made
the parameters that describe the force between unpaired
like nucleons in odd-odd deformed nuclei with the goal
optimizing the fit for the matrix elements between theory a
experiment@4–6#. Qualitatively, one can say that we hav
not reached a stage where the theoretical treatments of
problem produce predictive results that can be conside
reliable @7#. Thus, it is still important to experimentally de
terminen-p interaction matrix elements by identifying ne
pairs of GM bands, making these identifications as ac
©2000 The American Physical Society05-1
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rately as possible in order to produce a reliable body of d
Experimental studies need to focus on questions of confi
ration mixing, both that which occurs among single-parti
states and that which occurs between these states and v
tional excitations. Most of the configurations assigned
states in odd-odd nuclei have been of two-quasiparticle
ture. A fewg-vibrational states have been observed~e.g., in
176Lu and 188Re) with limited confidence. A comprehensiv
review of all aspects of the nuclear structure of odd-odd
clei in the rare-earth region (144<A<194) has been pub
lished recently@8#.

Excitations of the166Ho nucleus have been studied prev
ously in a series of measurements involving thermal neutr
capture reactions@9,10# and single-nucleon transfer rea
tions, i.e., (d,p) @11# and (t,a) @12#. Additional studies have
involved averaged-resonance neutron capture@13#, polarized
neutron capture in polarized targets@14#, and conversion-
electron measurements following neutron capture@15#. Some
data have been derived fromb-decay measurements@16,17#.
Delayed radiation following the decay of a 185-ms 31 iso-
mer of 166Ho at 190.90 keV, which was produced by th
165Ho(d,p) reaction, has been studied@18#. The results of
these studies are summarized in previous publications@3,19#.
For example, the Nuclear Data Sheets compilation lists
rotational bands with assigned configurations in166Ho. Dur-
ing the past decade or so, several papers have appear
which the known experimental data for level structure
166Ho have been subjected to further analysis@15,20–22#.
This has resulted in both revised and new configuration
signments, some of which are conflicting and need res
tion. The present paper is the first comprehensive repor
new experimental measurements of the166Ho level scheme
since those of Kennett, Islam, and Prestwich, published
1984@10#. Preliminary reports of some of the data presen
in the present paper appeared in Refs.@15,23–25#. Also, the
quasiparticle-phonon model calculations of166Ho, described
in Sec. V of this paper, were published in preliminary for
in 1992 @26#.

A significant part of the present experimental program
been coincidence measurements ofg rays from thermal neu-
tron capture over a broad energy interval, from 50 keV to
neutron binding energy~6243 keV!. The gg-coincidence
spectra were measured in thermal neutron capture reac
at the NRC reactor, Salaspils, Latvia (Eg550–760 keV!, at
the NRI reactor, Rˇ ež, Czech Republic (Eg5100–6243 keV!,
and at the JINR reactor, Dubna, Russia~two-step cascade
for final levels 0–548 keV!. The coincidence data have e
abled us to make reliable placements ofg transitions in the
166Ho decay scheme. Previously, all such placements re
upon the Ritz combination principle, a technique whose
liability was somewhat reduced in this case because
166Ho neutron-captureg rays, having been measured in th
1960s, were more uncertain than some of the more mod
data sets, especially among the higher energy transiti
The level scheme has also been studied via primaryg-ray
measurements with averaged-resonance neutron captu
the Brookhaven National Laboratory~BNL! research reactor
In this instance, our new measurements corroborate thos
Bollinger and Thomas@13# in virtually every detail. The
04430
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166Ho levels were studied with the (d,p) and (d,3He) reac-
tions at the Tandem Accelerator of the University and Te
nical University of Munich, Germany, with two times bette
resolution than in previous (d,p) measurements@11#.

As a result of the present measurements, new insights
the band structure of166Ho have been obtained. We fin
agreement with an appreciable fraction of the previous m
surements, but we also differ significantly on the placem
of certain rotational bands and the existence of new level
the decay scheme.

II. EXPERIMENTS AND RESULTS

A. Averaged resonance neutron capture„ARC… measurements

Primary g rays following averaged resonance neutr
capture~ARC! have been measured with a three-crystal p
spectrometer@27,28# at the Brookhaven High-Flux Beam
Reactor. The target consisted of 60 g of Ho2O3. Measure-
ments were provided with a neutron beam of 2 keV aver
energy that was produced by transmission through a s
dium filter. Typical g-ray energy resolution was FWHM
55.5 keV at 6.5 MeV. Although it was usual to calibrate th
spectrometer with capture lines from a chlorine standard,
perimental circumstances did not allow the calibration to
made this way. Instead, the pattern of capture lines to a s
number of well-established low- lying levels in166Ho was
identified in theg spectrum and this match, along with th
experimentally known neutron binding energy, 6243.
60.11 keV@29#, allowed calibration of the primaryg rays.
The energies and relative intensities of the observed tra
tions are listed in Table I. All levels from the table are co
sistent with those reported by Bollinger and Thomas@13#
who measuredg rays emitted by an internal Ho target su
rounded by a boron absorber in the Argonne National La
ratory CP25 reactor. The boron absorber caused the tar
to see a 1/E neutron spectrum. A large fraction of the leve
listed in Table I correspond to levels also defined by seco
ary g transitions that depopulate them. In a couple of
stances, we were unable to resolve multiplets in the sp
trum, those centered at 598 and 660 keV. In a few ca
evidence for an indicated level has not yet been identified
the spectrum of secondaryg rays, e.g., for peaks at 781.
and 947.1 keV~each energy is uncertain to about61 keV!.
Peaks at these energies have been identified in our A
spectrum and in that of Bollinger and Thomas.

The ARC data are analyzed further by plotting the resu
in the form of reducedg-ray intensities (I g /Eg

5) versus ex-
citation energy~Fig. 1!. Since the ground state of165Ho has
I p57/22, s-wave neutron capture, which is predominant
2 keV neutron interactions, will populate~capture! states
with I p532 or 42. The energy width of the neutron beam
sufficient (45%) that capture is spread over at least 100 c
ture states. Thus, because of statistical averaging, the
duced intensities of primaryg rays of a given multipolarity
are found to be more or less equal. TheE1 g transitions that
dominate the ARC spectrum show greater intensity co
pared to theM1 transitions by a factor of approximately 6
In this experiment, we lack sufficient sensitivity to detectg
5-2
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TABLE I. Primary g rays from 2-keV ARC measurements and level energies in166Ho derived therefrom.

Adopted values 2-keV ARC data Indicated spin
Elvl ~keV!a I p Eg ~keV! Elvl ~keV!b I g ~red!c and/or parity

54.2388~7! 22 6189.8~4! 53.8~4! 17~2! p52

171.0726~12! 32 6072.9~5! 170.8~5! 23~3! p52

180.4686~28! 42 6063.4~7! 180.3~7! 20~3! p52

190.9038~20! 31 6052.5~2! 191.2~2! 122~5! 31,41

260.6653~23! 41 5983.0~1! 260.7~1! 112~6! 31,41

263.7895~23! 51 5979.9~1! 263.8~1! 45~6! 21,51

329.777~4! 52 5914.0~5! 329.6~5! 24~4! p52

348.2617~26! 51 5895.3~2! 348.4~2! 75~5! 21,51

371.9878~25! 41 5871.9~2! 371.8~1! 124~5! 31,41

416.016~5! 22 5827.6~1! 416.1~0! 13~2! p52

430.040~4! 21 5813.5~2! 430.2~2! 72~4! 21,51

431.240~5! 52

464.558~6! 21 5779.3~4! 464.4~4! 63~6! 21,51

470.8433~27! 51 5772.8~1! 470.8~0! 66~8! 21,51

475.736~7! 32 5768.0~1! 475.7~0! 28~8! p52 or 21,51

481.854~4! 31 5762.0~3! 481.6~3! 83~5! 21,51 or 31,41

522.045~5! 31 5721.9~2! 521.8~2! 110~7! 31,41

543.684~4! 22 5700.0~1! 543.7~0! 18~5! p52

547.934~5! 41 5695.7~1! 548.0~0! 71~7! 21,51

558.579~4! 41 5685.7~6! 558.0~6! 96~13! 31,41

562.859~7! 42 5681.1~10! 562.6~10! 25~13! p52

592.460~9! 31 5651.2~2! 592.5~2! 139~8! 31,41

597.027~4! 32

598.511~6! 41 5645.2~1! 598.5~0! 106~10! 31,41

605.109~6! 21 5638.1~4! 605.6~4! 59~5! 21,51

628.435~12! 22 5615.3~1! 628.4~0! 12~8! p52

634.329~4! 51 5610.1~6! 633.6~6! 68~9! 21,51

638.229~9! 22 5605.5~1! 638.2~0! 20~9! p52

654.802~11! 51 5588.8~5! 654.9~5! 54~8! 21,51

658.086~10! 52 658.1~15!d p52

662.235~7! 31 5581.8~9! 661.9~9! 95~13! 31,41

668.019~6! 42 5576.2~10! 667.5~10! 25~12! p52

671.750~12! 41 5571.5~7! 672.2~7! 84~13! 21,51 or 31,41

683.810~5! 32 5562.4~9! 681.3~9! 26~4! p52

693.701~6! 51 5550.4~3! 693.2~3! 78~5! 21,51

704.947~9! 32 5538.2~10! 705.5~10! 14~4! p52

719.44~4! 41 5524.0~3! 719.7~3! 99~7! 31,41

725.586~12! 22 725.8~15!d p52

736.495~8! 41 5507.2~3! 736.5~3! 87~6! 21,51 or 31,41

742.08~8! 42 5501.6~1! 742.1~0! 32~6! 21,51 or p52

757.588~10! 52 5486.0~1! 757.6~0! 22~11! p52

760.375~7! 32 5484.2~1! 759.5~0! 17~11! p52

769.375~7! 51 5473.8~3! 769.9~3! 72~6! 21,51

5462.1~10! 781.6~10! 13~5! p52

5455.2~7! 788.5~7! 32~8! 21,51 or p52

792.98~2! 42 5450.7~1! 793.0~0! 30~9! p52 or 21,51

806.68~18! 51 5437.8~4! 805.9~4! 53~5! 21,51

815.133~9! 31 5428.7~2! 814.9~2! 106~6! 31,41

824.58~2! 32 5419.1~1! 824.6~0! 32~6! 21,51 or p52

832.264~9! 51 5411.8~7! 831.9~7! 67~12! 21,51

837.734~8! 42 5406.7~13! 837.0~13! 29~12! p52 or 21,51

860.55~2! 5383.4~8! 860.3~8! 36~5! 21,51 or p52
044305-3
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TABLE I. ~Continued.!

Adopted values 2-keV ARC data Indicated spin
Elvl ~keV!a I p Eg ~keV! Elvl ~keV!b I g ~red!c and/or parity

868.27~15! 42 5374.2~5! 869.5~5! 59~6! 21,51

881.089~19! 32 5363.5~1! 880.2~1! 39~6! 21,51 or p52

885.39~17! 5358.8~1! 884.9~0! 39~9! 21,51

890.988~12! 41 5352.9~3! 890.7~3! 119~8! 31,41

905.60~1! 21 5338.5~3! 905.2~3! 83~6! 21,51

925.51~3! 51 5318.5~4! 925.1~4! 71~6! 21,51

5296.6~5! 947.1~5! 51~6! 21,51

961.23~16! 31 5282.5~3! 961.2~3! 96~8! 31,41

978.55~24! 5265.1~5! 978.6~5! 91~10! 31,41

985.15~4! 51 5258.8~6! 984.9~6! 63~10! 21,51

aThe adopted energies and spin-parity assignments listed in columns 1 and 2 were taken from Tabl
Nuclear Data Sheets@19#.
bI g(red)5I g(reduced)5I g /(Eg

5); units are arbitrary.
cAn uncertainty of zero indicates that in the fitting procedure the level energy was fixed at the adopted
in order to derive the best possible intensity.
dPeak not resolved in the present data; energy listed taken from Ref.@13#.
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rays of higher multipole order. Therefore, the 2 keV AR
measurement is expected to populate most strongly s
with I p531 and 41, states withI p521 and 51 about a
factor of 2 less, and states withI p5(225)2 about a factor
of 6 below the most intense group. The experimental int
sities are compared with a calculation based upon a Mo
Carlo simulation of the averaging process@30# in Fig. 1.

B. The gg-coincidence measurements

The gg-coincidence spectra from the165Ho(n,g)166Ho
reaction were measured at the IRT reactor of the Nuc
Research Center of the Latvian Academy of Sciences.
thermal neutron beam from the tangential experimental ch
nel was transmitted through a 52 cm thick Si filter. The c

FIG. 1. Reducedg-ray intensities from 2-keV averaged res
nance capture~ARC! measurements~versus excitation energy!.
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limated neutron flux (131 cm2) at the target was 53106

n cm22 s21. The target material consisting of 0.9 g Ho me
~99% purity! was contained in a thin polyethylene bag. T
gg coincidences were recorded using one x-ray Ge dete
(10 cm3) in the energy range 20 to 465 keV and another o
of 78 cm3 in the energy range 59 to 760 keV with the res
lutions ~FWHM! at 304.6 keV energy of 1.39 keV and of 2.
keV, respectively. The prompt resolving time was about
ns in a wide energy range of 20–1500 keV. The gates w
set on the x-ray detector. Two sections ofgg-coincidence
spectra gated on the 116 and 149 keVg rays are shown in
Fig. 2.

An additionalgg-coincidence measurement has been c
ried out at the Nuclear Physics Institute in Rˇ ež, Czech Re-
public, using large Ge-detectors and a neutron guide fac
at the 15 MW light-water LVR-15 reactor. The target co
sisted of 0.464 g Ho2O3 ~99.99% purity!. The spectra were
recorded in the range of 100–6243 keV with a 22% Hp
and a 12% Ge~Li ! detector. The energy resolutions at 13
keV were 1.9 and 2.1 keV, respectively. More details ab
the experimental setup and the data acquisition system
given elsewhere@31#. One section ofgg- coincidence spec-
trum for the 239 keV gate is shown on Fig. 3. The resu
obtained are listed as footnoted entries in Table II that su
marizes all of the assigned rotational bands in166Ho, their
component level energies, and theg transitions that depopu
late these levels.

C. Two-step cascades in the„n,g… reaction

The coincidence technique with pulse-amplitude summ
tion of two-step cascades following thermal neutron capt
is a source of information about high-energy and low-ene
g-ray coincidences. Measurements were performed at
IBR-30 pulsed reactor in JINR, Dubna, Russia. Thermal n
tron capture was selected by the time-of-flight method. T
165Ho target mass was 4 g. Data acquisition took about 4
5-4
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FIG. 2. gg-coincidence spectra from gates on the 116 and 149 keV transitions.
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h. The spectrometer consisted of a 15% efficient HPGe
tector and a 10% efficient Ge~Li ! detector with 3–4 keV
energy resolution at 1332 keV. The time resolution w
10–12 ns with a60Co source. To avoid the backscatter
gamma quanta a 2.5 g/cm2 thick lead filter was used. The
experimental method and processing procedure have alr
been described@32,33#. The data processing included off-lin
construction of spectra of coincidence pulses after sum
tion of their amplitudes. This spectrum~Fig. 4! has peaks,

FIG. 3. gg-coincidence spectrum from a gate on the 239 k
transition.
04430
e-

s

dy

a-

corresponding to all two-step gamma cascades between
compound state and certain low-lying levels. Events selec
in each peak on Fig. 4 represent the distribution for two-s
cascades which de-excite the compound state via many
termediate states to certain final levels~Fig. 5!. The results of
thesegg-coincidence measurements are listed as footno
entries in Table II. The listed transitions are limited to tho
two-step cascades that finished at the following final lev
~0, 54.3, 82.6, 171.1, 180.5, 191.7, 262.1, 329.9, 348
372.1, 416.2, 430.1, 453.9, 476.1, 522.2, 548.1 keV!. The
spin difference between the initial and final level of detec
cascades isuJl2Jf u<2. Only E1, M1, andE2 transitions
were detected. Cascade intensities were normalized so
the area of the experimental distribution in interval 520 k
<Eg<(Ecascade–520 keV! was 100% for each level wher
Ecascade5E11E25Bn2Efinal .

D. „d,p… and „d,3He… reaction measurements

The reaction 165Ho(d,p)166Ho was measured with the
Q3D spectrograph@34# at the Tandem Accelerator of th
University and Technical University of Munich. The165Ho
target had dimensions 0.5 mm34 mm and thickness 40
mg/cm2 on a 4mg/cm2 thick carbon backing. Spectra wer
measured at a deuteron energy of 17 MeV at angles ofQ lab
515°, 30°, and 45° up to an excitation energy of 1.8 Me
Altogether twelve overlapping spectra with an energy ran
5-5
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TABLE II. Rotational bands of166Ho and their depopulatingg rays.

I p Elev(DE) Eg(DE) I g(DI ) Mult. Ef I p

02 (7/22@523#27/21@633#) AZ
02 0
22 54.2388~7! 54.2392(7)c 2.5~3! E21,20%M1 0.0 02

12 82.4709~19! 82.470(2)c 0.97~9! M1(1E2) 0.0 02

28.249~9! 0.040~8! 54.23 22

32 171.0726~12! 116.835(10)c 15.8~15! M11,3%E2 54.23 22

88.60~3! 0.03~1! 82.47 12

42 180.4686~28! 126.228(3)c 1.06~10! E2(1M1) 54.23 22

(9.39)a 171.07 32

52 329.777~4! 158.702(9)c 0.06~1! 171.07 32

149.307~3!c 4.25~42! M1(1E2) 180.46 42

62 377.808~4! 197.339(8)c 0.32~5! M1,E2 180.46 42

48.0315(7)f 0.17~3! 329.77 52

72 557.690~5! 227.88~7! 0.020~4! 329.77 52

179.882(4)c,d 0.15(5)b M1(1E2) 377.80 62

72 (7/22@523#17/21@633#) AZ
72 5.971~12!

82 137.731~13! 131.759~5! 0.14~2! 5.97 72

92 286.96~10! 280.99~10! 0.03~1! 5.97 72

12 (3/21@411#21/22@521#! BY
12 373.158~6! 290.61~3!c 1.7~2! M1(1E2) 82.47 12

201.95~3! 0.05~1! 171.07 32

22 416.016~5! 333.62(2)c 1.6~2! M1(1E2) 82.47 12

245.007(7)c 1.04~10! M1(1E2) 171.07 32

(43.08)a 373.15 12

32 475.736~7! 420.7(6)s 0.16(5)b 54.23 22

304.60(2)c,e 2.6~2! M1(1E2) 171.07 32

102.55(4)f 0.016~3! 373.15 12

(59.62)a 416.01 22

42 562.859~7! 508.4(8)s 0.28(8)b 54.23 22

391.89(4)c,e 1.13~11! 171.07 32

382.8~2! 0.05~1! 180.46 42

233.112(14)c 0.63~6! M1(1E2) 329.77 52

146.808(8)c 0.09~2! 416.01 22

87.193~15! 0.04~1! 475.73 32

52 658.086~10! 477.4(3)c,e 0.20~5! 180.46 42

328.245~15!c,e 0.73~7! 329.77 52

182.302(16)c 0.10~1! 475.73 32

62 788.610~12! 458.74(22)c 0.09(3)b 329.77 52

225.722~9! 0.070~14! 562.85 42

130.641~16! 0.010~2! 658.08 52

22 (3/21@411#11/22@521#) BY
22 638.229~9! 467.3(3)c 0.30~10! 171.07 32

265.12(5)c 0.18~4! 373.15 12

208.34(4)c 0.065~10! 430.04 21
173.47(12)c 0.020~4! 464.55 21

116.197(13)c 0.06~1! 522.04 31

94.643(11)c 0.20~3! 543.68 22
044305-6
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TABLE II. ~Continued!.

