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Rotational bands in 170Yb and 171Yb and the projected shell model
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Rotational bands in170Yb and 171Yb have been studied with the reactions170Er(a,xn)1742xYb at 35 and 40
MeV. Considerable extensions have been made to the previously published level schemes, and new structures
have been found in each nucleus. Angular correlation measurements and reduced transition probability
@B(M1:I→I 21)/B(E2:I→I 22)# ratios have been extracted. Detailed comparisons are made with the first
major projected shell model calculations for excited bands in an odd-N nucleus171Yb.
@S0556-2813~98!04206-X#

PACS number~s!: 21.10.Re, 21.60.Cs, 23.20.Lv, 27.70.1q
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I. INTRODUCTION

In high-spin spectroscopy studies of rare-earth nuclei,
isotopes of ytterbium (Z570) have been a central focus fo
many experiments, and a large body of data has been e
lished fromA5156 to 168@1#, making it probably the bes
studied isotopic chain in theA'160 region. However, it is
not possible to use the standard~HI,xn) fusion evaporation
reactions to populate Yb nuclei beyondA5168. For the
heavierA5174 to 178 nuclei@2#, recent work using deep
inelastic reactions and Gammasphere have begun to re
much information about the high-spin behavior of the
neutron-rich Yb isotopes. In the present work we have u
the availablea beam at Florida State University, togeth
with the Pitt-FSU escape-suppressed Ge array@3# to perform
detailed high-spin measurements on170,171Yb. Considerable
extensions have been made to the level schemes of t
nuclei and new structures have been observed.

The projected shell model~PSM! @4# has emerged as
very powerful method for describing high-spin level spect
Several theoretical studies using this model have been
formed for the yrast states in the well deformed rare-ea
region @5–7#. Studies have also been successfully exten
to excited bands, for example, for the even-even168Yb @8#,
and for several odd-Z Ta isotopes@9–11#. Currently, no ma-
jor calculations have been performed for excited bands o
odd-N nucleus. In this work the model predictions are co
pared with the new experimental results for171Yb.
570556-2813/98/57~6!/2924~20!/$15.00
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II. EXPERIMENTAL METHODS AND RESULTS

High-spin states of170Yb and 171Yb were produced using
the reaction170Er(a,xn)1742xYb at beam energies of 35 an
40 MeV. The beam was provided by the FN Tandem and
Superconducting Linear Accelerators at Florida State U
versity. Two stacked self-supporting170Er foils of thickness
1 mg/cm2 were used as targets. The de-excitationg rays
were detected in the Pittsburgh-Florida State Universitieg
array, consisting of 10 escape-suppressed Ge detectors
28 element BGO multiplicity filter@3#. At 40 MeV, a total of
333106 prompt g-g events were collected when two o
more suppressed Ge detectors were in coincidence and,
MeV, 183106 events were collected.

The spectra from the Ge detectors were gain matched
line, and a 400034000 matrix was created for each expe
ment using all possible combinations of coincidence pa
The g-ray energy and detection efficiency were calibrat
using 152Eu and 133Ba sources. The low-energy portion o
the efficiency curve was supplemented by coincidence d
from the even-even170Yb data. Theg-ray data was then
analyzed using the programESCL8Rcreated by Radford@12#.
In addition, an angular correlation matrix was created
each nucleus by projecting the events from the 6 Ge de
tors at 35° and 145° onto thex axis and the events from 4 G
detectors at 90° onto they axis. Analysis of the latter pro-
vides directional correlation~DCO! information which was
used to assign multipolarities tog-ray transitions of interest
2924 © 1998 The American Physical Society
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FIG. 1. Level scheme for
negative parity bands in170Yb
plotted with the positive parity
ground-state band.
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A. Results for 170Yb

The present study has confirmed and extended the p
ously published level scheme by Walkeret al. @13#, who also
used the (a,xn) reaction. In the present study, 67 newg rays
and 2 new band structures have been added to the
scheme shown in Figs. 1 and 2. Table I contains informa
on 170Yb including g ray energies, relative intensitie
branching ratios (l), DCO ratios, initial and final spin as
signments. The spins have been assigned~or confirmed! us-
ing the present DCO ratios along with previously publish
data. A plot of the DCO ratios as a function of transitio
vi-

el
n

d

energy is given in Fig. 3. In this figure, as expected,
stretchedE2 transitions are grouped around a DCO ratio
'1.0 and stretched dipoles around a DCO of'0.5.

Band 1, the positive parity yrast band. Previous work@13#
observed thisKp501 band tentatively toI p5201. The
present study confirms this tentative assignment. This ban
shown in Fig. 4 panel~a!, where a spectrum in coincidenc
with the 615 keV 161→141 transition is presented.

Band 2, the lowest-energy negative parity band. Previous
work @13# observed this band to a tentative maximum ang
lar momentum of 17\ at an excitation energy of 3.7 MeV
-
FIG. 2. Level scheme for posi
tive parity bands in170Yb.
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TABLE I. Data for 170Yb.

Ex ~keV! a Eg ~keV! b I g
rel c l d DCO I i

p e I f
p e

Band 1,a50
84.4 84.4 21 01

277.6 193.2 364610 1.0360.01 41 21

573.3 295.7 300 61 41

963.2 389.9 20566 1.0660.01 81 61

1437.4 474.2 12064 1.0460.01 101 81

1983.1 545.7 6562 1.0460.01 121 101

2580.1 597.0 3361 1.0160.01 141 121

3194.9 614.8 11.260.8 1.0760.03 161 141

3806.6 611.7 3.460.4 1.0360.04 181 161

4436.3 629.7 0.460.2 1.260.4 201 181

Band 2,a50
1258.6 981.0 3962 1.1260.03 42 41

1450.5 191.9 5.360.3 1.160.1 1.0260.08 62 42

105.2 4.760.3 0.3760.01 62 52

1715.9 265.4 11.260.1 2.460.1 1.1660.04 82 62

143.2 4.760.3 0.3560.01 82 72

2056.7 340.8 16.960.3 5.760.6 1.0760.03 102 82

184.6 3.060.3 0.3160.02 102 92

2473.7 417.0 14.560.3 7.761.2 0.9960.02 122 102

231.6 1.960.3 122 112

2966.4 492.7 7.960.3 761 0.9660.03 142 122

285.7 1.260.2 142 132

3533.8 567.4 4.360.3 0.9660.04 162 142

4174.0 640.2 0.860.1 (182) 162

4885.9 711.9 0.360.1 (202) (182)
Band 2,a51

1345.3 86.8 2.060.2 0.5060.03 52 42

771.8 8.360.4 0.7860.06 52 61

1067.7 2561 0.6460.03 52 41

1572.9 227.5 2.960.2 1.0960.09 72 52

122.6 0.960.2 3.460.9 0.7260.05 72 62

609.2 4.760.3 0.6960.04 72 81

999.3 13.860.6 0.5860.02 72 61

1872.1 299.2 8.760.3 1.0560.04 92 72

156.4 1.760.2 5.260.5 0.3760.03 92 82

908.8 14.560.5 0.5960.02 92 81

2242.0 369.9 10.360.3 1.0360.05 112 92

185.3 1.160.1 961 0.3960.04 112 102

804.3 9.760.3 0.5360.02 112 101

2680.6 438.7 10.760.3 1.0260.04 132 112

206.9 0.560.2 132 122

697.5 5.360.2 0.6460.04 132 121

3186.3 505.7 7.160.3 0.9960.08 152 132

~220! f ,0.3 152 142

3756.6 570.3 4.660.2 1.0460.07 172 152

4390.4 633.8 0.460.1 1.360.2 192 172

5084.9 694.5 0.460.1 (212) 192

Band 3,a51
1660.3 1086.8 5.260.5 52 61

1382.9 5.260.6 0.860.1 52 41

1903.1 243.2 1.060.3 1.160.1 72 52

141.0 0.260.1 72 62

939.6 2.060.3 0.6060.09 72 81

1329.8 4.160.5 0.6260.05 72 61
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TABLE I. ~Continued!.