I p Elev(DE) Eg(DE) I g(DI ) Mult. Ef I p

32 704.947~9! 533.5(3)c 0.60~20! 171.07 32

288.60(7)c 0.12~2! 416.01 22

274.77(7)c 0.13~3! 430.04 21

229.00(7)g 0.05~2! 475.73 32

161.42~2! 0.030~4! 543.68 22

107.71~3! 0.030~8! 597.02 32

109.241~12! 0.030~6! 595.84 12

99.584~16! 0.020~5! 605.10 21

42 792.98~2! 612.0~5! 0.30~6! 180.46 42

376.91(14)c 0.12~2! 416.01 22

317.28(3)c 0.22~4! 475.73 32

230.11(5)g 0.030~6! 562.85 42

195.687(14)c 0.08~1! 597.02 32

154.71~3! 0.025~5! 638.22 22

52 $(7/22@523#17/21@633#)2Q22% AZg
52 431.240~5! 425.30~3! 1.3~3! 5.97 72

167.450(5)c 0.95~9! E1 263.78 51

62 529.817~8! 524.2~3! 0.5~1! 5.97 72

266.03(5)c 0.28~3! 263.78 51

234.79(5)c 0.05~1! 295.08 61

150.268(8)c 0.11~2! 379.54 61

98.572~16! 0.04~1! 431.24 52

72 644.29~6! 506.8~3! 0.20~4! 137.73 82

213.04~6! 0.010~2! 431.24 52

114.50(3)g 0.010~2! 529.81 62

22 $(7/22@523#27/21@633#)1Q22% AZg
22 543.684~4! 543.66(20)c,e 2.4~6! 0.0 02

489.39(5)c,e 2.0(6)b E2,M1 54.23 22

363.10~30! 0.05~1! 180.46 42

170.584(15)c 0.05~1! 373.15 12

113.644(4)c 0.15~2! 430.04 21

32 597.027~4! 542.86(20)c,e 3.5~9! 54.23 22

425.99(3)c,d 0.24(7)b 171.07 32

416.47(5)c 0.80~16! 180.46 42

224.01~15! 0.010~2! 373.15 12

181.086(5)c 0.10(3)b 416.01 22

166.983(5)c 0.17~2! 430.04 21

132.472(17)f 0.030~6! 464.55 21

121.48(3)f 0.010~2! 475.73 32

115.167(4)f 0.090~1! 481.85 31

53.3434~7! 0.09~1! 543.68 22

42 668.019~6! 613.8(4)c,e 0.7~2! 54.23 22

496.9(2)c 0.3~1! 171.07 32

487.58(6)c,e 1.3~2! M1(1E2) 180.46 42

338.20(4)c 0.15~2! 329.77 52

295.99~8! 0.04~1! 371.98 41

197.11~5! 0.030~6! 470.84 51

192.33(2)c 0.07~1! 475.73 32

186.147(6)c 0.12~2! 481.85 31

124.350~15! 0.040~8! 543.68 22

120.36~3! 0.010~2! 547.93 41

70.988~10! 0.18~4! 597.02 32
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TABLE II. ~Continued!.

I p Elev(DE) Eg(DE) I g(DI ) Mult. Ef I p

52 757.588~10! 577.0(3)c,e 0.70~14! 180.46 42

386.3~3! 0.048~8! 371.98 41

380.1~2! 0.05~2! 377.80 62

209.69~4! 0.020~6! 547.93 41

160.63~2! 0.040~8! 597.02 32

99.584(16)g 0.020~5! 658.08 52

12 (1/21@411#11/22@521#) CY
12 595.841~5! 593.8~7! 0.080~16! 0 02

512.7~3! 0.80~16! 82.47 12

179.882(4)c,d 0.10(3)b 416.01 22

120.06~2! 0.020~3! 475.73 32

22 628.435~12! 457.37(7)c 0.6~1! 171.07 32

437.3~3! 0.06~1! 190.90 31

255.37(3)c 0.09~2! 373.15 12

212.30(6)g 0.040~8! 416.01 22

198.31~5! 0.030~6! 430.04 21

152.71~3! 0.025~5! 475.73 32

84.742~14! 0.04~1! 543.68 22

32 683.810~5! 423.39~18! 0.16~3! 260.66 41

267.82(9)c 0.11~2! 416.01 22

253.78(3)c 0.12~2! 430.04 21

219.44~6! 0.08~16! 464.55 21

201.95(3)g 0.05~1! 481.84 31

140.117(5)c 0.35~4! 543.68 22

135.883~4! 0.10~2! 547.93 41

86.765~11! 0.10~2! 597.02 32

42 742.08~8! 481.31~8! 0.85~17! 260.66 41

412.1(2)c,d 0.40(12)b 329.77 52

266.53(5)c 0.24~5! 475.73 32

198.31(5)g 0.03~1! 543.68 22

145.00(3)c 0.020~4! 597.02 32

113.644(4)g 0.15~2! 628.43 22

02(1/21@411#21/22@521#) CY
(02 658.99~3! 285.81(8)g 0.06~2! 373.15 12)
22 725.586~12! 643.1~8! 0.4~1! 82.47 12

554.3(4)c,d 0.45(14)b 171.07 32

352.28(12)c 0.130~26! 373.15 12

309.59(6)c 0.10~5! 416.01 22

182.04~4! 0.20~4! 543.68 22

97.253~20! 0.0150~3! 628.43 22

12 774.516~15! 401.31(10)c 0.11(3)b 373.15 12

358.4(3)c 0.05~1! 416.01 22

115.51~3! 0.010~2! 658.99 02

90.720~15! 0.04~1! 683.81 32

42 868.27~15! 538.6(4)c 0.20~6! 329.77 52

392.2(5)c 0.11~3! 475.73 32

305.36(15)c 0.14~4! 562.85 42

32 881.089~19! 827.1(3)e 0.19~6! 54.23 22

798.6(4)e 0.26~8! 82.47 12

709.6(6)c,e 0.14~4! 171.07 32

404.7(6)c 0.05~2! 475.73 32

242.90~2! 0.17~3! 638.22 22
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TABLE II. ~Continued!.

I p Elev(DE) Eg(DE) I g(DI ) Mult. Ef I p

155.42(3)g 0.025~5! 725.59 22

32(1/22@541#27/21@633#)EZ or (1/21@411#15/22@512#)CX
32 760.375~7! 579.9~7! 0.5~3! 180.46 42

570.0~3! 0.20~4! 190.90 31

499.5~4! 0.10 260.66 41

430.31(18)c 0.13~3! 329.77 52

216.85~6! 0.040~8! 543.68 22

163.352(7)c 0.51~5! 597.02 32

92.355~13! 0.05~1! 668.01 42

42 837.734~8! 577.0(3)g 0.70~14! 260.66 41

169.712(5)c 0.240~24! 668.01 42

52 935.047~17! 174.77~4! 0.020~4! 760.37 32

97.253~20! 0.015~3! 837.73 42

31 (7/22@523#21/22@521#) AY
31 190.9038~20! 136.662(2)c 27.5~27! E11,0.3%M2 54.23 22

19.840~6! 1.09~5! (E1) 171.07 32

10.43~2! 0.052~5! 180.47 42

41 260.6653~23! 89.599(13)c 0.10~1! 171.07 32

69.7604(14)c 2.8~28! M11,30%E2 190.90 31

51 348.2617~26! 157.344(8)c 0.21 190.90 31

87.5946(16)c 1.24~12! M11,30%E2 260.66 41

(18.49)a 329.77 52

61 453.773~4! 193.107(6)c 0.19~2! 260.66 41

105.517(4)c 0.52~5! M11,30%E2 348.26 51

71 577.216~6! 313.48(6)g 0.12~6! 263.78 51

229.00~7! 0.05~1! 348.26 51

123.437(5)c 0.10~2! 453.77 61

41 (7/22@523#11/22@521#) AY
41 371.9878~25! 181.086(5)c 1.27~13! M1(1E2) 190.90 31

111.324(2)c 0.63~6! M1(1E2) 260.66 41

108.199(2)c 0.85~8! M1(1E2) 263.78 51

51 470.8433~27! 279.79~10! 0.03~1! 190.90 31

207.04~2! 0.04~1! 263.78 51

175.73~4! 0.03~1! 295.08 61

122.577~4! 0.09~2! 348.26 51

98.8572~15! 0.56~5! E2,M1 371.98 41

91.286~13! 0.07~2! 379.54 61

61 588.104~4! 216.160~5! 0.02~1! 371.98 41

134.34~3! 0.02~1! 453.77 61

117.264(3)d 0.20~2! 470.84 51

71 723.256~18! 208.90(4)g 0.030~6! 514.36 71

135.15~2! 0.040~7! 588.10 61

51 (3/21@411#17/21@633#)BZ1(7/22@523#13/22@521#)AU
51 263.7895~23! 257.81~2! 0.26~4! M2(1E1) 5.97 72

72.8859~15! 0.20~4! E21M1 190.90 31

3.13a 0.01b 260.66 41

61 379.549~4! 373.47~7! 0.45~7! 5.97 72

115.759~3! 0.34~5! 263.78 51

84.468(10)f 0.13~3! 295.08 61

71 514.363~7! 250.49~9! 0.07~2! 263.78 51

134.815~6! 0.06~1! 379.54 61
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TABLE II. ~Continued!.

I p Elev(DE) Eg(DE) I g(DI ) Mult. Ef I p

21(7/22@523#23/22@521#)AU1(3/21@411#27/21@633#) BZ
21 430.040~4! 239.140(11)c,e 4.2~4! M1(1E2) 190.90 31

169.45~3! 0.020~4! 260.66 41

31 481.854~4! 291.04~8! 0.12~2! 190.90 31

221.174(9)c,e 3.9~4! M1(1E2) 260.66 41

109.887~18! 0.020~5! 371.98 41

51.8155~7! 0.23~3! 430.04 21

41 547.934~5! 357.04~4! 0.29~6! 190.90 31

287.24(3)c 0.17~2! 260.66 41

199.71(8)c 0.80~8! M1(1E2) 348.26 51

175.98~2! 0.07~1! 371.98 41

66.103(7)f 0.20~4! 481.85 31

51 634.329~4! 180.545(5)c 0.20~3! M1(1E2) 453.77 61

152.45~3! 0.016~5! 481.85 31

86.359~11! 0.10~3! 547.93 41

75.753~16! 0.07~2! 558.57 41

46.232~4! 0.020~4! 588.10 61

61 732.549~14! 278.69~10! 0.06~2! 453.77 61

155.42~3! 0.025~5! 577.21 71

98.200(15)c 0.030~10! 634.32 51

61 (7/22@523#15/22@512#) AX
61 295.088~9! 289.120(15)c 2.3~2! E1 5.97 72

71 423.654~10! 285.81~8! 0.06~2! 137.73 82

159.89~3! 0.010~1! 263.78 51

128.566(5)c 0.14~2! 295.08 61

11 (7/22@523#25/22@512#) AX
11 426.090~5! 425.99(3)c,d 3.5(1.0)b 0.0 02

371.75(3)c 3.0~3! E1 54.23 22

343.51~3! 0.39~8! 82.47 12

21 464.558~6! 410.27(2)c 1.36~26! 54.23 22

293.42~8! 0.07~1! 171.07 32

273.64~7! 0.16~3! 190.90 31

48.303(4)f 0.030~6! 416.01 22

38.493(6)f 0.03~1! M1(1E2) 426.09 11

31 522.045~5! 341.57~3! 0.28~6! 180.46 42

261.31~7! 0.04~1! 260.66 41

95.953(2)f 0.12~1! 426.09 11

57.517(8)f 0.32~6! 464.55 21

41 598.511~6! 427.0(2)c,d,e 0.27(8)b 171.07 32

418.08(18)c,e 0.20~6! 180.46 42

268.15(9)c 0.07~2! 329.77 52

134.00~3! 0.010~2! 464.55 21

76.4663~14! 0.34~3! 522.04 31

51 693.701~6! 512.7(3)e 0.03b 180.46 42

171.67~3! 0.030~6! 522.04 31

95.190(3)c 0.25~4! 598.51 41

61 807.074~10! 113.373~3! 0.12~2! 693.70 51

41 (7/22@523#11/22@510#) AT
41 558.579~4! 367.54~16! 0.07 190.90 31

297.90(3)c 0.39~8! M1(1E2) 260.66 41

263.36~5! 0.12~2! 295.08 61

210.300~6! 0.30~5! 348.26 51
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TABLE II. ~Continued!.

I p Elev(DE) Eg(DE) I g(DI ) Mult. Ef I p

186.582(6)c 0.28~3! 371.98 41

83.049(14)f 0.05~4! 475.73 32

76.7258(14)f 0.19~3! 481.85 31

51 654.802~11! 463.9~3! 0.6~1! 190.90 31

394.50~20! 0.10~2! 260.66 41

359.7~2! 0.08~2! 295.08 61

306.49(3)c 0.24~5! 348.26 51

282.80~8! 0.06~2! 371.98 41

201.08~3! 0.040~8! 453.77 61

183.96~4! 0.050~7! 470.84 51

96.265~20! 0.020~6! 558.57 41

61 771.77~8! 442.17(8)c 0.25(7)b 329.77 52

423.39(18)c,g 0.16~3! 348.26 51

117.264(3)c,d 0.20~2! 654.80 51

31 (7/22@523#21/22@510#) AT
31 815.072~10! 624.0(4)c,e 0.6~2! 190.90 31

554.3(3)e,g 0.15(5)b 260.66 41

442.9(3)c,e 0.4~1! 371.98 41

388.8(3)c 0.08(3)b 426.09 11

385.0(2)c 0.040~8! 430.04 21

350.61(12)c 0.07~1! 464.55 21

267.19(5)c 0.28~6! 547.93 41

256.60(2)c 0.26~4! M1(1E2) 558.57 41

222.634(7)c 0.22~2! 592.46 31

41 890.988~12! 236.31(8)c,g 0.03~1! 654.80 51

75.985~8! 0.07~2! 815.07 31

51 985.15~4! 313.48(6)g 0.12~6! 671.75 41

215.44~9! 0.010~2! 769.54 51

170.09~3! 0.030~6! 815.07 31

61 1098.61~21! (d,p) data; nog transitions identified

11 (7/22@523#25/22@523#) AV
11 567.654~6! 194.529(10)c 0.13~2! 373.15 12

151.533(9)c 0.08~1! 416.01 22

141.599(7)c 0.13~1! 426.09 11

„137.51~2!… 0.020~7! 430.04 21

103.116~15! 0.050~7! 464.55 21

21 605.109~6! 433.92(18)c 0.17~3! 171.07 32

231.957(14)c 0.24~5! 373.15 12

188.98(3)c 0.07~1! 416.01 22

179.032(6)c 0.25~4! 426.09 11

140.544(10)c 0.090~9! 464.55 21

129.353(7)c 0.08~2! 475.73 32

83.049~14! 0.05~1! 522.04 31

31 662.235~7! 607.7~7! 0.11~2! 54.23 22

472.2~5! 0.14~3! 190.90 31

246.07(2)c 0.20~4! 416.01 22

236.31(8)g 0.03~1! 426.09 11

232.286(9)c 0.06(3)b 430.04 21

197.677(10)c 0.20~3! 464.55 21

118.49~2! 0.030~6! 543.68 22

94.529~11! 0.04~1! 567.65 11

57.19~1! 0.16~3! 605.10 21
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TABLE II. ~Continued!.

I p Elev(DE) Eg(DE) I g(DI ) Mult. Ef I p

41 736.495~8! 564.8(3)g 0.20~4! 171.07 32

475.8~3! 0.15~3! 260.66 41

406.83(16)c 0.13~3! 329.77 52

260.75(2)c 0.16~2! 475.73 32

214.442(9)c 0.22~4! 522.04 31

137.99~4! 0.007~1! 598.51 41

131.41~3! 0.010~2! 605.10 21

74.261~16! 0.09~3! 662.23 31

51 832.264~9! 284.26(12)c 0.08~3! 547.93 41

233.79(5)c 0.12~2! 598.51 41

170.09~3! 0.010~2! 662.23 31

95.767(3)c 0.090~9! 736.49 41

61 942.605~13! 206.15(2)g 0.050~7! 736.49 41

110.327~12! 0.040~8! 832.26 51

61(7/22@523#15/22@523#) AV

61 722.00~15! 426.89(15)c 0.13(4)b 295.08 61

71 848.49~21! 553.37(21)c 0.07(2)b 295.08 61

31 (1/21@411#27/21@633#) CZ

31 592.460~9! 412.1(2)c,d,e 0.20(6)b 180.46 42

401.56(6)c,e 2.1~3! (M1,E2) 190.90 31

331.88(3)c 0.27~4! 260.66 41

162.452(10)c 0.06~1! 430.04 21

41 671.750~12! 411.09(3)c 0.75~25! 260.66 41

323.42~7! 0.12~2! 348.26 51

299.88~17! 0.030~6! 371.98 41

241.76~5! 0.05~1! 430.04 21

218.00~6! 0.040~8! 453.77 61

189.89~5! 0.010~2! 481.85 31

123.81~2! 0.010~2! 547.93 41

113.17~2! 0.020~4! 558.57 41

16.97a 0.013 654.80 51

51 769.549~16! 509.0(2)c 0.50(15)b 260.66 41

„421.13(5)c,e 0.28(8)b 348.26 51…

390.0~2! 0.18~4! 379.54 61

316.10(9)g 0.090~18! 453.77 61

247.68~9! 0.03~1! 522.04 31

61 884.055~14! 212.30(6)g 0.040~8! 671.75 41

164.570~40! 0.02~0! 719.44 41

114.50(3)g 0.010~2! 769.54 51

41 (1/21@411#17/21@633#) CZ

41 719.44~4! 455.60(6)c,e 0.50(25)b M1(1E2) 263.78 51

347.24(8)c 0.20~4! 371.98 41

248.77~9! 0.06~1! 470.84 51

51 806.68~18! 546.0(5)e 0.020~6! 260.66 41

433.9(9)e 0.015~5! 371.98 41

335.61~8! 0.62~12! 470.84 51

324.74~7! 0.11~2! 481.85 31

„61 911.40~4! 191.961~11! 0.13~2! 719.44 41…
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TABLE II. ~Continued!.

I p Elev(DE) Eg(DE) I g(DI ) Mult. Ef I p

21(7/22@523#23/22@521#) AU
21 905.60~1! 733.94(21)c,e 0.024~7! 171.07 32

714.7(2)c,e 0.26~8! 190.90 31

475.8(3)c 0.15~3! 430.04 21

312.90(8)c 0.12~6! 592.46 31

145.228~7! 0.140~14! 760.37 32

31 961.23~16! 700.8(3)e 0.06~2! 260.66 41

542.8(8)e 0.006~2! 416.01 22

534.9(4)c 0.30~6! 426.09 11

41 1030.47~23! 858.0(5)c,e 0.04~1! 171.07 32

849.5(7)e 0.015~5! 180.46 42

839.9(7)e 0.13~4! 190.90 31

770.5(4)e 0.06~2! 260.66 41

701.1(5)c,e 0.016~5! 329.77 52

600.8(7)c,e 0.024~6! 430.04 21

51 (7/22@523#13/22@521#) AU
51 925.51~3! 661.0(6)g 0.6~2! 263.78 51

206.15(2)c 0.050~7! 719.44 41

61 1038.43~20! (d,p) data; nog transitions identified

aTransition not observed; placement suggested bygg-coincidence data.
bI g estimated by taking into account coincidence data.
cLow-energygg coincidence.
dDoublet.
eHigh-energygg coincidence.
fg-transition intermediate between coincidentgg transitions.
gMultiply placedg transition.
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of nearly 700 keV in each case were taken. The data
corded at different angles were normalized to the numbe
deuteron elastic-scattered events counted by a monitor d
tor mounted in the target chamber. An energy resolution

FIG. 4. Spectrum of coincident pulses after their amplitude su
mation in the high-energy-low-energy coincidence measureme
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approximately 5 keV FWHM was obtained. A representat
spectrum taken atQ lab530° is shown in Fig. 6. The decom
position of multiple peaks at 426 keV in the (d,p) spectrum
is shown in Fig. 7. For the measurements a proportio
chamber with cathode strip read-out and a scintillator@35#
were used to record the spectrum. For high resolution e
cathode strip is connected to its own preamplifier and AD
The energy scale was calibrated with level energies from
Nuclear Data Sheets@19#. The experimental relative intens
ties in Table III are listed in arbitrary units.

-
.

FIG. 5. Spectrum ofg rays with the condition that the two-ste
gamma-ray cascades go to the level at 190.9 keV.
5-13



P. PROKOFJEVSet al. PHYSICAL REVIEW C 61 044305
TABLE III. Spectroscopy of166Ho via the (d,p) reaction (E517 MeV!.

Intensity I p ~rel!b Intensity I p ~rel!b

Jp a Elev ~keV!a Eexpt ~keV! 15° 30° 45° Jp a Elev ~keV!a Eexpt ~keV! 15° 30° 45°

72 5.971~12! 6.21~25! 5.0~7! 17.0~41! 6.1~8!

22 54.2388~7! 54.3~4! 2.4~6! 3.3~7!

12 82.4709~19! 82.6~11! 1.2~4!

82 137.731~13! 138.02~16! 8.4~11! 21.1~18! 20.7~18!

32 171.0726~12! 171.42~26! 3.2~8! 9.0~11! 5.2~8!

42 180.4686~28! 180.62~19! 5.8~11! 12.9~18! 9.8~9!

31 190.9038~20! 190.87~8! 373~11! 267~60! 126~4!

41 260.6653~23! 260.67~11! 152(6)c 122(9)c 80(7)c

51 263.7895~23! 264.65~27! 21(5)c 39(6)c 23(6)c

92 286.96~10! 287.5~5! 7.4~28! 8.7~18! 12.9~32!

61 295.088~9! 295.42~11! 92~5! 137~6! 69~4!