Ex ~keV! a Eg ~keV! b I g
rel c l d DCO I i

p e I f
p e

2220.6 317.5 1.560.2 1.060.1 92 72

175.9 1.460.2 92 82

783.1 1.560.2 0.7260.08 92 101

1257.6 6.060.4 0.4560.08 92 81

2603.5 382.9 3.760.2 1.060.3 112 92

205.1 1.760.1 0.6260.04 112 102

3049.9 446.4 2.260.2 1.060.1 132 112

234.3 1.060.1 132 122

3567.3 517.4 1.160.2 1.060.3 152 132

270.8 0.460.1 152 142

Band 3,a50
1762.7 102.4 0.360.1 62 52

2044.6 281.9 2.460.3 1.260.2 1.260.2 82 62

141.5 2.160.2 82 72

2398.5 353.9 3.960.2 1.560.1 1.0260.09 102 82

177.8 2.660.2 102 92

2815.7 417.2 3.260.2 2.260.3 0.9360.08 122 102

212.1 1.560.1 0.5660.07 122 112

3296.5 480.7 2.260.2 4.060.9 142 122

246.7 0.560.1 142 132

3842.3 545.8 0.660.2 (162) 142

Band 4,a51
2189.7 338.3 3.160.2 72 62

739.2 0.460.2 72 62

844.6 3.460.3 1.160.1 72 52

2525.2 335.4 0.460.2 0.1560.06 1.360.2 92 72

183.6 2.660.2 92 82

2959.6 434.4 2.360.3 1.760.3 0.960.1 112 92

227.0 1.360.1 112 102

3466 ~507! f 1.060.2 (132) 112

~265! f 0.560.2 (132) 122

Band 4,a50
2341.7 152.0 2.460.2 82 72

2732.4 390.5 1.360.2 0.460.1 102 82

207.3 3.160.3 102 92

3202.2 469.9 0.960.2 0.660.1 (122) 102

242.5 1.560.2 (122) 112

3742.2 540.0 0.460.1 (142) (122)
Band 5,a50

1851.4 400.9 1.960.2 62 62

505.9 4.160.4 62 52

2098.7 247.0 0.560.2 82 62

133.9 1.760.2 82 72

2429.2 330.7 1.560.2 102 82

175.4 1.460.2 102 92

2847.3 ~418! f 1.460.3 (122) 102

Band 5,a51
1964.9 113.6 0.660.2 72 62

514.3 1.260.2 72 62

2253.7 288.8 1.160.3 92 72

154.9 1.560.2 92 82

Band 6,a51
1459.7 886.5 1.460.5 0.860.2 51 61

1182.2 4.060.7 0.6960.07 51 41
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TABLE I. ~Continued!.

Ex ~keV! a Eg ~keV! b I g
rel c l d DCO I i

p e I f
p e

1780.3 320.6 0.860.3 71 51

817.1 2.960.4 0.4860.05 71 81

1207.0 1662 0.5160.02 71 61

2169.4 389.1 1162 91 71

732.9 0.860.2 91 101

2603.2 433.8 6.760.7 0.8660.04 111 91

3066.4 463.2 2.960.4 1.1460.09 131 111

3557.5 491.1 1.460.2 (151) 131

4064.3 ~507! f 0.660.2 (171) (151)
Band 7,a50

1329.6 1051.8 5.560.9 41 41

1601.4 271.6 0.260.1 61 41

1028.1 2.860.6 0.5160.02 61 61

1954.1 352.8 1.260.3 1.0060.01 81 61

990.8 4.460.5 0.660.1 81 81

2372.7 418.7 1.260.2 1.060.1 101 81

935.3 1.360.3 0.960.3 101 101

2826.7 454.0 1.860.2 1.160.2 121 101

3307.2 480.5 1.160.2 1.160.2 141 121

3833.2 526.0 0.860.2 (161) 141

Band 8,a50
1408.9 1131.3 2.560.8 1.160.2 41 41

1669.0 260.4 0.460.2 61 41

1095.8 2.760.5 0.7060.06 61 61

2009.3 340.4 1.660.3 81 61

1046.0 8.160.9 0.9760.07 81 81

2412.3 403.1 1.660.3 1.160.2 101 81

974.8 0.960.2 0.960.1 101 101

2859.1 446.8 1.260.2 (121) 101

3333.3 ~474! f 1.060.5 (141) (121)
2859.1 ~511! f 0.660.3 (161) (141)

Band 8,a51
1528.9 955.2 1.560.6 0.9260.09 51 61

1251.3 4.360.9 0.760.1 51 41

1835.0 306.1 0.760.4 71 51

871.8 7.260.8 0.5560.03 71 81

1261f 2.260.5 0.6760.08 71 61

Band 9,a50
1292.4 1014.7 962 1.260.2 41 41

1521.2 ~228.2! 0.560.2 61 41

948.0 4.460.6 61 61

1243.6 4.660.9 1.160.3 61 41

1803.4 281.8 1.860.5 81 61

840.1 1061 1.060.1 81 81

1230.3 6.360.9 1.360.1 81 61

2135.2 331.9 1.560.4 0.960.1 101 81

697.8 3.460.6 0.8460.04 101 101

1172.3 1.860.5 1.060.2 101 81

2523.9 389.2 1.860.2 0.8860.04 121 101

540.6 2.960.5 0.8860.04 121 121

1086.8 3.260.5 1.160.1 121 101

2986.3 462.4 1.860.3 0.960.1 141 121

1003.3 4.260.5 141 121
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TABLE I. ~Continued!.