52 329.777~4! 329.83~24! 3.4~10! 9.2~18! 22.5~30!

51 348.2617~26! 348.28~10! 41~2! 58~4! 65~4!

41 371.9878~25! 372.1~4! 540~8! 400~9! 213~4!

62 377.808~4!

378.90~20! 88~4! 110~5! 77~3!

61 379.549~4!

384.23~16! 12~3! 18~4! 12.4~18!

71 423.654~10! 423.58~20! 120(7)d 144(7)d 70(4)d

11 426.090~5! 426.04~20! 15(6)d 49(6)d 35(4)d

21 430.040~4! 430.5~5! 29(4)e 22~3! 15.6~18!

61 453.77~4! 453.77~10! 19(5)e 36~3! 28~2!

21 464.558~6! 464.50~13! 56~5! 109~6! 54~3!

51 470.8433~27! 470.88~25! 111~7! 135~6! 72~3!

32 475.736~7! 476.5~4! 12(2)e

31 481.854~4! 482.2~6! 4.6(14)e

71 514.363~7! 514.42~15! 54~3! 84~4! 48~3!

31 522.045~5! 522.1~4! 84~4! 139~5! 80~3!

62 529.817~8! 529.01~24! 10~2! 11~2! 11~2!

41 547.934~5! 547.96~5! 83~4! 58~3! 38~2!

41 558.579~4! 558.55~9! 114(4)f 86(4)f 62(3)f

42 562.859~7! 562.6~4! 16(4)f

11 567.654~6! 567.92~21! 7.4~13! 12~2! 10.9~11!

71 577.216~6! 576.5~4! 2.3(18)e 7.5~13! 6.2~9!

61 588.104~4! 588.13~8! 45~4! 62~6! 42~3!

31 592.460~9! 592.52~18! 74~2! 58~1! 35~1!

41 598.511~6! 598.36~22! 64~3! 86~4! 64~3!

21 605.109~6! 604.88~12! 15~2! 19~2! 15~2!

51 634.329~4! 634.91~19! 45~3! 37~4! 22~2!

72 644.29~6! 644.0~4! 11~2! 14~3! 7.5~13!

51 654.802~11! 655.13~11! 74~4! 73~5! 46~2!

31 662.235~7! 662.5~5! 11~2! 22~5! 15~2!

41 671.750~12! 671.31~24! 12~1! 23~20 13~1!

51 693.701~6! 694.06~29! 22~2! 30~2! 23~3!

41 719.44~4!

71 723.256~18! 722.95~18! 16~3! 22~2! 10.3~12!

22 725.586~12!

41 736.495~8! 737.21~18! 20~2! 28~2! 20~1!

51 769.549~16!

769.72~10! 21~2! 32~2! 18~1!

61 771.77~8!

51 806.68~18!

61 807.32~5! 807.01~16! 10.1~18! 10.4~12! 6.9~12!

31 815.072~10! 814.86~27! 213(5)g 133(4)g 99(5)g

61 820.65~2! 819.06~20! 19(4)g 17(3)g 17(2)g

32 824.550~16! 824.6~4! 8.3~14!

51 832.264~9! 831.44~23! 3.9~8! 4.6~11! 5.9~11!

836.7h 837.9~3! 3.3~8! 3.0~9! 3.5~10!

71 848.49~21! 848.46~16! 5.1~18! 13.7~18! 7.7~9!

61 884.055~14! 884.0~6! 3.6~8!

41 890.988~12! 890.64~17! 140~5! 126~10! 82~3!

895.5~6! 12~3! 12~3! 10.5~18!

21 905.60~1! 904.64~13! 36~3! 54~4! 23~1!

61 911.40~4! 911.40~28! 6.2~11! 4.7~8!

21,51 925.51~3! 925.21~16! 46~4! 22~1!

31 961.23~16! 961.23~16! 26~2! 11.6~12!

31,41 979.542~27! 978.55~24! 32~2! 37~3! 20~2!

51 985.14~15! 985.74~18! 46~3! 49~5! 38~2!

31,41 1004.82~5! 1003.8~6! 4.5~9! 1.8~8!

21,51 1010.66~3! 1009.8~4! 3.9~9! 6.3~10! 3.8~9!

4 1030.47~23! 1030.3~2! 16.1~14! 14.3~13! 8.8~10!

1038.4~3! 13.3~14! 19.8~18! 12.3~11!

21,51 1054.83~22! 1055.4~4! 15.6~23! 9.9~10!

3 1087.87~5! 1088.6~7! 14.4~12! 2.3~7!

61 1097.43~6! 1098.6~7! 8.9~12! 8.2~10!

3,5 1114.647~20! 1114.7~8! 4.5~11! 3.3~8!

1131.0~3! 1130.4~10! 3.3~10! 6.5~6!

1137.75~14! 1138.4~10! 5.4~12! 8.4~13! 8.3~6!

11 1150 1148.5~11! 6.9~13! 7.5~12! 6.0~8!

41 1161.30~4! 1161.1~11! 2.2~11! 1.9~5!

1168.4~11! 3.7~13! 8.7~2! 4.7~6!

1174.9~6! 1174.0~11! 23~2! 26~2! 14.7~9!

1190.09~5! 1190.1~14! 8.3~14! 10.6~13! 4.9~5!

1202.07~16! 1202.3~13! 12.4~18! 15.6~18! 10.7~7!

1208.57~9! 1209.6~14! 14.7(18)e 5.7~13! 2.5~5!

1217.21~31! 1216.6~14! 19.8(28)e 8.0~12! 4.1~5!

1226.9~15! 5.7~9! 2.9~6!

1240.66~8! 1240.4~15! 29~3! 17.0~18! 8.4~9!

1244.2~1! 1245.1~16! 23~3! 10.1~18! 7.2~9!

1263.8~6! 1264.9~18! 2.8~13! 4.0~11!

1271.4~2! 1271.2~17! 25~2! 35~2! 19.0~11!

1280.7~18! 16~2! 29~2! 17.3~11!

1289.25~12! 1290.9~18! 17~2! 23~2! 16.7~12!

1298.41~11! 1297.1~19! 17~2! 20~2! 15.5~12!

41 1304.76~14! 1303.7~19! 5.5~9! 7.3~13! 7.5~11!

1327.50~22! 1326.9~21! 5.5~18! 6.3~10!

1334.5~21! 11~2! 18~4! 15~2!

1341.7~21! 19~2! 20~2! 13~2!

1349.87~7! 1350.2~22! 23~2! 28~3! 13.8~12!

1358.8~22! 30~2! 39~3! 29~2!

1367.26~17! 1367.1~23! 49~3! 61~4! 45~2!

1376.76~9! 1376.6~24! 17~2! 21~2! 17~2!
044305-14



bers of

of the
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TABLE III. ~Continued!.

Intensity I p ~rel!b Intensity I p ~rel!b

Jp a Elev ~keV!a Eexpt ~keV! 15° 30° 45° Jp a Elev ~keV!a Eexpt ~keV! 15° 30° 45°

1382.6~24! 9.3~12!

1387.70~7! 1388.4~25! 10.4~11!

1396.72~8! 1397.2~25! 10~3! 12~4! 3.0~7!

71 1417~3! 1417~3! 22~2! 35~3! 17.6~9!

1426~3! 75~4! 92~5! 38.5~13!

1432~3! 56~4! 45~4! 24.3~12!

1439~2! 1440~3! 24~2! 33~3! 15.0~9!

1445~3! 4.1~14! 8~3! 3.8~7!

1458.8~5! 1458~3! 4.1~13! 6.0~18! 3.9~6!

1463.9~2! 1465~3! 8.7~18! 5.2~6!

1471.7~4! 1471~3! 8.7~18! 3.5~6!

1487.1~1! 1487~3! 5.8~13! 4.8~6!

1498.1~4! 1499~3! 17~2! 7.3~6!

1508~3! 15~2! 8.6~11!

1513~3! 70~4! 31~2!

1526.8~2! 1528~3! 24~3! 12.0~11!

1532.1~1! 1533~3! 22~3! 14~2!

1537.6~1! 1537~3! 29~3! 10~2!

1547.5~2! 1547~3! 2.5~12! 2.3~9!

1558.9~2! 1558~3! 15~2! 10~1!

1570.7~1! 1569~4! 4.6~12! 4.7~7!

1576.9~1! 1577~4! 13~2! 10~1!

1592.4~2! 1593~4! 4.0~11! 3.8~8!

1601~4! 8~2!

1603.8~2! 1605~4! 5~2!

1616.0~3! 1615~4! 8~1!

1623~4! 10~1!

1635.5~1! 1636~4! 9~1!

1644.4~2! 1643~4! 6~1!

1655.0~6! 1654~4! 8~1!

1676.6~1! 1677~4! 11~2! 5~1!

1687.3~5! 1686~4! 12~3! 4~1!

72 1692~4! 1692~4! 89~6! 38~2!

1687~4! 13~3! 12~1!

1702~4! 11~3! 5~1!

1716.6~2! 1717~4! 27~3! 18~4! 10~1!

1723.8~6! 1723~5! 20~2! 12~3! 8~1!

1731.1~1! 1731~5! 44~3! 32~4! 20~1!

1745~5! 47~3! 33~5! 27~2!

1752.4~3! 1753~5! 25~30! 17~2! 16~1!

1759~5! 18~3! 21~30! 14~10!

1765~5! 85~40! 71~4! 54~20!

1779~5! 47~40! 40~6! 22~3!

1784~5! 53~6! 38~6! 21~3!

1788~5! 47~7! 36~7! 35~3!

aEnergy levels from Table II and Nuclear Data Sheets@19#.
bThe experimental relative intensities have been normalized so that the total, summed over the three angles, for the spin 3 to 7 mem
the strongly populatedKp531 band at 190 keV is equal to the corresponding sum of cross sections~in mb/sr) for a 60% component of the
p7/22@523#2n1/22@521# two-quasiparticle state. The value of 60% is used because the QPM predicts there is a 60%p7/22@523#
2n1/22@521# component in this band. Table X shows that this choice of normalization also causes the summed spin 4 to 6 intensity
Kp541 band at 372 keV to be essentially equal to 70% of that expected for a purep7/22@523#1n1/22@521# configuration, compared with
a QPM prediction of 70% for this component.
cThe peak at 265 keV is not well resolved from the large peak at 261 keV.
dThe peak at 426 keV is not well resolved from the large peak at 424 keV.
eIntensity questionable.
fThe peak at 563 keV is not well resolved from the large peak at 559 keV.
gThe peak at 819 keV is not well resolved from the large peak at 815 keV.
hIdentification questionable.
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The reaction 167Er(d,3He)166Ho was also measured i
Munich with the equipment described above. The Er tar
was enriched to 95.6%167Er. It had dimensions 1 mm34
mm and thickness 40mg/cm2 on a 4mg/cm2 thick carbon
backing. Spectra were measured at a deuteron energy o
MeV at angles ofQ lab530°, 40°, and 50° up to an excita
tion energy of 1.2 MeV. Four spectra with an energy reso
tion of approximately 9 keV FWHM were recorded. A re
resentative spectrum taken atQ lab550° is shown in Fig. 8.
The energy scale was calibrated with level energies from
Nuclear Data Sheets@19#. Relative intensities are listed i
arbitrary units in Table IV. Due to difficulties with the mon
tor counter described above, relative intensities at differ
04430
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angles were not obtained experimentally, and the results
each angle are normalized separately as explained in a
note to Table IV.

III. CALCULATED „d,p… AND „d,3He… CROSS SECTIONS

The experimental (d,p) and (d,3He) cross sections ar
compared with values calculated using Nilsson model w
functions and standard reaction theory. The formalism
been described in several review articles@36# and the method
has been widely used for studies of heavy odd-odd deform
nuclides@8,37,38#. The cross section for transfer of a sing
nucleon, starting from the ground state of an odd-mass ta
5-15
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nucleus withI 0 ,K0 and leading to a rotational band memb
of spin I f ,K f in an odd-odd deformed nucleus is

ds

dV
5N (

j ,l
F(

i
ai~Cjl ! i Pi^I 0K0 j DKuI fK f&G2

3S ds

dV D
DW

. ~1!

Intrinsic cross sections for the single-nucleon transfer p
cess are obtained from distorted wave Born approxima
~DWBA! calculations as (ds/dV)DW , andN is a normaliza-
tion constant for these cross sections. TheCjl values are
expansion coefficients describing the Nilsson orbital of
transferred nucleon. The quantityPi

2 is a pairing factor,
which for a pickup reaction isVi

2 , the occupation probability
in the target for the transferred nucleon. For a stripping
action Pi

25Ui
2512Vi

2 is the ‘‘emptiness’’ probability. In
the derivation of Eq.~1! the final state was assumed to be
Coriolis-mixed configuration, with amplitudesai for the
various Nilsson orbitals for the transferred nucleon.

For the present work DWBA calculations were perform
with the computer programDWUCK4 @39#, using optical
model parameters which have been successfully employe
this mass region. For the165Ho(d,p)166Ho reaction optical

FIG. 6. A portion of the proton spectrum from th
165Ho(d,p)166Ho reaction with 17 MeV deuterons atQ530°.

FIG. 7. Decomposition of the (d,p) peaks at 426 keV.
04430
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parameters were obtained from global fits to deuteron
proton scattering data. The deuteron parameters used
from set B of Perey and Perey@40#, and those for protons
were from Becchetti and Greenlees@41#. Actual values used
for the parameters are listed in Table V.~The symbols are
defined in Ref.@41#.! Calculations for the167Er(d,3He)166Ho
reactions were made with parameters established by Lu
Alford @42# and widely used for (3He,d) reactions in the rare
earth region. Actual values are presented in Table VI. For
calculations the radial integration was performed with
lower cutoff. As recommended by Kunz@39#, finite range
parameters of 0.621 and 0.77 were used for the (d,p) and
(d,3He) reactions, respectively.

Nilsson model calculations were performed for a quad
pole deformation ofd50.30. For neutron orbitals the Nils
son parameters werek50.0637 andm50.42 while for the
proton orbitals they werek50.0637 andm50.60, as recom-
mended by Lamm@43#. Values of U2 and V2 factors for
various orbitals in the target ground states were estima
from BCS pairing considerations. Coriolis mixing effec
have not been included for these calculations.

IV. SEMIEMPIRICAL PREDICTION
OF THE LEVEL STRUCTURE

The technique used here for modeling excited levels
166Ho is a semiempirical method that has been applied
odd-odd deformed nuclei for many years and that was fi
described by Strubleet al. @11# and Motz et al. @9#. The
excitations of the quasiparticle states in an odd-odd nuc
are deduced by summing separate contributions from the
unpaired nucleons whose excitations have been observe
perimentally in neighboring odd-A nuclei. Estimates are
made of the effect of then-p interaction either through the
oretical calculation, e.g., see Boissonet al. @4#, or, when data
are available, from experimental evidence in a previou
studied odd-odd nucleus. Rotational parameters are
mated using a parallel concept, i.e., the summing of con
butions to the moment of inertia from the unpaired nucleo
Details of such calculations have been discussed previo
@44#. When the experimental data for quasiparticle exci

FIG. 8. A portion of the spectrum from the167Er(d,3He)166Ho
reaction with 27 MeV deuterons atQ550°.
5-16



3, and 4

5%
the

for the

NUCLEAR STRUCTURE OF166Ho STUDIED IN . . . PHYSICAL REVIEW C61 044305
TABLE IV. Spectroscopy of166Ho via the (d,3He) reaction (E527 MeV!.

Intensity I p (rel)b

Jp a Elev ~keV!a Eexpt ~keV! 30° 40° 50°

72 5.971~12! 5.7~3! 8.5~10! 4.8~6! 5.2~6!

impurityc 14.2~8! 2.5~6! 1.9~4! 1.6~5!

22 54.2388~7! 54.3~9! 1.1~5! 1.3~3! 1.5~3!

12 82.4709~19! 84.5~28! 0.4(2)d

82 137.731~13! 138.21~24! 10.0~11! 8.2~7! 9.6~7!

32 171.0762~12! 171.6~7! 2.8~8! 3.1~6! 2.0~6!

42 180.4686~28! 180.2~6! 7.8~11! 4.0~7! 4.5~6!

31 190.9038~20! 190.8~6! 3.9~9! 2.8~6! 3.8~5!

impurityc 227.5~14! 1.4~6! 0.7~3!

51 263.7895~23! 263.76~18! 33.0~18! 22.2~11! 16.2~13!

273.1~16! 2.8~8! 2.2~6! 4.8~9!

92 286.96~10! 286.5~6! 7.5~10! 5.1~7! 6.9~6!

61 295.088~9! 296.8~12! 2.0~5!

52 329.777~4! 330.8~7! 3.9~8! 2.2~4! 3.0~5!

51 348.2617~26! 347.7~9! 2.0~6! 1.2~3!

61 379.549~4! 380.2~5! 21.8~16! 12.4~9! 14.0~8!

impurityc 390.9~9! 3.8~9! 1.8~6! 2.1~5!

21 430.040~4! 430.14~22! 17.0~15! 11.1~11! 9.0~8!

impurityc,e 439.1~8! 2.5~8! 2.5~8! 1.8~5!

61 453.77~4! 454.5~13! 1.4~6! 0.7(4)d

31 481.854~4! 481.65~20! 22.0~19! 12.1~11! 10.7~9!

impurityf 489.6~7! 5.9~13! 3.0~8! 2.7~6!

41 547.934~5! 548.1~4! 8.3~11! 5.6~7! 4.7~6!

41 558.579~4! 558.5~4! 7.9~8! 4.0~7! 4.8~6!

31 592.460~9! 591.7~6! 3.6~8! 2.0~6! 1.5~3!

51 634.329~4! 635.1~6! 2.8~9! 2.4~6! 2.8~5!

51 654.802(11)e 651.9~14! 1.6~4!

41 671.750~12! 670.8~6! 2.9~9! 1.6~4! 1.7~3!

41 719.44~4! 719.1~4! 7.3~11! 3.8~6! 4.7~6!

61 732.549~14! 729.6~30! 2.1~8! 1.2~4!

01 803.36~10!

805.0~11! 2.0~6!

51 806.68~18!

820.65~2! 820.7~13! 1.8~4!

885.39~8! 884.8~16! 1.2~4!

21,51 925.51~3! 926.5~13! 1.9~4!

21,51 1010.66~3! 1010.2~22! 0.8~4!

1093.7~19! 0.4~2!

1142.2~21! 0.6~2!

aFrom the Table II and Nuclear Data Sheets@19#.
bFor the results at each angle the values are normalized so that the sum of intensities for the spin 2,
members of theKp521 band at 430 keV plus the spin 5 and 6 members of theKp551 band at 263 keV is
equal to the corresponding sum of cross sections~in mb/sr) predicted assuming these bands contain 5
admixtures ofp3/21@411#6n7/21@633# configurations. These five levels have the strongest peaks in
experimental spectra. The value of 55% is the average of 50% and 60% predicted by the QPM
admixtures of these two-quasiparticle states in theKp521 andKp551 bands, respectively~see Table IX!.
Experimental justification for this choice is that the ratio of summed (t,a) cross sections measured@12# to
that predicted, summed for the same five levels, is 53%.
cPeak belongs to the

165
Ho isotope.

dIntensity questionable.
eIdentification questionable.
fPeak belongs to the167Ho isotope.
044305-17
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TABLE V. Optical model parameters for165Ho(d,p)166Ho calculations atEd517 MeV.

V rr ar W 4aiWD r i ai r c Vso r so aso Nonlocal
~MeV! ~fm! ~fm! ~MeV! ~MeV! ~fm! ~fm! ~fm! ~MeV! ~fm! ~fm! param.

d 2101.7 1.15 0.81 50.3 1.34 0.68 1.30 0.54
p 256.8 1.17 0.75 21.81 22.9 1.32 0.64 1.25 6.2 1.0l 0.75 0.85
n ~a! 1.25 0.65

aAdjusted to fit separation energy.
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tions are well determined in the odd-A neighboring nuclei, a
rather extensive set of two-quasiparticle states can be ca
lated for the subject odd-odd nucleus. In the case of166Ho,
eight proton configurations and eight neutron configurati
were taken from the odd-A observations~Table VII! result-
ing in 128 possible parallel and antiparallel couplings of od
particle momenta.

While excitations that are predominantly vibrational a
not excluded in this modeling technique, the lower lyi
states in the odd-A nuclei tend to be largely of quasipartic
character. Exceptions to this generality include aKp5 3

2
2

proton state observed at approximately 540 keV in165Ho and
167Ho that is mostly of gamma vibrational character, bu
upon the 7/22@523# ground state of these nuclei, and aKp

5 3
2

1 neutron state observed at approximately 535 keV
165Dy and 167Er that is also of gamma vibrational characte
built upon the 7/21@633# ground state of these nuclei.