Ex ~keV! a Eg ~keV! b I g
rel c l d DCO I i

p e I f
p e

3546.9 560.6 0.960.5 161 141

966.9 1.660.2 0.860.1 161 141

4206.3 659.4 0.360.2 (181) 161

1012.4 0.660.2 (181) 161

Band 10,a50
1573.3 1295.7 4.060.6 42 41

1793.8 220.5 0.860.3 0.960.1 62 42

132.9 0.760.2 62 52

1220.2 361 1.260.3 62 61

2097.1 303.3 3.260.6 1.1160.06 82 62

334.4 ,0.5 82 62

1133.6 2.260.3 82 81

2478.1 381.0 1.560.3 1.0360.09 102 82

2927.5 449.4 1.060.2 1.060.2 122 102

3438.1 510.6 0.860.3 (142) 122

4013.7 574f ,0.5 (162) (142)
Band 11,a51

1510.4 1232.8 1.660.7 0.760.1 52 41

1712.4 1139.1 4.060.6 0.5960.07 72 61

2005.3 292.9 0.660.2 92 72

1042.1 10.360.9 0.6160.04 92 81

2387.9 382.6 0.860.2 112 92

950.5 6.360.6 0.5560.03 112 101

2855.4 467.5 0.960.2 1.060.1 132 112

872.3 2.160.3 0.5560.03 132 121

3401.5 546.1 1.060.5 152 132

821.4 1.960.3 0.660.1 152 141

4017.5 616.0 0.660.3 (172) 152

822f ,0.3 (172) 161

Other transitions
2460.4 1023.0 0.860.2 1.060.2 10(2) 101

2938.4 478.0 0.960.1 1.160.4 12(2) 10(2)

955.3 0.560.2 1.160.2 12(2) 121

aLevel energies; bandhead excitation energies have been taken from previous work@13#.
bg-ray energies taken from 40 MeV data set. Accurate to 0.2 keV for most transitions. For weak or contaminated transitions, accur
keV.
cRelativeg-ray intensities@ I g~295.7![300# measured in the 40 MeV data set.
dBranching ratiol5I g(I→I 22)/I g(I→I 21) measured from spectra corresponding to gates above spinI .
eSpin and parity assignments are based on the previous work@13# and on the assumption that the character of the new transitions w
bands continues being stretchedE2 in nature.
fAccurate to within 1 keV.
n
o

he
e

e
0

of
s

or
he

is

46

6

e

The present study extends this band to (21)\ at an excitation
energy of 5.08 MeV. A spectrum of this band can be see
Fig. 4 panel~b!. Walkeret al. @13# identified the bandhead t
be K54 with a lifetime of 370615 ns.

Band 3. This strongly coupled band has only 20% of t
intensity of band 2. The present study has extended tha
51 signature by 2\ and thea50 signature by 4\ over the
previous work@13#. Thea51 signature feeds strongly to th
positive parity yrast band, by dipole radiation to the 11

level and below.
Bands 4 and 5. This study confirms the assignment

spins and transition energies made to these two band
Walker et al. @13#. In addition, in-band stretchedE2 transi-
in

by

tions in thea50 signature of band 4 have been identified f
the first time in this study, as well as one transition in t
a51 signature of band 5. A sample spectrum for band 4
shown in Fig. 4~c!.

Bands 6 and 7. These two bands are based upon the 11
keV 21 state and have been identified by Riedingeret al.
@14#, through Coulomb excitation asg-vibrational bands.
Additions to these bands were made by Walkeret al. @13#. In
the present study, a 389 keVg ray has been added to band
at the 91 level, moving the 434 keVg ray to the 111 level,
and building the sequence to a tentative 171 level. Although
the 389 keV transition is a very strongg-ray transition in the
yrast band, the 733 keV 91→101 transition establishes th
energy of the 91 level in band 6.
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2930 57D. E. ARCHERet al.
Band 8. In the previous study@13#, only two in-band tran-
sitions were observed, but feeding to the yrast band mad
possible to determine the parity of the band. The previou
known transitions have been confirmed, and both new tr

FIG. 3. DCO ratios as a function ofg-ray energy for transitions
in 170Yb.