The results of the model calculation of166Ho levels are
given in Table VIII. Listed are band energies for all G
configuration pairs withK<7 where the lower member lie
within the energy range 0–950 keV. These comprise a t
of 45 bands. The remaining bands whose energies ca
calculated with this modeling technique lie above 950 k
and thus are beyond the scope of the present investigat

V. THE QUASIPARTICLE-PHONON MODEL
„QPM… CALCULATIONS

Low-lying states in odd-odd deformed nuclei have be
extensively theoretically investigated for a long time~see,
e.g.,@1,2,4,9,11,19,22,45–48#!. The most attention has bee
paid to the Gallagher-Mozskowski splitting@1# and Newby
shift @2#, which are directly connected with the neutro
proton interaction and provide a good possibility for its i
vestigation. In most papers the neutron-proton interac
was introduced as some effective force with parameters fi
to the available experimental data~see, e.g.,@22,46#!. The
only exception is the paper@47# where the effectiven-p in-
teraction was obtained in a self-consistent way from
04430
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Hartree-Fock-Bogoliubov average field. The rotational d
grees of freedom of odd-odd nuclei were usually treated
the framework of the rotor-plus-two-quasiparticle approa
~see, e.g.,@4,47–49#!. The coupling of external nucleon
with even-even core vibrations was neglected in most pap
and the collectivity of the low-lying states in odd-odd nuc
was not investigated.

The first paper studying the coupling of quasiparticle a
vibrational degrees of freedom in odd-odd nuclei was tha
Soloviev@45#. In this paper then-p interaction was not taken
into account. The coupling of quasiparticle and vibration
degrees of freedom leads to the appearance of collective
brational~phonon! components in the low-lying states. Th
importance of vibrational admixtures in low-lying states
odd-A nuclei for the description of energy spectra and tra
sition probabilities was demonstrated in numerous calcu
tions in the framework of the quasiparticle-plus-phon
model ~see, e.g.,@50,51#!. Phenomenological models@52–
56# also confirmed the important role of collective vibr
tional admixtures in the description of the low-lying states
odd-odd nuclei. Therefore in Ref.@26# the quasiparticle-plus-
phonon model was generalized also for the case of odd-
nuclei and then-p residual interaction as well as the couplin
of odd nucleons with a vibrating even-even core were trea
on the same microscopic footing. In the framework of th
approach it was shown that low-lying states in odd-odd
formed nuclei have two-quasiparticle character with sm
collective components not exceeding 20–30 %~see@57#!.

The theoretical interpretation of the data on166Ho was
performed in the framework of the standard rotor mod
where the intrinsic nonrotating degrees of freedom were
scribed by the modified quasiparticle-plus-phonon mo
@26#. Since this approach is discussed in detail in@26#, we
present here only the basic ideas.

The low-lying states in odd-odd deformed nuclei can
described within the adiabatic approximation of the sepa
tion of intrinsic nonrotating degrees of freedom and the
tational ones with the corresponding nuclear Hamiltonian
TABLE VI. Optical model parameters for167Er(d,3He)166Ho calculations atEd527 MeV.

V rr ar W 4aiWD r i ai r c Vso r so aso Nonlocal
~MeV! ~fm! ~fm! ~MeV! ~MeV! ~fm! ~fm! ~fm! ~MeV! ~fm! ~fm! param.

d 2111 1.05 0.859 56.2 1.24 0.794 1.25 0.54
3He 2175 1.14 0.723 217.5 1.60 0.81 1.4 0.25
p ~a! 1.25 0.65 8.0 0.85

aAdjusted to fit separation energy.
5-18
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TABLE VII. Band energies for quasiparticle excitations in odd-mass nuclei adjacent to166Ho; rotational
parameters in adjacent odd-mass and even-even nuclei.@Even-even nuclei:\2/2J(166Dy)512.76 keV;
\2/2J(166Er)513.43 keV.#

Odd proton states Odd neutron states
Average of data from165Ho and 167Hoa Average of data from165Dy and 167Era

Proton orbital E(K) ~keV! \2/2J ~keV! Neutron orbital E(K) ~keV! \2/2J ~keV!

A 7/22@523# 0 10.81 Z 7/21@633# 0 9.04
B 3/21@411# 311~51! 11.83 Y 1/22@521# 158~50! 10.91
C 1/21@411# 411~18! 12.29 X 5/22@512# 265~81! 11.49
D 3/22$A2Q22% 543~27! 10.26 W 3/21$Z2Q22%

b 535~4! 8.78
E 1/22@541#c 681~0! 9.50 V 5/22@523# 601~67! 10.83
F 7/21@404# 845~129! 11.64 U 3/22@521#d 663~90! 11.26
G 5/21@413# 1038~43! 12.13 T 1/22@510#e 667~97! 11.35
H 5/21@402# 1229~174! 12.09 S 5/21@642# f 813 8.79

aData taken from Ref.@62#.
bAccording to calculations by Michaeliset al. @74#, these states have a large vibrational admixture~40–
70 %!; other calculations@75,76# show vibrational mixtures of 10–12 %, with the larger part of the wa
function being 3/21@651#.
cData available for165Ho only.
dCalculations@74# indicate some admixture of (1/22@521# ^ 21) in this state.
eCalculations@74,75# indicate approximately equal amounts of single-particle character, as listed here,
vibrational state(5/22@512# ^ 21).
fData available for167Er only.
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H5H intr1H rot , ~2!

with the intrinsic partH intr and rotational partH rot . For an
axially symmetric rotor, with rotational axis perpendicular
the symmetry axis of the deformed average field, the ro
tional part of the Hamiltonian is@26,49#

H rot5
\2

2J (
i 51,2

~ Î i2 ĵ i !
2

5
\2

2J
~ Î 22 Î 3

2!1
\2

2J
~ Î 1 ĵ 21 Î 2 ĵ 1!

1
\2

2J
~ ĵ 1 ĵ 21 ĵ 2 ĵ 1!, ~3!

where the first term on the right-hand side~RHS! of Eq. ~3!
is a pure rotational term, the second term represents the
riolis interaction and the last one stands for the centrifu
interaction. In Eq.~3! J is the moment of inertia of the odd
odd nucleus,Î 3 and ĵ 3 are projection operators of the tot
( IW) and of the intrinsic angular momenta (jW5 jWn1 ĵ p) onto
the nuclear symmetry axis, respectively, andÎ 6 and ĵ 6 are
defined asÎ 65 Î 16 i Î 2 , ĵ 65 ĵ 16 i ĵ 2, respectively.

The wave functions of the Hamiltonian~2! have the form

uI pMj&5(
%K

b%K
I j uI pMK%&, ~4!

whereb%K
I j are the Coriolis mixing coefficients,M andK are

the angular momentum projections in the laboratory and
intrinsic systems, respectively, andj and % are additional
04430
-

o-
l

e

quantum numbers characterizing a given state. The sym
uI pMK%& represents the symmetrized product of the Wign
functionsDMK

I and the intrinsic wave functionuc(Kp)& ~see,
e.g.,@58#!

uI pMK%&5A 2I 11

16p2~11d0K!

3@DMK
I 1~21! IDM2K

I R̂1#uc%~Kp!&, ~5!

whereuc(Kp)& is the eigenvector ofH intr with corresponding
intrinsic energyh% ,

H intruc%~Kp!&5h%Kuc%~Kp!& ~6!

and R̂1 is the rotation operator~angle p) around the first
intrinsic axis of the fixed-body frame~we suppose that166Ho
is anR-symmetric nucleus!.

The Coriolis mixing amplitudesbK%
I j in Eq. ~4! can be

obtained by the diagonalization of the matrix of the to
Hamiltonian~2! constructed in the basis of the function~5!.
The expressions for the matrix elements of individual ter
of the Hamiltonian~2! can be found in many papers~see,
e.g.,@49#!. Therefore we do not give them here. The opera
R̂1 in Eq. ~5! changes the sign ofK for the intrinsic state
uc%(Kp)&. Special care has to be given to theK50 case for
which we have~see, e.g.,@58#!

R1uc%g~K50!&5guc%g~K50!&, ~7!

where g561. In order thatuIMK 50%& does not vanish,
one has the following condition:

g5~21! I . ~8!
5-19
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So, the intrinsic wave functionuc%g(Kp50)& is the eigen-
vector of the operatorR1 with eigenvalueg. Therefore for
the case ofK50 we should ascribe the additional indexg to
the intrinsic wave function. Following Eq.~8! each rotational
band withK50 splits into two bands. One of them, withg
511, can involve only states with even values ofI, while
the band withg521 can have only odd values ofI.

The intrinsic degrees of freedom are described in our
proach by the generalized quasiparticle-plus-phonon mo
~QPM!. In this model the intrinsic partH intr of the nuclear
Hamiltonian~2! is given by a deformed, in the case of166Ho,
axially R-symmetric, average fieldHsp, a short-range re-
sidual interactionHpair ~pairing! and a long-range residua
interaction,H res @26#:

H intr5Hsp1Hpair1H res. ~9!

In our approach the single-particle average fieldHsp is ap-
proximated by the Nilsson Hamiltonian with its standard p
rametrization~see@59#!. The pairing interactionHpair has the
form of a monopole term~see@26,58#! and long-range re-
sidual interactions are taken in the form of the isoscalar
isovector multipole decomposition~see@26,51,58#!:

H res521/2 (
lm>0

(
tt8

~k0
(lm)1tt8k1

(lm)!Qlm
(t)Ql2m

(t8) ,

~10!

where Qlm
(t) is the residual nonaverage part of the symm

trized multipole operator with the given multipolarityl and
the multipolarity projectionm ~see@26,60# for details!. The
indext represents the neutron and proton systems for wh
t521 and11, respectively.

After the Valatin-Bogoliubov transformation from single
particle operators (an ,an

1) to the quasiparticle one
(an ,an

1) and using the random phase approximation~RPA!
equations for one-phonon vibrational excitations of the ev
even core, the intrinsic Hamiltonian~2! can be schematically
rewritten in the form~see@26,51# for details!

H intr5Hcore1HnQ1HpQ1Hnp , ~11!

whereHcore generates quasiparticle and phonon~vibrational!
excitations of the doubly-even core,HnQ andHpQ represent
the coupling of odd neutron and proton quasiparticles w
the vibrating doubly-even core, respectively.Hnp stands for
the interaction between the odd neutron and proton. The
plicit expressions for each of the terms involved in Eq.~11!
are given in@26#, where one can find also their microscop
origin.

The search for the eigenvectorsuc%(Kp)& and eigenval-
ues h%K of the intrinsic HamiltonianH intr @see Eq.~6!# is
usually performed in two steps. In the first step the RPA
used for the determination of the structure and energy of
two quasi-particle phononsQlm

1 with corresponding multipo-
larity l and multipolarity projectionm from the RPA equa-
tion ~see, e.g.,@51,58#!

@Hcore,Qlm
1 #5\vlmQlm

1 , @Hcore,Qlm#52\vlmQlm ,
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@Qlm ,Ql8m8
1

#5dl8ldmm8 . ~12!

The one-phonon statesQlm
1 u& describe the low-lying vibra-

tional states in the even-even core.
In the second step the interactionsHnQ andHpQ @see Eq.

~11!# between odd particles and the vibrating even-even c
as well as the interactionHnp between odd particles are in
volved and in terms of the variational principle we can o
tain the amplitudes Cnnnp

% of neutron-proton two-

quasiparticle components,ann

1 anp

1 u&, and the amplitudes

Dlmnnnp

% of two-quasiparticle components,ann

1 anp

1 Qlm
1 u&, in

the odd-odd nucleus intrinsic wave functionuc%(Kp)&:

uc%~Kp!&5S (
nnnp

Cnnnp

K% ann

1 anp

1

1 (
nnnplm

Dlmnnnp

% ann

1 anp

1 Qlm
1 D U L , ~13!

with the intrinsic energyh%K .
It should be noted that usually in the low-lying intrins

states uc%(K)& one two-quasiparticle component, sa
a%n

1 a%p

1 u&, predominates with the corresponding angular m

mentum projectionK5uK%n
6K%p

u. Two intrinsic states

uc%5%n%p
(K)u& with K5K%n

1K%p
andK5uK%n

2K%p
u have

a similar structure ~that means amplitudesCnnnp

%K and

Dlmnnnp

%K ) and they form the well known Gallagher

Mozskowski~GM! doublet with the corresponding GM split
ting energy:

DE%5%n%p

(GM) 5h%K5uK%n
2K%p

u2h%K5K%n
1K%p

. ~14!

Moreover, for the case ofK50 one can define the Newb
shift

DE%K50
(N) 5h%K50g5212h%K50g511 , ~15!

which determines the energy shift between two rotatio
K50 bands with the same internal structure differing on
by the quantum numberg561. The GM splitting energies
and Newby shifts are usually calculated in the framework
the model of independent quasiparticles~see, e.g.,@46–48#!,
where they can be directly related to the two-particle ma
elements of then-p interaction Hnp . The QPM approach
presented in@26# and in this paper takes these quantities in
account as well as the vibrational degrees of freedom of
even-even core.

The interpretation of the experimental levels given in t
present investigation is based on the calculation of the e
gies and the structure of the low-lying intrinsic states
166Ho. This calculation represents the generalization of t
given in @26#. Here we again start with the average fieldHsp
approximated by the Nilsson Hamiltonian, whose parame
~including deformation! were taken from@49,61#. Since the
isovector part of the long-range residual interactionH res @see
Eq. ~10!# has no substantial influence on the low-lying intri
sic states in deformed nuclei~see, e.g.,@58#! in our calcula-
5-20
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FIG. 9. Negative parity lev-
els of 166Ho.
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tions, we restrict ourselves only to the isoscalar part (k1
(lm)

50). We did not optimize any model parameter. QPM p
rameters~pairing strength constants and long-range resid
interaction constantsk0

(lm) for l52,3) were determined in
@58# by the properties of the even-even core~needed experi-
mental values of the lowest quadrupole and octupole o
phonon energies were taken from@50#!. A standardd-force
dependence of then-p interactionHnp @46# was used. The
parameters ofHnp were taken from@46# where they were
obtained by a least square fit to all GM splitting energies a
Newby shifts known at that time.

In order to improve the agreement of the experimen
and theoretical bandhead energies, we shifted some Nil
orbits with respect to the values used in@26#. Aside from
these shell shifts, we used the same model parameters
@26#.

The structures and energies of the low-lying intrins
states below 1 MeV in166Ho are shown in Table IX. The
first and second columns of this table contain the com
nents and the percentages with which they enter the struc
of the corresponding intrinsic state~13! (uCnnnp

%Kg u2 for two-

quasiparticle components anduDlmnnnp

%Kg u2 for two-

quasiparticle plus phonon components!. The difference of
the calculated intrinsic energy for a given state,h%Kg , and
the calculated intrinsic energy for the ground state,h%0K0g0

,
is given in the third column of this table. The fourth colum
contains the energy of the first member of the rotational b
built on the corresponding intrinsic state. These values w
obtained by means of the standardI (I 11) formula without
an inclusion of Coriolis coupling „i.e., E(I ,K%)
5h%Kg2h%0K0g0

1(\2/2J)@ I (I 11)2K2# I 5K2(\2/2J)@ I (I
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11)2K2# I 5K0
…. The inertial parameters were assumed to

\2/2J;9 keV for all bands. The last column contains th
experimental energies of the first level of the rotational ba
of the corresponding intrinsic state. The individual GM do
blets are separated by the double-line. The GM splitting
ergies~14! can be deduced from the third column for ea
GM doublet. WhenK50, the third column also contains th
Newby shifts~15!.

VI. LEVEL SCHEME AND ROTATIONAL BANDS

A. Interpretation of experimental results

The present experimental data for166Ho have been inter-
preted in terms of single-particle configuration assignme
to unpaired nucleons in the states upon which rotatio
bands are built. Assignments are made by considering
specific nature of each experimental measurement and
guidance from the predictions of a semiempirical mod
~Sec. IV! and a more formal quasiparticle-phonon mod
~QPM! ~Sec. V!. Mixing among configurations with identica
K quantum numbers is a feature of this interpretation; p
dictions are obtained from the QPM studies. Included in o
considerations is the possibility that vibrational excitatio
play a role in the level structure of166Ho, in a manner analo-
gous to that found in the neighboring odd-mass nuclei. T
results are summarized in Figs. 9, 10~a!, and 10~b! and
Tables II, VIII, and IX. Table II lists all of the experimenta
levels in 166Ho proposed by the authors plusg rays from the
decay of each level. Most of theg-transition data~energies,
intensities, and multipolarities! are taken from Ref.@9#.
Someg energies and intensities are newly determined in
5-21
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FIG. 10. Positive parity levels
of 166Ho.
es
ut

x-

h

coincidence measurements. Experimental multipolarities
Ref. @15#, few in number, are included. The level energi
~col. 2! were calculated by use of a least squares fit comp
program~LEFIT by K. Schreckenbach!.
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As discussed in Sec. II A, the 2-keV ARC reaction is e
pected to populate all levels withI p521, 31, 41, and 51

via intenseE1 transitions. In a similar manner, but wit
somewhat less intensity,M1 transitions from the capture
5-22
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TABLE VIII. Experimental and calculated bandhead energies, rotational parameters, and matrix elements in166Ho.

Bandhead energies~keV! Rotational parameters~keV! Matrix elements~keV!

Cnfg.a Eexpt EcalcI
b EcalcII

c Aexpt, I~1!, I~2!d Amean
e Acalc

b E(GM)expt E(GM)calc

02AZ 0.0 46 0 9.040~1!0,2 8.860~1!1,3 8.64 7.87 184.1 1101f

9.016~1!2,4 8.817~1!3,5 184.1 1236g

8.970~1!4,6 8.766~1!5,7 184.1 1160h

72AZ 6.0 0 13 8.235~1!7,8 8.291~6!8,9 8.64 7.87 132.4(EN) 131i

A58.026 B50.0016 132.4(EN) 22.9h

31AY 190.9 128~50! 147 8.720~1!3,4 8.760~1!4,5 9.30 9.25 2171.9 2159f

8.792~3!5,6 8.818~3!6,7 2171.9 2169g

A58.650 B50.0022 2171.9 2106h

41AY 372.0 296~50! 305 9.886~1!4,5 9.772~1!5,6 9.30 9.25
9.654~1!6,7
A510.144 B520.0052

51BZ 263.8 295~51! 292 9.627~1!5,6 9.630~1!6,7 9.13 8.40 1193.6 1146f

151AU A59.694 B520.0007 1193.6 1147g

21BZ 430.0 416~51! 502 8.636~1!2,3 8.260~1!3,4 9.13 8.40 1193.6 1129h

121AU 8.639~1!4,5 8.185~1!5,6
A58.475 D520.0537

61AX 295.1 262~81! 362 9.183~1!6,7 9.40 9.66 1177.2 1103g

11AX 426.1 333~81! 420 9.617~2!1,2 9.581~1!2,3 9.40 9.66 1177.2 1141h

9.558~1!3,4 9.519~1!4,5
9.450~13!5,6
A59.646 B520.0036

12BY 373.2 460~101! 369 10.715~2!1,2 9.953~1!2,3 10.92 9.99 2254.4 281h

10.890~1!3,4 9.523~1!4,5
10.875~18!5,6

A510.410 D50.152
22BY 638.2 590~101! 531 11.120~2!2,3 11.004~3!3,4 10.92 9.99

A511.268 B520.0083
52AZg 431.2 527~4! 452 8.215~18!5,6 8.177~4!6,7 8.55 7.67 1138.2

A58.197 D50.0029
22AZg 543.7 624~4! 527 8.891~1!2,3 8.874~1!3,4 8.55 7.67

8.957~1!4,5
A58.883 D520.0024

52DZ 538~27! 7.57
22DZ 636~27! 7.57
41AT 558.6 666~97! 538 9.622~1!4,5 9.747~7!5,6 9.56 9.56 1266.0 1149h

A59.338 B50.0057
31AT 815.1 777~97! 864 9.490~2!3,4 9.416~4!4,5 9.56 9.56

A59.455(18) D50.0081
11AV 567.7 533~67! 585 9.458~1!1,3 9.385~1!2,4 9.25 9.19 2108.5 2154f

9.446~1!3,5 9.369~1!4,6 2108.5 2322g

A59.427 D520.0314
61AV 722.0 733~67! 888 9.035~18!6,7 9.25 9.19
42BX 576~132! 10.46
12BX 665~132! 10.46
31CZ 592.5 392~18! 650 9.911~2!3,4 9.780~2!4,5 9.32 8.63 2117.6 2144f

9.542~2!5,6 2117.6 298h

A510.145 B520.0073
41CZ 719.4 544~18! 801 8.724~18!4,5 8.727~15!6,7 9.32 8.63 2117.6 2150g

A58.718 B50.0001
12CY 595.8 585~68! 621 8.797~1!1,3 8.117~6!2,4 9.95 10.31 1128.0 194f

A58.581 D520.216 1128.0 1198g
044305-23
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TABLE VIII. ~Continued!.

Bandhead energies~keV! Rotational parameters~keV! Matrix elements~keV!

Cnfg.a Eexpt EcalcI
b EcalcII

c Aexpt, I~1!, I~2!d Amean
e Acalc

b E(GM)expt E(GM)calc

02CY 659.0 669~68! 570 11.110~5!0,2 10.657~2!1,3 9.95 10.31 1128.0 1113h

10.192~11!2,4 147.1(EN) 131i

147.1(EN) 114.7h

22CX 668~100! 10.83
32CX 760.4 799~100! 9.670~1!3,4 9.731~2!4,5 9.67 10.83
132EZ A59.561 B50.0034
11DY 693~77! 8.84
21DY 822~77! 8.84
32EZ 693 7.15
42EZ 777 7.15
01FZ 800~129! 8.30
71FZ 933~129! 8.30
62AS 802 7.68
12AS 887 7.68
41DX 806~108! 9.22
11DX 898~108! 9.22
31BW 844~55! 8.17
01BW 939~55! 8.17
12BV 861~118! 9.92
11EY 877~118! 8.27
21 905.6 955 9.27~3!2,3 8.66~4!3,4 9.34

A510.065 B520.0440
51 925.5 952 9.408~17!5,6 9.34
01EY 918~50! 8.27
21EX 935~81! 8.60
11CW 940~22! 8.39

aSee Table VII for key to ‘‘AZ’’ notation.
bValues calculated with semiempirical model~Sec. IV!. The uncertainties shown in parentheses are derived from the spread in experim
values taken from two neighboring odd-mass nuclei.
cValues calculated with quasiparticle-phonon model~Sec. V!.
dValues of the rotational parameter calculated with the formulaAexpt5@E(2)2E(1)#/I (2)@ I (2)11#2I (1)@ I (1)11#. For level energies
E( i ) in the bands, see Table II. ForAexpt, uncertainties in the last digits are in parentheses. The paired coefficients A,B or A,D are d
from the three lowest level energies using the formulasE(I )5AI(I 11)1BI2(I 11)2 or E(I )5AI(I 11)1D(21)I I (I 11).
eListed in this column is the mean of the first rotational parameter listed for each band of the GM pair.
fCalculated values taken from Ref.@4#.
gCalculated values taken from Ref.@69#.
hCalculated values taken from Ref.@6#.
iCalculated values taken from Ref.@5#.
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states will populate all levels withI p522, 32, 42, and 52.
In fact, this is exactly the case experimentally for the166Ho
ARC data with just a few exceptions. Among the 23 ro
tional bands identified, there are 61 levels withI 52, 3, 4, or
5. All but two of these levels have been observed in the A
spectra.

Since the averaging over many resonances that is the
sence of the ARC technique means that all levels with
propriate spins and parity are populated, we can compare
number of observed levels with model predictions. Cons
ering just the more prominent peaks in the ARC spec
those that involve positive-parity levels withI 5225, we
postulate that all such levels within the first 1 MeV of exc
tation are represented in Table I. We observe 27 levels in
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range of excitation energy 0–906 keV, while our sem
empirical model predicts the existence of 41 such leve
Whereas some of the peaks reported in Table I may be du
multiplets with similar energies, it is likely that most of th
discrepancy is caused by certain levels occurring at hig
excitation energies than predicted.

For those levels populated by the165Ho(d,p)166Ho reac-
tion, the proton orbital, which is unchanged in the reactio
will be that of the target isotope, namelyp7/22@523#~A!.
In an analogous manner, in the167Er(t,a)166Ho and
167Er(d,3He)166Ho reactions the neutron orbital for the lev
els being populated will be that of the target, name
n7/21@633#~Z!. The specificity of these single-particle tran
fer reactions is of great value in making configuration assi
5-24
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TABLE IX. Structure and energies of the intrinsic states in166Ho.

The structure Intrinsic energy The first level The first leve
of the intrinsic state ~theory! of rotational of rotational

uc%g(Kp)& h%Kg2h%0K0g0
band theory band experimen

@keV# @keV# @keV#

02(p7/2@523#2n7/2@633#) 95% 0.0 0.0 0.0
$(p7/2@523#2n3/2@651#2Q22

1 % 5% DE(N)532.6 keV

72(p7/2@523#1n7/2@633#) 83%
$(p7/2@523#1n3/2@521#1Q32

1 % 4%

$(p3/2@411#1n7/2@633#1Q32
1 % 4%

$(p7/2@523#1n3/2@651#1Q22
1 % 3%

$(p3/2@541#1n7/2@633#1Q22
1 % 2%

$(p3/2@521#1n7/2@633#1Q22
1 % 1% 250.4 13.2 5.9

12(p3/2@411#2n1/2@521#) 94%
$(p3/2@411#1n1/2@521#2Q22

1 % 1%

$(p3/2@411#2n5/2@642#1Q32
1 % 1%

$(p3/2@411#1n3/2@651#2Q32
1 % 1% 360.0 369.0 373.1

22(p3/2@411#1n1/2@521#) 95%
$(p7/2@523#1n1/2@521#2Q32

1 % 2%

$(p3/2@541#1n1/2@521#1Q30
1 % 1% 513.2 531.2 638.2

52(p7/2@523#1n3/2@651#) 81%
(p3/2@541#1n7/2@633#) 12%
$(p7/2@523#1n7/2@633#2Q22

1 % 6% 407.5 452.5 431.2

22(p7/2@523#2n3/2@651#) 62%
(p3/2@541#2n7/2@633#) 5%
$(p7/2@523#2n7/2@633#1Q22

1 % 26%

$(p7/2@523#1n1/2@660#2Q22
1 % 7% 509.1 527.1 543.7

12(p1/2@411#1n1/2@521#) 97%
$(p3/2@411#2n1/2@521#2Q22

1 % 1%

$(p5/2@412#2n1/2@521#1Q20
1 % 1% 612.3 621.3 595.8

02(p1/2@411#2n1/2@521#) 96%
$(p3/2@411#1n1/2@521#2Q22

1 % 2% 570.2

$(p1/2@411#1n3/2@521#2Q22
1 % 1% DE(N)5240.2 keV 570.2 658.9

31(p7/2@523#2n1/2@521#) 60%
(p1/2@411#2n7/2@633#) 31%
$(p3/2@411#1n7/2@633#2Q22

1 % 2%

$(p3/2@541#1n7/2@633#2Q32
1 % 1% 120.2 147.2 190.9

41(p7/2@523#1n1/2@521#) 70%
(p1/2@411#1n7/2@633#) 10%
$(p7/2@523#2n3/2@521#1Q22

1 % 8%

$(p7/2@523#1n5/2@512#2Q22
1 % 6% 269.2 305.2 371.9

51(p7/2@523#1n3/2@521#) 30%
(p3/2@411#1n7/2@633#) 60%
$(p7/2@523#1n7/2@633#2Q32

1 % 5%

$(p7/2@523#2n1/2@521#1Q22
1 % 2% 247.1 292.1 263.8

21(p7/2@523#2n3/2@521#) 39%
(p3/2@411#2n7/2@633#) 50%
$(p7/2@523#2n7/2@633#1Q32

1 % 4%

$(p7/2@523#1n1/2@521#2Q22
1 % 3% 474.1 592.1 430.0
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TABLE IX. ~Continued!.

The structure Intrinsic energy The first level The first leve
of the intrinsic state ~theory! of rotational of rotational

uc%g(Kp)& h%Kg2h%0K0g0
band theory band experimen

@keV# @keV# @keV#

61(p7/2@523#1n5/2@512#) 80%
(p7/2@523#1n5/2@523#) 10%

$(p7/2@523#1n1/2@510#1Q22
1 % 5%

$(p7/2@523#1n9/2@514#2Q22
1 % 4%

$(p7/2@523#1n1/2@400#1Q32
1 % 1% 308.3 362.3 295.1

11(p7/2@523#2n5/2@512#) 76%
(p7/2@523#2n5/2@523#) 10%

$(p7/2@523#2n9/2@514#1Q22
1 % 4%

$(p7/2@523#2n1/2@400#2Q32
1 % 4%

$(p7/2@523#2n9/2@624#1Q32
1 % 1% 398.9 407.9 426.1

41(p7/2@523#1n1/2@510#) 70%
(p1/2@411#1n7/2@633#) 1%

$(p7/2@523#2n3/2@521#1Q22
1 % 19%

$(p7/2@523#2n3/2@512#1Q22
1 % 6%

$(p7/2@523#1n5/2@523#2Q22
1 % 2% 501.6 537.6 558.6

31(p7/2@523#2n1/2@510#) 74%
(p1/2@411#2n7/2@633#) 2%
(p7/2@523#2n1/2@521#) 1%

$(p3/2@411#1n7/2@633#2Q22
1 % 1% 836.9 863.9 815.1

11(p7/2@523#2n5/2@523#) 88%
(p7/2@523#2n5/2@512#) 9%

$(p7/2@523#2n1/2@521#)2Q22
1 % 3%

$(p7/2@523#2n9/2@514#1Q22
1 % 1% 576.2 585.2 567.7

61(p7/2@523#1n5/2@523#) 79%
(p7/2@523#1n5/2@512#) 8%

$(p7/2@523#1n1/2@510#)1Q22
1 % 3%

$(p3/2@541#1n5/2@523#1Q22
1 % 3% 834.2 888.2 722.0

31(p1/2@411#2n7/2@633#) 69%
(p7/2@523#2n1/2@521#) 15%
(p7/2@523#2n1/2@510#) 15%

$(p7/2@523#2n1/2@521#1Q20
1 % 5% 613.2 640.1 592.5

41(p1/2@411#1n7/2@633#) 85%
(p7/2@523#1n1/2@510#) 2%
(p7/2@523#1n1/2@521#) 13%

$(p7/2@523#1n1/2@521#1Q20
1 % 1% 747.1 783.1 719.3

22(p3/2@541#2n7/2@633#) 72%

$(p7/2@523#2n7/2@633#)1Q22
1 % 9%

$(p1/2@550#1n7/2@633#)2Q22
1 % 7%

$(p3/2@541#2n3/2@651#1Q22
1 % 6% 573.4 591.4

52(p3/2@541#1n7/2@633#) 75%

$(p7/2@523#1n7/2@633#)2Q22
1 % 9%

$(p1/2@541#2n7/2@633#)2Q22
1 % 7%

$(p3/2@541#1n3/2@651#1Q22
1 % 4% 680.3 752.3 721.8
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TABLE IX. ~Continued!.

The structure Intrinsic energy The first level The first leve
of the intrinsic state ~theory! of rotational of rotational

uc%g(Kp)& h%Kg2h%0K0g0
band theory band experimen

@keV# @keV# @keV#

21(p3/2@411#2n7/2@633#) 13%
$(p7/2@523#2n3/2@521#) 62%
$(p3/2@411#2n3/2@651#)1Q22

1 % 4% 951.2 969.2 905.6

51(p3/2@411#1n7/2@633#) 12%
(p7/2@523#1n3/2@521#) 62%
$(p3/2@411#1n3/2@651#)1Q22

1 % 6% 920.4 956.4 925.5

01(p7/2@404#2n7/2@633#) 74%
$(p7/2@404#2n3/2@651#)2Q22

1 % 15%

$(p7/2@404#2n11/2@505#)2Q32
1 % 4% 879.4

$(p3/2@402#2n7/2@633#2Q22
1 % 3% DE(N)557.2 keV 879.4

71(p7/2@404#1n7/2@633#) 76%
$(p7/2@404#1n3/2@651#)1Q22

1 % 14%

$(p7/2@404#1n11/2@505#)2Q32
1 % 4%

$(p3/2@404#1n7/2@633#)1Q22
1 % 2% 985.3 1048.3
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ments in the complicated level scheme of166Ho, particularly
for the more strongly populated levels. For various reaso
weak populations can exist for bands which do not sat
the above ‘‘selection rule,’’ so caution must be used in
terpreting small peaks with intensities only a few percent
those for the largest peaks in the spectrum. For exam
both of the target nuclides165Ho and167Er have ground state
orbitals originating from high-j shell model states, and ar
expected to contain Coriolis-admixed components of ot
Nilsson orbitals from the same shells~possibly at the level of
up to a few percent!. Thus, e.g., states involving th
5/22@532# proton might be seen weakly in the (d,p) reac-
tion, although these would not be expected at very low
citation energies. In addition, there are often multistep p
cesses in the reaction mechanism, which can redistrib
strength among members of a band, and thus may ha
significant effect on the intensities of weakly populat
members. However, the most obvious cases where band
populated, even though their labeled assignments~e.g., in
Figs. 9 and 10! do not satisfy the ‘‘selection rules,’’ are du
to configuration mixings. For example, theKp531 band at
190 keV is labeled in Fig. 10 asp7/22@523#2n1/22@521#
and the one at 592 keV is labeledp1/21@411#
2n7/21@633#. This would imply the former should be popu
lated only in the (d,p) reaction and the latter only in th
(d,3He) reaction. However, Tables III and IV show that bo
bands are observed with both reactions, which is attribute
mixing of the configurations. Table IX shows the QPM pr
dictions for these admixtures.

The experimental results, and the QPM predictions, in
cate that most, if not all, of the bands in166Ho are mixtures
of two-quasiparticle configurations. It is therefore importa
to stress that the two-quasiparticle descriptions used in
04430
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following discussion, and in Figs. 9 and 10, are merely co
venient labels, indicating what are believed to be major co
ponents in the bands. This can be seen clearly in Table
and XI, where the single-nucleon transfer strengths for so
bands have only a small fraction of that expected for
two-quasiparticle state used as a label.

In previous studies of166Ho, the experimentally deter
mined levels have been assigned spins and parities and
been arranged in rotational bands@19#. The earliest interpre-
tation of 166Ho level structure was derived from three pape
published in the period 1965–1970@9,11,13#. From the data
in these publications, we have adopted what we consid
reliable set of 12 rotational bands comprised of appro
mately 45 levels. Among these, we find the most accura
determined energy levels among nine bands with bandh
energiesE,820 keV andK-quantum numbers in the rang
0<K<4. Their bandhead energies,K-quantum numbers
and parities are the following: 0 keV 02, 191 keV 31, 372
keV 41, 426 keV 11, 430 keV 21, 568 keV 11, 592 keV
31, 719 keV 41, and 815 keV 31. Our experimental results
are in agreement with this basic band structure, i.e., we a
with the level energies, assigned spins, parities, andK quan-
tum numbers for 40 levels in all, as listed in Ref.@19#. In
many instances, the placement of gamma transitions
been altered, as compared with their arrangement in prev
publications, due to the strong evidence we obtained fr
gg-coincidence measurements. For several of these ba
we have been able to add an additional, higher spin mem
based upon both deexcitingg-ray transitions and transfe
reaction data. Some configuration assignments have b
modified or added to bands in this group.

Three additional bands withK>5 and bandhead energie
,300 keV have been reported previously@19#. For these~6
5-27
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TABLE X. Experimental and calculated (d,p) cross sections.

I p Elev
a Q lab515° Q lab530° Q lab545°

~keV! I expt(rel) I calc(rel) I expt(rel) I calc(rel) I expt(rel) I calc(rel)

Kp502 0 keV band and calculation for purep7/22@523#2n7/21@633# AZ band
02 0
12 82 1.2~4! 0.8 1.6 1.2
22 54 2.4~6! 2.6 4.9 3.3~7! 3.6
32 171 3.2~8! 4.6 9.0~11! 8.2 5.2~8! 6.8
42 180 5.8~11! 7.1 12.9~18! 11.0 9.8~9! 11.3
52 330 3.4~10! 9.1 9.2~18! 12.7 22.5~30! 15.2
62 378 8.5 11.2 14.4
72 558 5.3 6.8 9.0

Sumobs. levs. 16.0 24.2 31.0 31.9 40.9 36.9
Sumexpt/Sumcalc50.95 cf. QPM prediction of 95%

Kp572 6 keV band and calculation for purep7/22@523#1n7/21@633# AZ band
72 6 5.0~7! 6.5 17.0~41! 11.7 6.1~8! 9.5
82 138 8.4~11! 13.8 21.1~18! 22.1 20.7~18! 21.8
92 287 7.4~28! 12.8 8.7~18! 16.4 12.9~32! 21.9
102 7.2 9.2 12.3

SumJ5729 20.8 33.1 46.9 50.2 39.6 53.2
Sumexpt/Sumcalc50.79 cf. QPM prediction of 83%

Kp531 190 keV band and calculation for purep7/22@523#2n1/22@521# AY band
31 191 373~11! 780 267~60! 401 126~4! 293
41 261 152~6! 208 122~9! 185 80~7! 109
51 348 41~2! 60 58~4! 103 65~4! 55
61 454 19~5! 22 36~3! 43 28~2! 26
71 577 2.3~18! 5 7.5~13! 9 6.2~9! 7

Sumband 587 1074 490 741 305 490
Sumexpt/Sumcalc50.60 cf. QPM prediction of 60%

Kp541 372 keV band and calculation for purep7/22@523#1n1/22@521# AY band
41 372 540~8! 907 400~9! 485 213~4! 356
51 471 111~7! 119 135~6! 164 72~3! 86
61 588 45~4! 45 62~6! 87 42~3! 48
71 723 12 22 15

SumJ5426 697 1070 598 736 327 490
Sumexpt/Sumcalc50.71 cf. QPM prediction of 70%

Kp561 295 keV band and calculation for purep7/22@523#1n5/22@512# AX band
61 295 92~5! 147 137~6! 292 69~4! 144
71 424 120~7! 152 144~7! 299 70~4! 152

Sumband 212 298 281 591 139 296
Sumexpt/Sumcalc50.53 cf. QPM prediction of 80%

Kp511 426 keV band and calculation for purep7/22@523#2n5/22@512# AX band
11 426 15~6! 25 49~6! 50 35~4! 24
21 465 56~5! 76 109~6! 149 54~3! 74
31 522 84~4! 98 139~5! 192 80~3! 96
41 598 64~3! 73 86~4! 140 64~3! 73
51 694 22~2! 32 30~2! 62 23~3! 34
61 807 10~2! 8 10~1! 16 7~1! 10
71 1 2 2

SumJ5126 251 312 424 609 263 311
Sumexpt/Sumcalc50.76 cf. QPM prediction of 76%
044305-28
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TABLE X. ~Continued!.

I p Elev
a Q lab515° Q lab530° Q lab545°

~keV! I expt(rel) I calc(rel) I expt(rel) I calc(rel) I expt(rel) I calc(rel)

Kp541 559 keV band and calculation for purep7/22@523#1n1/22@510# AT band
41 559 114~4! 977 86~4! 598 62~3! 387
51 655 74~4! 478 73~5! 382 46~2! 228
61 772 21~2! 46 32~2! 89 18~1! 45

Sumband 208 1501 191 1069 126 660
Sumexpt/Sumcalc50.16 cf. QPM prediction of 70%

Kp531 815 keV band and calculation for purep7/22@523#2n1/22@510# AT band
31 815 213~5! 812 133~4! 507 99~5! 334
41 891 140~5! 537 126~10! 411 82~3! 253
51 985 46~3! 147 49~5! 165 38~2! 92
61 1099 22 41 22

SumJ5325 398 1496 309 1083 218 679
Sumexpt/Sumcalc50.28 cf. QPM prediction of 74%

Kp511 568 keV band and calculation for purep7/22@523#2n5/22@523# AV band
11 568 7.4~13! 6 12~2! 12 10.9~11! 6
21 605 15~2! 10 19~2! 19 15~2! 10
31 662 11~2! 11 22~5! 21 15~2! 14
41 736 20~2! 9 28~5! 16 20~1! 13
51 832 3.9~8! 5 4.6~11! 9 5.9~11! 9
61 943 2 3 4

SumJ5125 56 40 85 77 67 52
Sumexpt/Sumcalc51.23 cf. QPM prediction of 88%

Kp561 722 keV band and calculation for purep7/22@523#1n5/22@523# AV band
61 722 24 46 26
71 848 5.1~18! 16 13.7~18! 30 7.7~9! 24

SumJ57 5 16 14 30 8 24
Sumexpt/Sumcalc50.38 cf. QPM prediction of 79%

Kp521 906 keV band and calculation for purep7/22@523#2n3/22@521# AU band
21 906 36~3! 44 54~4! 31 23~1! 20
31 961 35 26~2! 43 11.6~12! 24
41 1030 16.1~14! 28 14.3~13! 46 8.8~10! 25
51 1115 4.5~11! 17 30 2.8~8! 18

Sumobs.levs. 56 89 94 120 47 86
Sumexpt/Sumcalc50.67 cf. QPM prediction of 62%

Kp551 926 keV band and calculation for purep7/22@523#1n3/22@521# AU band
51 926 79 46~4! 67 22~1! 41
61 1038 13.3~14! 34 19.8~18! 63 12 ~1! 34

Sumobs.levs. 13 34 66 129 34 74
Sumexpt/Sumcalc50.48 cf. QPM prediction of 62%

Kp531 592 keV band and calculation for purep7/22@523#2n1/22@521# AY band
31 592 74~2! 785 58~1! 423 35~1! 317
41 672 12~1! 213 23~2! 196 13~1! 118
51 770 64 110 59
61 884 24 45 3,6~8! 28

Sumobs.levs. 87 998 80 619 52 463
Sumexpt/Sumcalc50.11 cf. QPM prediction of 18%
044305-29
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TABLE X. ~Continued!.

I p Elev
a Q lab515° Q lab530° Q lab545°

~keV! I expt(rel) I calc(rel) I expt(rel) I calc(rel) I expt(rel) I calc(rel)

Kp551 264 keV,p7/22@523#1n3/22@521# AU component
51 264 21~5! 76 39~6! 61 23~6! 36
61 380 88~4! 29 110~5! 57 77~3! 30
71 514 54~3! 15 84~4! 28 48~3! 16

Sumband 163 120 233 146 148 82
Sumexpt/Sumcalc51.56 cf. QPM prediction of 30%

Kp551 264 keV,p7/22@523#1n5/22@512# Kp561 component
51 264 Calc. forK56 only
61 380 88~4! 147 110~5! 292 77~3! 144
71 514 54~3! 152 84~4! 299 48~3! 152

SumJ5627 142 298 194 591 125 296
Sumexpt/Sumcalc50.39

Kp521 430 keV band,p7/22@523#2n3/22@521# component
21 430 29~4! 43 22~3! 29 15.6~18! 18
31 482 33 40 4.6~14! 22
41 548 83~4! 25 58~3! 42 38~2! 23
51 634 45~3! 15 37~4! 28 22~2! 16

Sumobs.levs. 157 83 117 99 80 79
Sumexpt/Sumcalc51.36 cf. QPM prediction of 42%

Kp521 430 keV band,p7/22@523#2n5/22@512# Kp511 component
21 430 29~4! 76 22~3! 149 15.6~18! 74
31 482 98 192 4.6~14! 96
41 548 83~4! 73 58~3! 140 38~2! 73
51 634 45~3! 32 37~4! 62 22~2! 34

Sumobs.levs. 157 181 117 351 80 277
Sumexpt/Sumcalc50.44

Kp521 430 keV band,p7/22@523#1n1/22@510# Kp541 component
21 430 29~4! 22~3! 15.6~18!

31 482 Calc. is forK54 only
41 548 83~4! 977 58~3! 598 38~2! 387
51 634 45~3! 478 37~4! 382 22~2! 228

Sumobs.levs. 157 1455 117 980 80 615
Sumexpt/Sumcalc50.09

aExperimentalElev and I expt(rel) from Table III.
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keV 72, 264 keV 51, and 295 keV 61), our experimental
measurements have provided more precise level energie
higher rotational levels and new placements of depopula
g transitions. The existence of these bands is just as reli
known as for the nine bands just discussed. In fact, the c
acterization of the three bands, in terms of 2QP compone
is quite certain.

Of the 12 rotational bands we have cited as most relia
all have positive-parity except for the two lowest lyin
bands. In their 1970 paper, Bollinger and Thomas@13#, using
their own data and drawing upon previous work@9,11#, made
accurate descriptions of all of these bands. Most of th
proposals for negative-parity bands, however, have
proven to be correct, presumably due to the quality of
data at that time. Since then several papers have addre
the question of additional negative-parity bands in166Ho;
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these papers are listed in Sec. I. Ours is the first to disc
these negative-parity bands systematically and to accoun
almost all bands expected up to about 700 keV.

Finally, we present evidence for the existence of elev
additional bands, some of which have not been identifi
previously and others where either very limited informati
was known previously~e.g., the identity of 1 or 2 levels! or
whose level structure has been significantly changed fr
previous interpretations. In the process of establishing th
bands, several new levels have been identified. Comment
specific details in the interpretation of each configuration
166Ho are given in Sec. VI B that follows. The evidence f
certain levels, previously proposed but with reservations
to their reliability, e.g., those at 740.9, 759.5, and 771.5 k
@3,25#, is now judged to be insufficient to support their exi
tence. In all of the bands determined experimentally
5-30
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TABLE XI. Experimental and calculated (d,3He) cross sections.

I p Elev Q lab530° Q lab540° Q lab550°
~keV! I expt(rel) I calc(rel) I expt(rel) I calc(rel) I expt(rel) I calc(rel)

Kp502 0 keV band and calculation for purep7/22@523#2n7/21@633# AZ band
02 0 0.2 0.2 0.1
12 82 0.5 0.4 0.4~2! 0.3
22 54 1.1~5! 1.2 1.3~3! 1.1 1.5~3! 0.8
32 171 2.8~8! 2.9 3.1~6! 2.9 2.0~6! 2.1
42 180 7.8~11! 4.2 4.0~7! 4.4 4.5~6! 3.1
52 330 3.9~9! 3.8 2.2~6! 4.1 3.0~5! 2.8
62 378 2.2 2.3 1.6
72 558 0.8 0.8 0.6

Sumobs. levs. 15.6 12.1 10.6 12.5 11.0 8.8
Sumexpt/Sumcalc51.11 cf. QPM prediction of 95%

Kp572 6 keV band and calculation for purep7/22@523#1n7/21@633# AZ band
72 6 8.5~10! 4.1 4.8~6! 3.8 5.2~6! 2.8
82 138 10.0~11! 7.1 8.2~7! 7.5 9.6~7! 5.2
92 287 7.5~10! 4.9 5.1~7! 5.3 6.9~6! 3.7

SumJ5729 26.0 16.1 18.1 16.6 21.7 11.7
Sumexpt/Sumcalc51.48 cf. QPM prediction of 83%

Kp531 190 keV band, assumedp1/21@411#2n7/21@633# CZ component
in assignedp7/22@523#2n1/22@521# AY band

31 190 3.9~9! 12.1 2.8~6! 8.4 3.8~5! 5.8
41 261 7.2 4.6 3.8
51 348 2.0~6! 2.2 1.2~3! 1.5 1.2
61 454
71 577

Sumobs. levs. 5.9 14.3 4.0 9.9 3.8 5.8
Sumexpt/Sumcalc50.46 cf. QPM prediction of 31%

Kp551 263 keV band and calculation for purep3/21@411#1n7/21@633# BZ band
51 264 33.0~18! 60.7 22.2~11! 37.1 16.2~13! 31.9
61 380 21.8~16! 40.3 12.4~9! 25.3 14.0~8! 21.6
71 514 1.1 1.2 0.7

SumJ55,6 54.8 101.0 34.6 62.4 30.2 53.5
Sumexpt/Sumcalc50.55 cf. QPM prediction of 60%

Kp521 430 keV band and calculation for purep3/21@411#2n7/21@633# BZ band
21 430 17.0~15! 26.9 11.1~11! 16.5 9.0~8! 14.4
31 482 22.0~19! 35.6 12.1~11! 22.1 10.7~9! 19.2
41 548 8.3~11! 22.0 5.6~7! 14.1 4.7~6! 12.1
51 634 2.8~9! 7.2 2.4~6! 4.9 2.8~5! 4.1
61 733 2.1~8! 1.2 1.2~4! 1.0 0.7
71 0.1 0.1 0.1

SumJ5224 47.3 84.5 28.8 52.7 24.4 45.7
Sumexpt/Sumcalc50.55 cf. QPM prediction of 50%

Kp531 592 keV band and calculation for purep1/21@411#2n7/21@633# CZ band
31 592 3.6~8! 9.2 2.0~6! 6.5 1.5~3! 4.7
41 672 2.9~9! 5.5 1.6~4! 3.6 1.7~3! 3.1
51 770 1.7 1.2 1.0
61 884

SumJ53,4 6.5 14.7 3.6 10.1 3.2 7.8
Sumexpt/Sumcalc50.41 cf. QPM prediction of 69%
044305-31
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TABLE XI. ~Continued!.

I p Elev Q lab530° Q lab540° Q lab550°
~keV! I expt(rel) I calc(rel) I expt(rel) I calc(rel) I expt(rel) I calc(rel)

Kp541 719 keV band and calculation for purep1/21@411#1n7/21@633# CZ band
41 719 7.3~11! 11.0 3.8~6! 7.8 4.7~6! 5.7
51 807 4.9 2.0~6! 3.2 2.8
61 911 0.8 0.6 0.5

SumJ54 7.3 11.0 3.8 7.8 4.7 5.7
Sumexpt/Sumcalc50.64 cf. QPM prediction of 85%

aExperimentalElev and I expt(rel) from Table IV.
bAdoptedElev from Table II.
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166Ho, the rotational parameters are well-behaved. In m
cases, the parameters show slight variability with increas
spin, either decreasing or increasing in a more or less lin
fashion. In these bands, one can fit level energies usin
power series inI (I 11), i.e., using the formulaE(I )5E0
1AI(I 11)1BI2(I 11)2. The coefficients A and B can b
obtained if three or more energies are known. Others exh
an odd-even alternation that is frequently encountered
odd-odd nuclei with lowerK values, e.g.,K51 andK52
@49#. The energy levels in these bands can be fit using
formula E(I )5E01AI(I 11)1D(21)I I (I 11). The ob-
served alternation can be understood in terms of the Cor
mixing of these bands withK50 bands that have appre
ciable Newby shifts, either directly or through intermediat
Once the coefficients in the above formulas have been de
mined, one can predict the energies of higher lying lev
E(4) and above. For those bands in166Ho where more than
three level energies are known, we find the first rotatio
formula given above has the better predictive power for t
of our K53 (31AY) and K54 (41AY) bands, as well as
for the 11AX band. The remaining bands, three withK51,
two with K52, and one withK53, are best fit using the
second rotational formula with its term whose sign alterna
with increasing spin. We list the values derived for the ro
tional parameters for various bands in Table VIII.

Most of the experimental values show good agreem
with rotational parameters modeled using our simple, se
empirical model. With this model, one derives a single va
for the rotational parameters of a pair of GM partner ban
In the special case of GM partners whereDK51, the bands
may interact through Coriolis mixing, principally with eac
other. If this is the case, the observed rotational parame
will be displaced from some mean value, with the high
energy band exhibiting a larger parameter and the lo
band exhibiting a correspondingly smaller rotational para
eter. As can be seen in Table VIII, this is indeed the case
the band pairs: 31,41AY, 12,22BY, and 12,02CY. On the
other hand, the relative magnitudes of the parameters of
band pairs: 41,31AT and 31,41CZ are opposite to that ex
pected from this simple model. This behavior may appea
be anomalous because the levels labeled with a single
figuration may not have dominant components of the
signed configuration, as seen from the single-nucleon tra
fer reaction data~especially the AT pair!. Other components
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in the bands could be undergoing significant mixing, caus
the observed deviations.

B. Rotational bands

KpÄ0À(p7Õ2À[523]Àn7Õ2¿[633]); 0, 82, 54, 171, 180, 330,
378, and 558 keV (AZ)

Our gg-coincidence spectra confirm earlier results@19#
regarding level depopulation~Table II!. Although not ob-
served directly, a 9.39-keV transition between 42 180.4 keV
and 32 171.1 keV levels is expected since severalgg coin-
cidences found in a 116 keV gate are possible only if t
transition exists.

Evidence confirming the two-quasiparticle assignment
this band is obtained from the (d,p) and (d,3He) results.
Populations of band members with spinsI 51 through 5 in
both the (d,p) and (d,3He) reactions, with summed intens
ties comparable to those expected for a purep7/22@523#
2n7/21@633# two-quasiparticle state~Tables X and XI!, in-
dicate the proton occupies thep7/22@523# orbital and the
neutron occupies then7/21@633# orbital, as in the165Ho and
167Er target ground states, respectively. There may also
weak populations of the 62 and 72 band members in both
reactions, but these would be obscured by much stron
unresolved peaks.

KpÄ7À(p7Õ2À[523]¿n7Õ2¿[633]); 6, 138, and 287 keV (AZ)

In earlier transfer reaction data, the 72, 82, 92 levels of
this band were seen in the (d,p) and (t,a) spectra with
errors of about 5 keV. These levels are observed with gre
precision in our new reaction data; e.g., from our (d,p) data,
the 72 level has the energy 6.21~25! keV. A more precise
energy for this level, 5.98~2! keV, was previously deter-
mined by Balodiset al. @15# from g rays populating and
depopulating the band. The present best value for this le
energy is 5.971~12! keV. Our placement of a 280.99~10! keV
transition permits a more precise definition of theI 59 level
energy, 286.96~10! keV.

As for theKp502 band discussed above, the observat
of levels in thisKp572 band in both single-nucleon transfe
reactions, with summed intensities comparable to th
expected for a pure p7/22@523#1n7/21@633# two-
quasiparticle state~Tables X and XI!, confirms the
5-32
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previously-known two-quasiparticle assignment. The cr
sections for this band and the one discussed above are
tively weak in both reactions because the populations
mostly high angular momentum transfers ofl 55 and l 56.
Often the populations of low-lying, high-j transfers are even
greater than predicted for the pure configurations, due to
riolis mixing with higher-lying bands involving other 1h11/2
or 1i 13/2 orbitals. Such mixing effects have not been includ
in the calculated values here.

KpÄ1À(p3Õ2¿[411]Àn1Õ2À[521]); 373, 416, 476, 563, 658,
and 789 keV (BY)

The bandhead level for the above configuration, aKp

512 level at 373 keV, was identified in the earliest stud
of 166Ho @9#. It was thought by these authors to have ne
tive parity and a spin of 0 or 1 with configuratio
0,12(p1/21@411#7n1/22@521#). Sheline et al. @21# pro-
posed aKp512 band of five levels, beginning at 373 ke
and with a 12(p3/21@411#2n1/22@521#) configuration as-
signment. Their first three levels agree with our interpre
tion, but we differ as to theI 54 and 5 levels in the band
Balodiset al., having proposed the present configuration
this band in 1973@23#, first published the above level se
quence in 1988@15#.

Our gg-coincidence data have allowed the placement
several new depopulating transitions. These transitions
split between feeding levels in theKp502 ground-state
band and feeding lower levels within the BY band itself. N
other attractive possibilities exist for the deexcitation of t
Kp512 band. We present evidence forg transitions de-
populating theI p562 level in the band at 788.610~12! keV.
The rotational parameters for the band, while close to
predicted value, show some slight alternation which can
attributed to Coriolis mixing withKp502 bands. The phase
of this alternation is consistent with mixing between th
Kp512 band and either or both of the twoKp502 bands
reported at 0.0 and 659.0 keV.

Of the two different configurations assigned to this ba
by previous authors, 12(p3/21@411#2n1/22@521#) ~BY!
and 12(p1/21@411#1n1/22@521#) ~CY!, we prefer the
former since this is predicted by the semi-empirical mod
Moreover, the BZ doublet lies lower than the CZ doub
which is a good indication of relative excitation energies
the B and C proton states. No significant transfer reac
population has been detected, consistent with a BY~or CY!
assignment. The two (d,p) peaks that might be assigned
levels here are easily explained by close-lying levels
bands with a 7/22@523# proton.

KpÄ2À(p3Õ2¿[411]¿n1Õ2À[521]); 638, 705,
and 793 keV (BY)

The negative-parity levels listed above were first detec
in the ARC measurements of Bollinger and Thomas@13#. Of
the transitions that depopulate these levels, several are
ported by our coincidence data~Table II!. In the paper of
Bollinger and Thomas, the 638-keV level was proposed a
Kp522 bandhead, but with a different configuratio
namely 22(p1/2@411#2n5/2@512#). Additional levels in the
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band were assigned at energies of 693, 771, and 867 k
From our experimental data, we are unable to corroborate
existence of 32 and 42 levels at 693 and 771 keV; we hav
identified a level at 868.27 keV that is assigned as theI p

542 member of a different band.
This Kp522 band, as presently constituted, is assign

the 22(p3/21@411#1n1/22@521#) ~BY! configuration. The
observed rotational parameter for the band,A511.1 keV,
matches that of its 12 BY GM partner. Our semiempirica
model predicts this band will occur at 5906100 keV. band.
The QPM calculations~Table IX! predict minimal mixing
for both BY bands, consistent with the experimental obs
vation that these bands are not populated by single-nuc
transfer reactions. The GM splitting between the two B
bands is 265 keV, not including rotational corrections. Wh
one might try to explain this large splitting by citing an in
teraction between the 544-keV and 638-keV bands, ther
little evidence that these are mixing with each other. O
QPM calculations indicate mutual admixtures of,1%.
Whereas largeD j 52 transitions are observed between lev
of the 544-keV band and the 02 ground-state band, analo
gous transitions are not observed in the depopulation of
638-keV band. Shelineet al. @21# assigned the bandhead fo
this configuration to a level at 562.94 keV; additional leve
in the band were not identified. Our data show strong e
dence for the existence of the level, but our interpretat
places this as theI 54 level in a 12(p3/21@411#
2n1/22@521#) band.

KpÄ5À$(p7Õ2À[523]¿n7Õ2¿[633])ÀQ22%; 431, 530,
and 644 keV (AZg)

In each of the odd-A nuclei neighboring166Ho, there is
experimental evidence for a relatively pure, low-lyin
g-vibrational state built upon the ground-state quasipart
configuration. The ground-state configurations of theseA
5165 and 167 nuclei arep7/22@523# and n7/21@633#.
Thus, theg-vibrational states haveI p53/21 or 3/22 and
occur at excitation energies ranging from 515 keV to 5
keV. We should, therefore, expect to find analogous state
166Ho. Energetically, the lowest of these would be those b
upon the two AZ rotational bands that occur at 0 keV (Kp

502) and 6 keV (Kp572). Of this expected pair of vibra-
tional states, the lower, a newKp552 band, is proposed to
consist of the three levels listed above. The existence of
two lower levels in this band was reported previously@25#.
Detection of the bandhead at 431.240~5! keV is made diffi-
cult by the presence of an interfering level at 430.0 keV t
dominates in the ARC and (d,p) spectra. Nevertheless, ou
gg-coincidence data provide evidence for the existence
the 431.2-keV bandhead. The two higher levels listed ab
do not suffer any interference and are seen in the (d,p)
spectra, although they are weak peaks. For both levels,
eral depopulatingg transitions allow determination of pre
cise level energies. These transitions all feed high-spin, h
K levels in lower bands.

We assign the configuration 52$(p7/22@523#
1n7/21@633#)2Q22% because it is expected to occur we
below any otherKp552 state, probably somewhere close
5-33
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the excitations found for theg-vibrational states in the neigh
boring odd-A nuclei, ;550 keV. Other 52 configurations,
e.g. two-quasiparticle states such as (p7/22@523#
1n3/21@651#) AW or (p3/22@541#1n7/21@633#) DZ, are
expected to occur at energies above 800 keV and ran
well beyond 1 MeV@62#. There can be some mixing of thes
two-quasiparticle states into the 52 g-vibrational state, but
this is expected to be a minor effect because the states
somewhat far apart in energy and the experimental data
not reveal any significant strength in single-nucleon trans
reactions. On the other hand, our QPM calculations sug
the major strength of a 52 state occurring at 450 keV lies i
the AW configuration~81%! with only a minor amount of
vibrational nature~6% AZg!. The observed rotational param
eters of the 52 vibrational band match the observed values
the 72 AZ band which is to be expected for a vibration
state in an odd-odd nucleus.

KpÄ2À$(7Õ2À[523]Àn7Õ2¿[633])¿Q22%; 544, 597, 668,
and 758 keV (AZg)

The four levels listed above have been detected pr
ously in thermal neutron and resonance neutron capture m
surements. Their existence as members of a single rotati
band was first proposed by Balodiset al. @15# who suggested
that the band has a largeg-vibrational component built upon
the 02 ground-state band. There is no evidence that any
these levels are observed in the single-nucleon transfer r
tions, but for several members it is possible that weak po
lations could be obscured by strong peaks from unreso
levels.

The band is considered to have a 22$(p7/22@523#
2n7/21@633#)1Q22% configuration. Consistent with thi
postulation, a large fraction of theg-ray depopulation of
each level in the band feeds levels of theKp502 band, the
base configuration for this vibrational mode. The observ
rotational parameters agree with those of theK552GM
partner of this band and with those of the ground state b
~AZ! upon which theg vibration is based. As with the pre
vious band, the predominantly vibrational character of t
band that has been demonstrated experimentally is at
with our QPM calculation where aKp522 band occurring
at 530 keV is suggested to have 62% quasiparticle AW ch
acter with a minorg-vibrational component, 26% AZg.

KpÄ1À(p1Õ2¿[411]¿n1Õ2À[521]); 596, 628, 684,
and 742 keV (CY)

Of the four levels assigned to this band, the upper th
have been identified previously@13#. The bandhead a
595.841~5! keV, a level whose existence is supported by fo
depopulating transitions, was first assigned to the config
tion listed above by Balodis@25#. Several new depopulatin
transitions are assigned to the upper levels. The presen
rangement of levels in aKp512 band was also first pro
posed by Balodis@25#. The ARC data confirm the existenc
of the I 52, 3, and 4 levels. There is no evidence for sign
cant population of any of these levels in the single-nucle
transfer reactions, but for some members any weak pop
tion would be obscured by large peaks for unresolved lev
04430
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The details of depopulation of the levels are somew
mixed, but the overall pattern is to feed two low-K bands,
12BY and 21BZ. The rotational parameters exhibit an od
even alternation that is characteristic of Coriolis mixing w
K50 bands. Using an alternate-sign rotational formula
propriate to a perturbedK51 band, we obtainA58.581 keV
and D520.216 keV. The band is assigned
12(p1/2@411#1n1/2@521#) configuration which is predicted
to occur at 585 keV by our semiempirical model. This sa
band has been identified in170Tm where it also exhibits a
negative value for theD coefficient @63#. This observation
helps to distinguish the present 12CY band from the 12BY
band at 373 keV that has a positiveD coefficient.

Shelineet al. @21# have proposed this 12CY configura-
tion exists in 166Ho at 350.61 keV; they have identified fiv
band members. There are several criticisms that can be m
of this assignment.~1! No ARC peak appears in the spect
for the proposed 221CY level at 390.09 keV.~2! Theg rays
assigned to these levels are, for the most part, extrem
weak. The putative bandhead at 350.6 keV has a counte
in the I p512 level at 373.2 keV. Both levels are fed pre
dominantly by a cascade mechanism which provides stat
cal averaging so that twoKp512 bandheads will exhibit
comparable strength in the summed intensities of their
populating transitions. But, experimentally we see that
total intensity out of the 373-keV bandhead is 2.0~in arbi-
trary units! whereas the bandhead proposed by Shelineet al.
is depopulated by transitions totaling only 0.16 units. Th
we consider the evidence for the proposed band at 350.6
as questionable and we do not include it in our version of
excited levels of166Ho.

KpÄ0À(p1Õ2¿[411]Àn1Õ2À[521]); 659, 775, 726, 881,
and 868 keV (CY)

The levels listed here are assigned to a new,Kp502

band, previously unidentified in166Ho. All of these levels are
new, although previous authors placed levels close to
energies of the three uppermost levels reported here. L
depopulation tends to favor feeding of levels in low-K bands,
e.g., 12BY and 02AZ, as well as the structurally simila
12CY band. The ARC data confirm the existence of theI
52, 3, and 4 levels. There is no evidence that any of th
levels are populated in single-nucleon transfer reactions. E
dence of theI 502 bandhead at 658.99~3! keV is sparse; its
existence must be considered tentative. The rotational
rameters derived from (DI 52) level spacings begin at 11.1
keV and decrease appreciably with higher spin; they ma
the predicted value of 10.31 keV reasonably well. The
perimental Newby shift for this band is147.1 keV, as com-
pared with a predicted value of131 keV @5#.

Shelineet al. @21# have proposed thisKp502CY con-
figuration exists in166Ho at 525.37 keV (I 50); they identi-
fied six members of the band. The energy spacings betw
various band members are quite regular and are compe
evidence for the band’s existence, if taken alone. Never
less, the patterns of de-excitation proposed for various b
members are startlingly different, so much so that one m
assign members of the ensemble to at least two distinct c
5-34
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NUCLEAR STRUCTURE OF166Ho STUDIED IN . . . PHYSICAL REVIEW C61 044305
figurations. TheI 50,1,2,4 levels all deexcite to negative pa
ity levels. TheI 53 and 5 levels both de-excite to positiv
parity levels~with one exception of one transition!. This is
an unphysical situation if one tries to assign all levels to
same band. Thus, the evidence for aKp502 band at 525.37
keV is questionable and we do not include it in our vers
of the excited levels of166Ho. However, we do recogniz
that certain pieces of experimental data~e.g., ARC spectra!
point to levels with energies close to those proposed by S
line et al. for this band. Generally, we have identified a d
ferent set of depopulating transitions that serve to defin
precise energy for each level. We assign levels in our wor
energies close to those claimed for theI 52,3,4,5 levels in
the 02CY band, but with different spins and configuratio
assignments~and, in one case, different parity!.

KpÄ3À(p1Õ2¿[411]¿n5Õ2À[512]); 760, 838, and 935 keV
(tentative band) (CX)

The assignment of several depopulating transitions p
vides good evidence for a level at 760.375~7! keV, appar-
ently the bandhead of aKp532 band. These transitions dis
play patterns of decay to levels in the bands 02AZ, 31AY,
and 22AZg. The upper two levels, whose existence is mo
tentative, occur at energies that indicate a regular rotatio
spacing withA'9.7 keV. There is no evidence that any
these levels are populated in single-nucleon transfer r
tions. The most likely configuration for this band
32(p1/2@411#1n5/2@512#) ~CX!, based upon a predicte
energy of 799 keV and a predicted rotational parameteA
510.8 keV. It is also possible that another configuratio
32(p1/2@541#2n7/2@633#) ~EZ! plays a role here.

KpÄ3¿(p7Õ2À[523]Àn1Õ2À[521]); 191, 261, 348, 454,
and 577 keV (AY)

The depopulation scheme for levels in this band~Table II!
is essentially identical with that determined in previous st
ies @19#. It has a very strong (d,p) population, as expecte
from its previous assignment as predominantly
p7/22@523#2n1/22@521# two-quasiparticle state. The mea
sured relative (d,p) intensities have been normalized to e
pected cross section values for this band, as explaine
Table III. This band is also observed in the (d,3He) reaction,
probably because of a minorp1/21@411#1n7/21@633# ad-
mixture, but the cross sections expected for pickup of a
1@411# proton~from above the Fermi surface! are too small
for reliable quantitative estimates of the admixture to
made.

KpÄ4¿(p7Õ2À[523]¿n1Õ2À[521]); 372, 471, 588,
and 723 keV (AY)

Previous studies have established the three lowest le
in this band@19#. We have found evidence for a level
723.256~18! keV that we assign to theI 57 member of the
band. This band is very strongly populated in the (d,p) re-
action, and includes the strongest peak in the spectrum
Fig. 6, thus supporting the existence and main struct
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component of the band. Table X shows that the summ
(d,p) intensity for this band is in excellent agreement w
that predicted.

KpÄ5¿(p3Õ2¿[411]¿n7Õ2¿[633]) and (p7Õ2À[523](p7Õ2À[523]
¿n3Õ2À[521]); 264, 380, and 514 keV (BZ¿AU)

This band has been characterized in previous studies@19#.
The I p551 bandhead is well established by two depopul
ing transitions, one of which hasM2 multipolarity and leads
to the 72 level at 6 keV, and by peaks observed in t
spectra from ARC measurements and the (t,a) reaction. In
1978 Balodis@24# proposed the placement of a key tran
tion, the 257.8-keVM2, that links this bandhead with th
isomeric level at 6 keV. Schillinget al. @64# have set a limit
of t1/2<0.5 ns for the half-life of this 51 bandhead. How-
ever, the Weisskopf estimate for the partial half-life of t
257.8 keVM2 transition (I g50.26) is about 350 ns. Assum
ing that the total depopulation intensity of the 263.8 keV 51

level is about 5, we obtaint1/2515 ns. This value is at vari-
ance with the upper limit of Schillinget al. According to a
private communication of these authors, their value could
incorrect due to the very weakg-intensity of the transitions.

We propose new assignments of theg rays depopulating
the I 56 and 7 levels that allow determination of more pr
cise level energies, 61 379.549~4! and 71 514.363~7! keV.
These levels were also identified in previous (d,p) and (t,a)
spectra@11,12#. Although the (d,p) peak for the 61 member
at 379.5 keV is not resolved from that for the 62 level at
377.8 keV, the latter is expected to have an almost neglig
fraction of the observed intensity~see Table X!. The im-
proved resolution of the current (d,p) measurements has a
lowed theI p551 member at 263.8 keV to be detected ne
the more strongly populatedI ,Kp54,31 level at 260.7 keV.
The levels assigned to this band were also identified in (t,a)
spectra.

Motz et al. @9# concluded that this band is an admixture
two configurations, i.e.,p3/21@411#1n7/21@633#, which is
predicted to occur close to the bandhead energy of 26
keV, andp7/22@523#1n3/22@521#, which could contribute
to the (d,p) population of the band. Additional strong ex
perimental evidence for the first of these components
been provided by (t,a) data and discussed by Dewber
et al. @12#, as well as by the present (d,3He) results. Al-
though for each of these proton-pickup reactions the1

bandhead has the strongest peak in the spectra, the abs
(t,a) cross sections are only slightly greater than half
values expected for a purep3/21@411#1n7/21@633# con-
figuration. This result is reproduced by the present QPM c
culations~Table IX! which show a 60% admixture for thi
configuration and a 30%p7/22@523#1n3/22@521# compo-
nent. @The (d,3He) intensities in Table IV were normalize
using this band and its GM partner.#

In spite of the good agreement for the component
scribed above, the (d,p) data appear to indicate the situatio
is more complex. The comparison of observed and expe
(d,p) intensities in Table X shows not only that the observ
distribution of intensity among band members~fingerprint!
does not resemble that expected for thep7/22@523#
5-35
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1n3/22@521# configuration, but that the observed strength
much larger than expected, especially for the spin 6 an
members. The calculated values are rather weak becaus
3/22@521# orbital is below the Fermi surface. In searchin
for a possible explanation for the large (d,p) intensities one
could consider ap7/22@523#1n3/22@512# admixture, as the
3/22@512# orbital is above the Fermi surface and shou
have large cross sections. However, it would be expected
much higher energy. Other possible sources to conside
the (d,p) strength observed in thisKp551 band could be
Coriolis mixing with p7/22@523#1n1/22@521# and/or
p7/22@523#1n1/22@510# configurations. The latter two
both have large predicted cross sections, but would h
much stronger intensities for the spin 5 member than for
spin 6 and 7 ones, contrary to experiment. A much m
satisfying explanation, and one involving some interest
physics, is that the strong populations observed for the sp
and 7 members arise from Coriolis mixing between
p7/22@523#1n3/22@521# component and the nearbyKp

561, p7/22@523#1n5/22@512# band at 295 keV, which is
described in a following subsection. Then3/22@521# and
n5/22@512# orbitals are coupled by a fairly large Coriol
matrix element,̂ j 2&, of about 2.8 keV. Earlier Coriolis cal
culations @22# showed no appreciable mixing of theKp

561 band with any other configurations, but in that case
p7/22@523#1n3/22@521# state had been placed at a high
energy, near 1 MeV, on the basis of simple model expe
tions. Sample Coriolis calculations performed in a simi
manner for the present study, but with thep7/22@523#
1n3/22@521# band placed at 264 keV, exhibit quite larg
mixing between theseKp551 and Kp561 bands. In the
actual situation, there is not a purep7/22@523#
1n3/22@521# two-quasiparticle state at 264 keV, but only
~minor! component of one. The reduced amount of mixi
due to such a component was simulated by reducing
value of the attenuation coefficient by which the Corio
matrix elements were multiplied. Calculations performed
ing the standard formalism@65# for ordinary two-
quasiparticle bands showed significant mixing but very lit
transfer of (d,p) strength between the bands because th
was constructive interference for the~already large! Kp

561 intensities and destructive interference for the~origi-
nally weak! Kp551 ones. However, the QPM predictio
showed that the phase of thep7/22@523#1n3/22@521# com-
ponent at 264 keV is of opposite sign to that of the pu
two-quasiparticle state~e.g., as predicted with the residu
interaction switched off!, and therefore opposite to that use
in the Coriolis mixing calculation mentioned above. With t
phase of this component reversed, typical predictions h
30% to 50% of the strengths for theKp561 band trans-
ferred to theKp551 one. This reproduces the observatio
shown in Table X, where the 61 and 71 members of the
Kp551 band have about 39% of the total cross section
pected for the corresponding members of a pureKp561,
p7/22@523#1n5/22@512# band.~The same spin members o
the Kp561 band, discussed below, have about 53%.! This
implies that the 264 keV band has three significant tw
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quasiparticle components, instead of the two in previous
terpretations.

KpÄ2¿(p3Õ2¿[411]Àn7Õ2¿[633] and (p7Õ2À[523](p7Õ2À[523]
Àn3Õ2À[521]); 430, 482, 548, 634, and 733 keV

(BZ¿AU)

Evidence for the first four levels in this band has be
established previously@19#. From ourgg-coincidence data,
we find good agreement with the transition-placement d
for these levels. We have identified the 61 rotational level in
this band for the first time at 732.549~14! keV, based upon
depopulating transitions and observation in the (d,3He) and
(t,a) spectra.

Evidence for configuration mixing in this band is pro
vided by the observation of peaks in three direct-react
spectra, those of the (d,p), (d,3He), and (t,a) reactions. As
for the Kp551 GM partner of this band, described abov
the proton pickup reactions are consistent with
p3/21@411#2n7/21@633# admixture of slightly more than
50% in this band. Also, as for the 51 band, the QPM calcu-
lations of Table IX predict a mixed configuration for this 21

band, including admixtures of 50% p3/21@411#
2n7/21@633# and 39% p7/22@523#2n3/22@521#. How-
ever, a quantitative examination of the (d,p) data shows that
this Kp521 band must also contain other admixtures th
these. The comparison of observed and expected intens
seen in Table X shows a very anomalous pattern. The1

bandhead is populated significantly, having intensities t
could be compatible with ap7/22@523#2n3/22@521# band-
head. The 31 level is populated so weakly that it was ob
served at only one of the three angles, even though it is
clear region of the spectrum. The 41 member is populated
very strongly and the 51 one quite significantly. There is no
pure two-quasiparticle configuration predicted to have suc
fingerprint pattern, and the total strength is far too large
any reasonablep7/22@523#2n3/22@521# admixture. It
seems very likely that the large strength for the 41 level
~which is at 548 keV! arises from some type of mixing with
the close-lying 41 level at 559 keV, which is tentatively
assigned below as thep7/22@523#1n1/22@510# bandhead.
The populations of these two levels in the (d,p) reaction are
similar to each other, and in the (d,3He) reaction they are
almost identical to each other, consistent with a very stro
mixing of their wave functions. The 51 members of these
bands, at 634 keV and 655 keV, are also both observe
both reactions, consistent with appreciable mixing for the
levels as well. It thus appears that the large unexpected (d,p)
strength observed in thisKp521 band is likely some of the
‘‘missing’’ strength from the p7/22@523#1n1/22@510#
band at 559 keV. The exact nature of the mixing is less cle
as significant amounts of strength appear to have been tr
ferred between bands withDK52. If this occurred via the
Coriolis interaction the process could have involved one
more of theKp531 bands as intermediaries.

Analogous to the situation for the GM partner describ
in the previous subsection, it is likely that thep7/22@523#
2n3/22@521# component in the 430 keV band mixes b
Coriolis coupling with the Kp511, p7/22@523#
5-36
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NUCLEAR STRUCTURE OF166Ho STUDIED IN . . . PHYSICAL REVIEW C61 044305
2n5/22@512# band at 426 keV described below. In this ca
with the phase of thep7/22@523#2n3/22@521# component
opposite to that of the pure two-quasiparticle state, as
dicted by the QPM, the sample Coriolis calculation sho
there is no significant transfer of (d,p) strength between
these two bands.~This is consistent with the observation th
theKp511 band appears with the full strength expected
the pure two-quasiparticle state.! To summarize, there ar
probably four different two-quasiparticle configurations th
have appreciable components in the 430 keV band; the m
p3/21@411#2n7/21@633# one responsible for the (t,a) and
(d,3He) populations, thep7/22@523#2n3/22@521# one in-
troduced by the residual interaction as calculated in
QPM, a p7/22@523#1n1/22@510# one for spinI>4 mem-
bers due to mixing with the very close-lyingKp541 band
@needed to explain the (d,p) intensities for the 41 member#,
and the p7/22@523#2n5/22@512# admixture predicted by
Coriolis calculations.

KpÄ6¿(p7Õ2À[523]¿n5Õ2À[512]); 295 and 424 keV (AX)

The 71 rotational level in this band, previously know
only very approximately, has been established with an
ergy of 423.654~10! keV using our (d,p) reaction results and
depopulating transitions. The rotational parameter for t
band,A59.18 keV, shows better agreement than previou
with the modeled value in Table VIII, 9.66 keV, and wit
that of itsVp6Vn doublet counterpart, 9.62 keV. The (d,p)
intensity and its distribution provide strong evidence that
dominant component of this band is the 61(p7/2@523#
1n5/2@512#) configuration but, as mentioned above, the
seems to be significant loss of strength by Coriolis mixing
the Kp551 band at 263 keV.

KpÄ1¿(p7Õ2À[523]Àn5Õ2À[512]); 426, 465, 522, 599, 694,
and 807 keV (AX)

The basic level structure of this band was determined
previous studies where level energies were reported for
members of the band@9,19#. From ourgg-coincidence mea-
surements we find good agreement with the transition pla
ment data for the three lowest energy levels. We report s
eral new depopulating transitions that are assigned to tI
54 and 5 levels. Thus, we have determined more pre
energies for these levels, namely 41 598.511~6! keV and 51

693.701~6! keV. Although a level at 693.385~2! keV was
deduced in previous work using the Ritz combination pr
ciple ~see the 1992 Nuclear Data Sheets summary@19#!, it
was not assigned to this band. We find evidence for a le
with a significantly different energy (DE5316 eV! and as-
sign this to theI 55 member of the band. All six levels liste
above were detected in our (d,p) measurements where im
proved resolution has allowed resolution of peaks at 426
and 464.50 keV. Both peaks appeared in previous meas
ments as part of unresolved doublets.

Sood and Burke@22# have presented a detailed analysis
(d,p) intensities and beta decay into166Ho. They concluded
that the largest component of this band at 426 keV has
configuration (p7/22@523#2n5/22@512#), contrary to some
previous assignments. Our new (d,p) results including the
04430
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angular dependence of intensity~Table X! support this inter-
pretation. By default, the 11 band at 568 keV is assigned th
configuration (p7/22@523#2n5/22@523#). Each band con-
tains about 10% of the other due toDK50 mixing. As men-
tioned earlier, the 426 keVKp511 band also has appre
ciable Coriolis mixing with thep7/22@523#2n3/22@521#
component of theKp521 430 keV band, but there is ver
little transfer of (d,p) strength between these bands. T
summed (d,p) strength~Table X! agrees well with the value
predicted for the pure two-quasiparticle state.~This is unlike
the situation for theKp551 and Kp561 GM partners of
these bands, for which there was significant transfer
strength.! The overall behavior of the Coriolis mixing fo
these four bands nicely explains the observation that
summed intensity for theKp511 band is about 50% large
than that for itsKp561 GM partner.~Without significant
mixings a band is expected to have a single-nucleon tran
strength similar to that of its GM partner.! It should be noted
that these assignments are in agreement with both our sim
semi-empirical model and our QPM calculations.

KpÄ4¿(7Õ2À[523]¿1Õ2À[510]); 559, 655,
and 772 keV (AT)

The lower two levels listed above were first identified
I p541 and 51 levels and were assigned to the above-lis
configuration by Bollinger and Thomas@13#. Our
gg-coincidence data are consistent with the previously
signed depopulating transitions; we add several more. Th
lower two levels appear in both (d,p)- and (d,3He)-reaction
data. We propose a new level,I p561, at 771.77~8! keV,
based upon three depopulating transitions observed in
gg-coincidence data. Resolution of this level from anI p

551 level at 769.5 keV was facilitated by coincident-g ob-
servations.

The pattern of transitions depopulating levels in this ba
includes much strength feeding levels with (p7/22@523#
6n1/22@521#) ~AY ! configurations, consistent with
simplen1/22@510# to n1/22@521# transformation, as well as
some intraband transitions. However, from Table X it is se
that the observed (d,p) strength is only about 16% of tha
expected for a pure p7/22@523#1n1/22@510# two-
quasiparticle state, indicating the assigned label may not
resent the major component of this band. It was mentio
above that levels of theKp521, 430-keV band were very
close in energy to corresponding spin members of this ba
and appeared to have acquired some of the ‘‘missin
p7/22@523#1n1/22@510# strength. However, even for th
strongly populated spin 4 member this would account
only another 9% of the expected strength. The most lik
reason for the small summedp7/22@523#1n1/22@510#
strength in this band is that there is probably a great dea
additional mixing. Studies of odd-mass Dy, Er, and Yb n
clides @66–68# with (d,p) reactions have shown that th
1/22@510# band appears systematically at lower energies
with smaller cross sections than expected for the pure N
son orbital, and this has been ascribed to mixing w
phonons based on lower-lying states. In particular, for165Dy
and 167Er, isotones of166Ho, there is only about 25% to 30%
5-37
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of the full single-particle (d,p) strength for the 1/22@510#
orbital found at the excitation energies listed for this state
Table VII @66,67#. ~These weaker strengths were in appro
mate agreement with QPM calculations for the odd-mass
clei at that time.! Therefore, it is not surprising to find th
total (d,p) strength for transfer of a 1/22@510# neutron is
reduced to a similar small fraction in this study. In th
following subsection it will be seen that theKp

531(p7/22@523#2n1/22@510#) GM partner to this band
also has a small summed strength~about 28% of that ex-
pected for the pure configuration!. It therefore seems likely
that the QPM estimates of 70% and 74% in Table IX for t
p7/22@523#6n1/22@510# configurations in the 559 and 81
keV bands are overestimates. It is also likely that so
strength could be lost to other bands by Coriolis mixing, b
it is believed the main reason for the reduced strength
provided by the above explanation.

The 41 bandhead at 559 keV is populated appreciably
the (d,3He) spectrum, most likely due to mixing with the 41

level at 548 keV, from which it gains some of th
p3/21@411#2n7/21@633# strength. The weak population o
the 51 member at 655 keV can also be explained by t
component. The only component in Table IX predicted to
observed in the proton pickup reaction is a 1% admixture
the p1/21@411#1n7/21@633# configuration, but it would
have expected intensities much smaller than those obse
and its contribution to the strengths is probably negligi
compared to those from mixing with theKp521 band.

KpÄ3¿(p7Õ2À[523]Àn1Õ2À[510]); 815, 891, 985,
and 1099 (AT)

In previous studies@13#, the lowest three levels in thi
band were identified in precise ARC measurements and w
assigned to the configuration listed above. O
gg-coincidence data confirm the large number of transitio
assigned to the level at 815.1 keV, as well as the depop
tion of the 891.0-keV level. We provide depopulating tra
sitions for the I p551 level at 985.15~4! keV. Consistent
with the assigned configuration, 31AT, the depopulation pat-
tern of the 815-keV level includes considerable decay to l
els in ~AY ! bands and apparently significant amounts of
cay to the 31CZ band and to the 21BZ band. All of the
levels in this 31AT band appear in the (d,p) spectra; the 61

member is a level at 1098.61~21! keV, newly identified in
these spectra. As mentioned in the discussion of the
partner band in the previous subsection, the observed
(d,p) intensity is only about 28% of that expected for t
pure p7/22@523#2n1/22@510# band ~Table X!, indicating
considerable mixing with other configurations.

KpÄ1¿(p7Õ2À[523]Àn5Õ2À[523]); 568, 605, 662, 736, 832,
and 943 (AV)

The five lowest levels in this band were identified pre
ously @13,19# and were assigned as members of aKp511

band. They are all populated in the (d,p) spectra; three of
these are new observations. Most of the depopulating tra
tions from the two lowest levels were assigned previous
From ourgg-coincidence data, we have placed several n
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transitions that show decay from the higher band levels.
have added a new level to this band, anI p561 level at
942.605~13! keV.

The configuration of this band has already been m
tioned in an earlier section of this paper dealing with t
11AX band at 426.0 keV. Our QPM calculations find som
mixing, 9%, of the 11AX configuration in the present band
Thus, one would expect the transitions that depopulate
present band to feed levels in the 11AX band. This is indeed
the case; in addition, several intraband transitions are
present. Table X shows that the total (d,p) intensity ob-
served is somewhat greater than expected for a p
p7/22@523#2n5/22@523# configuration. This is probably
because of the smallp7/22@523#2n5/22@512# admixture,
which has much larger cross sections since it is domina
by transfers of lowerl value.

KpÄ6¿(p7Õ2À[523]¿n5Õ2À[523]); 722 and 848 (AV)

We assign the levels listed above to a new band wit
previously unidentified configuration. The existence of the
levels is supported by ourgg-coincidence data. The 848
keV level is also observed in the (d,p) reaction. The 722.0-
keV level is not resolved from another strong contributor
the (d,p) spectrum, a 71 level at 723.2 keV. This 61 band is
predicted to occur at 733 keV by our semiempirical mod
The observed rotational parameter, 9.04 keV, matches th
its Kp511 GM counterpart at 567.6 keV, 9.46 keV. Th
summed (d,p) intensity observed is less than half that e
pected for the pure configuration.

KpÄ3¿(p1Õ2¿[411]À7Õ2¿[633]); 592, 672, 770,
and 884 keV (CZ)

On the basis of their ARC data, Bollinger and Thom
@13# assigned the three lowest levels of this band to the c
figuration listed above. Ourgg-coincidence data support th
existence of these levels, as well as being consistent with
assigned spins andK quantum numbers for this band. Th
61 rotational level in this band has been established for
first time at 884.055~14! keV on the basis of deexciting tran
sitions, largely intraband, and observation in spectra fr
transfer reactions. It would be expected that the assig
configuration should be populated in the proton pickup re
tions, although relatively weakly because the 1/21@411# or-
bital is above the Fermi surface. Table XI shows that
summed (d,3He) intensity observed is about 40% of th
value expected for the pure two-quasiparticle state. Thi
consistent with the (t,a) data of Ref.@12#, in which it is seen
that the cross section for the 592 keV bandhead is 13mb/sr,
about 45% of the predicted value of 29mb/sr for this state.
These results are somewhat smaller than the predicted v
of 69% for the 31 CZ component~Table IX!. There appears
to be configuration mixing with theKp531 AY band at 190
keV, as mentioned in an earlier subsection for that band.
(d,p) intensities for the 592 keV band could be explained
a 31 AY admixture of less than 10%~Table X!. However,
the situation is probably more complex. Table IX shows p
dicted components of 15% AY and 15% AT in this ban
The (d,p) transition amplitudes for these components wou
5-38
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NUCLEAR STRUCTURE OF166Ho STUDIED IN . . . PHYSICAL REVIEW C61 044305
combine coherently, so it is not possible to extract adm
tures from the observed intensities. Deexciting transitio
feed levels in the 31AY and 21BZ bands.

Dewberry et al. @12# reached a different conclusion re
garding the identification of this 31CZ configuration. On the
basis of cross sections they have measured for the (t,a)
reaction, deducedl transfers from angular distributions, an
an application of the Ritz combination principle, they
signed the 313CZ bandhead to a level at 721.07 keV a
placed three rotational levels above this bandhead. The u
levels are connected by various intraband transitions, bu
g rays are assigned to the upper levels that would feed le
below the bandhead. The placement of many low-ene
transitions high in the decay scheme raises some questio
to the validity of these assignments@12#, but we cannot dis-
prove their thesis. Our version of the levels that make up
313CZ band is supported, at least partially, by coinciden
relationships. We also note that Dewberryet al. have ob-
served in their (t,a) spectrum the 592-keV level that w
claim as the bandhead level of our 313CZ band and have
assigned three depopulating transitions; they identified
level as havingI p531, but left it unassigned with respect t
configuration.

KpÄ4¿(p1Õ2¿[411]¿n7Õ2¿[633]); 719, 807,
and 911 keV (CZ)

Bollinger and Thomas@13# identified the two lowest lev-
els in this band, and ourgg-coincidence data support thes
assignments. We tentatively propose the 61 rotational mem-
ber is at 911.40~4! keV, on the basis of a very weak peak
the (d,p) spectrum and an intrabandg transition. The 41

bandhead is populated in the (d,3He) and (t,a) reactions
with ;64% and;80%, respectively, of the intensity ex
pected for the pure two-quasiparticle configuration~Table XI
and Ref.@12#!. It is not certain whether the 719 and 807 ke
levels are populated in the (d,p) reaction because there a
weak peaks for other unresolved levels near these ener
These results suggest there is a dominant CZ compone
this band, consistent with the QPM prediction of an 85
component for this configuration.

Dewberryet al. @12#, in their analysis of the (t,a) data,
assigned three levels to a rotational band at 891.7 keV w
the 41CZ configuration, thus differing with the conclusion
of Bollinger and Thomas@13# and Soodet al. @20# as to the
location of this configuration. As they did in their definitio
of the 31CZ band, Dewberryet al. used the Ritz combina
tion principle to locate depopulatingg transitions that define
these level energies more precisely. We believe it is unlik
that so many transitions of low to moderate energy~71–323
keV! can occur at high excitation energies in166Ho and still
be detected in thesingles (n,g) spectrum. We prefer the
interpretations put forth previously@13,20# that places these
bands at slightly lower excitation energies. The two low
levels assigned here are supported by our measured co
dence relationships. Since there is disagreement in interp
ing the (t,a) data, care has been taken to account for th
revised assignments in discussing cross sections for spe
configurations in the above paragraphs.
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KpÄ2¿; 906, 961, and 1030 keV (tentative band)

The levels listed above have been identified in previo
studies where the more conclusive evidence for their e
tence came from ARC data and (d,p) spectra. The presen
gg-coincidence data confirm their existence, but they do
support the previously assigned depopulating transitio
One of the difficulties in defining these higher levels
166Ho is that theg-transition energies in question have rath
large uncertainties. In the SACP measurement~Table II!,
two levels with energies 1029.6 and 1030.6 keV are fou
with depopulation to theI p512 to 52 levels of the ground
state band and to the levels 31 190.9 keV and 41 260.6 keV.
It seems very likely that two close-lying levels exist he
with spin and parity 22 and 41. Consistent with this hypoth-
esis, the ARC data~Table I! indicate the existence of a 31 or
41 level at 1032.1~4! keV.

In Table IX this tentative band is associated with o
from the QPM calculations that has a large~62%! Kp

521AU (p7/22@523#2n3/22@521#) component. In Table
X it is seen that the medium-intensity (d,p) cross sections
are consistent with this proposed band having a;67%
(p7/22@523#2n3/22@521#) component in this band, an
this ought to have been observed in the proton pickup spe
with a strength about one-quarter of that for theKp521

band at 430 keV. The (d,3He) cross sections become weak
at excitation energies this high because the ejectile energ
near the Coulomb barrier, but this problem does not exist
the (t,a) measurements. The expected fingerprint pattern
large intensities for each of the spin 2, 3, and 4 members a
although the (t,a) spectrum@12# has a peak at 915 keV
which could to some extent obscure the 906-keV bandhe
there are no large cross sections at 961 or 1030 keV~see
Table II of Ref.@12#!. Therefore, the data do not support th
presence of this minor component.

KpÄ5¿; 926, 1038 keV (tentative band)

This band, which may be the GM counterpart of the 21

band just discussed, is proposed for the first time. The 9
keV level is observed in the ARC, (d,p), and
gg-coincidence spectra. The (d,p) data also include a
1038.4-keV level that is assigned to the 61 level of the band.
The rotational parameter defined by these two levels, 9
keV, is consistent with that of its GM counterpart, 9.27 ke
and with a calculated value, 9.87 keV. In Table IX the QP
calculated structure of this band includes a 62% compon
of the Kp551(p7/22@523#1n3/22@521#) configuration,
and Table X shows that the (d,p) cross sections are consis
tent with a;48% admixture of such a band. There is also
significant ~13%! BZ component predicted in this band b
the QPM, which should be observable in the (t,a) spectrum,
as for the GM partner discussed in the previous subsect
The (t,a) results are not as definitive in this case; there i
peak reported at 1037~7! keV which could correspond to th
proposed 61 member, but the reported uncertainty on t
915~3! keV peak would have to be stretched for it to corr
spond to the proposed 51 bandhead at 926 keV. Thus, th
existence and nature of these suggested bands should be
sidered as tentative.
5-39
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C. n-p interaction matrix elements

From the band structure of166Ho just discussed, one ca
determine values for several matrix elements that arise f
the n-p interaction in 166Ho, ten Gallagher-Moszkowsk
splittings and two Newby shifts. These values are listed
column 8 of Table VIII. The GM matrix elements reporte
here have not been corrected for perturbations in band e
gies due to Coriolis mixing which occurs most significan
for configurations that include high-j orbitals, e.g.,
n7/21@633# andp7/22@523#.

The experimental Newby shifts~rotational bands 02AZ
and 02CY) show good correspondence with theoretical v
ues calculated by Frisk@5# and less agreement with the ca
culations of Noseket al. @6#. Among theEGM values, there
are four where each pair of bands was known previously
where there is agreement as to the energies of the consti
bands and the GM matrix elements. These include the
lowing configurations: AZ, AY,~BZ1AU!, and AT. For an-
other set of four matrix elements, there are differen
among various authors regarding the energies of the cons
ent bands in a given pair that result in differences inEGM
values. These differences, which involve the configurati
AX, BY, CY, and CZ, have been discussed in the individu
subsections of Sec. VI B in this paper. In the case of the
configuration, it is now generally accepted that theKp511

member of this band pair exists at 426.1 keV@22#. The ap-
propriate value forEGM(AX) is 1177.2 keV. In Ref.@8#, the
band energies listed in their Table III for this configurati
reflect this view, but the matrix element listed in their Tab
I is 316.8 keV, a value inconsistent with the foregoing d
cussion.

Our experimental value forEGM(AV), 2108.5 keV, is
new. A value ofEGM52146.0 keV for this same configu
ration in 164Ho was known previously@4,6#. Our determina-
tion of a GM matrix element for the~AZ1g vibration!,
1138.2 keV, is also new. The question of what effect so
g vibrational character in the state would have on then-p
interaction matrix element can be asked. While one mi
expect the interaction matrix element to become smalle
magnitude, this is not the case here, since the low-lying
bands yield a value ofEGM(AZ)5184.1 keV.

The experimental GM matrix elements can be compa
with theoretical calculations of these quantities made
various authors. The best fit is obtained from the calculati
of Boissonet al. @4# where six matrix elements can be com
pared ~see Table VIII! with experiment. The root-mean
squared deviation for this set is 14 keV, which shows ma
edly better agreement than for the calculations of No
et al. @6# ~8 EGM’s, rms deviation5 31 keV! or those of Hoff
@69# ~6 EGM’s, rms deviation5 48 keV!. Despite this good
showing by Boissonet al. @4# for the matrix elements in
166Ho, the predictive power of their set ofEGM calculations
over a wider range of nuclei has been shown to be ra
poor @70#.

VII. CONCLUSION

The level scheme of166Ho was studied using new, mor
precise and more sensitive experimental methods. Bec
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we have made comprehensivegg-coincidence measure
ments, manyg-transitions are now unambiguously placed
the g-decay scheme. The deducedg-branching ratios pro-
vided information on the various mixing mechanisms in th
nucleus. New average resonance neutron capture results
vide spin and parity values for levels up to 985 keV. T
(d,p) and (d,3He) reactions, which were measured wi
high sensitivity and very good resolution, gave the best s
natures for the single-particle structure of the nucleus. Lev
with higher spins were predominantly seen in the trans
reactions. The high quality of the new experimental d
helped to define excited levels in166Ho in spite of the large
and increasing level density in this odd-odd nucleus. Res
of the present investigation, as well as those of previo
studies, permit the identification of 91 levels up to 1100 ke
Of these, 32 levels are newly identified. The levels a
grouped in 23 rotational bands, among them 6 new on
Consequently, a total of 10 Gallagher-Moszkowski splittin
and 2 Newby shifts could be determined. In many cases
have extended previously known rotational bands by ide
fying new, higher spin levels.

It is often of interest to estimate what portion of the e
perimental level scheme represents a complete descriptio
the nuclear excitations within a given nucleus. We use
predictions of our semiempirical model to guide such an
timate. Referring to the first twelve rotational bands listed
Table VIII, one can see that each of the experimentally
termined configurations has been assigned to a calcul
band excitation. Beginning at 575 keV, certain calcula
configurations appear that have not yet been identified
166Ho, e.g.,Kp542,12BX; 32,42EZ; etc. In the first 815
keV of excitation, we assign 21 predicted configurations
experimental bandheads. This leaves 7 unassigned con
rations in this same energy range, 6 with negative parity
1 with positive parity. This bias in favor of determining th
location of positive-parity bands can be ascribed to
power of the ARC technique where positive-parity levels a
favored.

Important progress in the interpretation of this lev
scheme has been achieved with new improved quasipart
phonon model calculations where residual interactions
g, b, and octupole phonons were taken into account. T
largest calculatedg-vibration mixing was found for the 22

band predicted at 525 keV. In this case the configuration w
calculated to consist of 26% of the$(p7/22@523#
2n7/21@633#)1Q22% configuration and 7% of the
$(p7/22@523#1n1/2@660#)2Q22% configuration. Other low-
lying levels had generally only small collective componen
From the experiment, it follows that the 22 g-vibrational
band built on the ground state has the bandhead energ
543.6 keV and is depopulated by strongE2 transitions to the
ground state band. This band was not populated in tran
reactions. Apparently the collective component of this 22

band is larger than predicted by the calculations. The2

g-vibration built on the other member of this GM pair a
pears at an energy of 431.2 keV. In this case the collec
component is larger than calculated also, even though
bandhead seems to have been observed in the (d,p) reaction.
It appears that the agreement between the experiment an
5-40
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new calculations of both vibrational bands is much be
than in previous theoretical results@26#.

For most of the lower-lying bands the summed intensit
in the single-nucleon transfer experiments were in go
qualitative agreement with the expectations based on the
croscopic compositions predicted by the QPM. Above ab
1/2 MeV excitation there was often less strength observe
the experiments than calculated, possibly indicating a gre
degree of mixing than considered. It should also be no
that even for the lower bands the distributions of intensit
within bands~fingerprints! were often in poorer agreemen
with predictions than is usually found in such experiments
other well-deformed nuclei. This may be due~at least partly!
to Coriolis mixing, which has not been considered in calc
lating the strengths.

The mixing of rotational band configurations has be
deduced not only from the comparison of calculated and
perimental transfer reaction cross sections and level dep
lations, but also from rotational parameters. As the resul
Coriolis (DK51) and residual (DK50) interactions, sev-
eral negative parity bands are mixed, e.g., the 02 ground
state, the 12 band at 373.0 keV, the 12 band at 595.8 kev
and the 02 band at 658.9 keV. Only the odd-spin membe
of the ground-state band are strongly populated fromg decay
of levels in the 373-keV 12 band due to the above
mentioned mixing. The 21 band at 430.0 keV, the 31 band
at 190.9 keV and the 41 band at 371.9 keV also show stron
Coriolis mixing. Additional positive parity bands, especia
the (p1/21@411#6n7/22@633#) and (p7/22@523#
6n1/22@510#) contribute to this mixing, for which evidenc
is provided by both the reaction cross sections and thg
decay. This is in essential agreement with the new Q
calculations.

In summary, it can be stated that due to the improv
experimental results and the more elaborate QPM calc
tions, our investigation constitutes a large step forward in
understanding of166Ho and more generally of odd-odd de
formed nuclei.

Although a much better understanding of the166Ho
nuclear structure has been obtained, there are some inte
ing aspects of various bands which are not yet fully und
stood, primarily concerning configuration~and other! mixing
of bands. In order to refine our knowledge of the interactio
involved, several suggestions can be made for extension
both the experimental and theoretical portions of the stu
There are two experiments that could be performed w
currently-existing technology that stand good chances of
proving the data base significantly.166Ho is one of the nu-
clides for which the GAMS spectrometers at ILL, Grenob
have not been used to study secondaryg rays from the (n,g)
reaction @8,70#. The excellent resolution and precision
these instruments could well lead to significant improv
ments and/or extensions to the level scheme. Another pro
which should provide worthwhile information for unde
standing the band mixings would be to perform a (d,p) ex-
periment with a complete angular distribution — e.g., at le
20 or 25 angles between reaction angles of 5° and 60°
this were done with the very good resolution achieved in
present experiment it would be possible to extract spec
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scopic strengths for competingl-values populating many
of the levels. Results from both the (d,p) and (d,t) reactions
have proven very useful in identifying components
two-quasiparticle configurations present in complex ba
in other nuclides~e.g., 172Yb @71# and 190,192Ir @72,73#!.
It would be also important to determine absolute valu
for the cross sections, so that more meaningful comparis
with predicted values could be made without the uncertai
involved in choosing normalizations. On the theoretic
side there are also important improvements which co
be made in the model used for this study. The calculati
should be extended to include predicted single-nucle
transfer cross sections or spectroscopic strengths
the mixed configurations. The comparisons in Tables
and XI considered only one component at a time
each band, and did not include possible interference eff
between different configurations. Such effects are not lik
to be large for most of the cases described above@an
exception is the (d,p) population of the 592 keV band#,
but in an improved study which examined finer deta
these should be included. Another improvement, which
probably of greater importance for many bands, is t
Coriolis mixing should be taken into account for both t
level energies and the single-nucleon transfer cross sect
This is not an easy task because of the complicated w
functions of the mixed configurations in most of the bands
is likely that some or all of these improvements will b
necessary before one can achieve a detailed understandi
the structures of166Ho levels appreciably better than the on
presented here.
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