FIG. 4. Spectra for selected bands of170Yb. ~a! Band 1: transi-
tions in coincidence with the 615 keV transition.~b! Band 2: a gate
on the 341 keV transition.~c! Band 4: a mathematical AND be
tween gates on the 207 and 338 keVg rays.~d! shows the new band
~band 10! with a gate on the 381 keV transition. In panel~d!, tran-
sitions marked by a filled, are in an unplaced band ofg rays
coincident with the 381 keV gate and the filleds denotes ground-
state bandg rays.
it
ly
n-

sitions and new states have been added to this band ex
ing it from spin 10\ to a tentative spin of 16\.

Band 9. Band 9 decays predominantly to the positive p
ity yrast band, see Fig. 2 and Table I. The in-band stretc
E2 g rays have been identified for the first time, and t
band has been extended from the tentativeI p5(12)1 level
to an I p5(181) level.

Band 10. This new band consists of six stretchedE2 tran-
sitions and feeds the positive parity yrast band at the 41,61,
and 81 levels and the negative parity band 3 at the 52 and
62 levels. Spins were assigned to this band by the D
measurements. Negative parity has been assigned b
upon the 334 keVDI 52 transition from band 10 to the 62

state in band 3. A sample spectrum for this band can be s
in panel~d! of Fig. 4.

Band 11. Eight levels in this band were reporte
@13# ~with the states of spins 1 and 3 being tentativ!,
and no in-bandg ray was included apart from a tentativ
15\→ 13\ transition. In addition, parities of the spin 9\ and
11\ states were interpreted as negative and the band
assignedK5(1) @13#. The present study adds four in-bandg
rays, as well as three other newg rays which feed the yras
band from the three highest levels in band 11. Parities of
states in this band were assigned based on the previous p
assignments@13# and the stretchedE2 nature of the in-band
g rays.

Other transitions. Three transitions establishing two ne
levels at excitation energies of 2.460 and 2.938 MeV
170Yb have been found. These levels have not been identi
with any other band in this nucleus, but they feed the po
tive parity yrast band at the 101 and 121 levels via transi-
tions of energies 1023 and 955 keV, see Fig. 1.

B. Results for 171Yb

The nucleus171Yb has been studied extensively by radi
active decay of171Lu @15–17# and by (d,t) and (d,p) reac-
tions @18# making the low-energy levels of this nucleus we
known. The reaction170Er(a,3n) at 26–34 MeV was used
by Lindblad et al. @19# in a fusion evaporation experimen
revealing high-spin states (I< 27

2 ) built upon these well
known low-lying states. This latter study has identified fo
rotational bands based upon the@633#7

2
1, @521#1

2
2, @512#5

2
2,

and tentative@505#11
2

2 Nilsson states@19#. The present study
has confirmed and extended the previously published le
scheme identifying 110 newg rays and 4 new bands. Th
level scheme formed in the present work is shown in Fig
Three additional low-energyg rays (,56 keV! not shown in
our level scheme were established by Lindbladet al. @19#
fixing the bandhead excitation energies of bands 1 and
Table II contains information from the present measurem
on 171Yb including g-ray energies, relative intensities
branching ratios, DCO ratios, initial and final spins. T
spins have been assigned~or confirmed! using the DCO ra-
tios along with previously published information. A plot o
the DCO ratios as a function ofg-ray energy is given in Fig.
6.

Band 1. Band 1 is the positive parity band based upon
@633# 7

2
1 Nilsson state. A spectrum of this band is shown

Fig. 7~a!. This band was previously identified to spin27
2 \
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FIG. 5. Level scheme for171Yb.
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@19# and has been extended to a spin of (45
2 )\ in the present

study.
Band 2. Band 2 is the band based upon the@521# 1

2
2 Nils-

son state. A spectrum of the favored signature in this ban
shown in Fig. 7~b!. The unfavored signature is shown by th
spectrum in Fig. 7~c!. This band was previously identified u
to a tentative spin of25

2 \ @19#. The 25
2 → 21

2 transition has
been confirmed, and the band has been extended to a sp

( 37
2 )\. This band exhibits large signature splitting. The33

2

state in band 2 comes within 70 keV of the33
2 state in band 3.

These two states interact and cross transitions between
two bands are observed of energies 612 and 591 keV,
Fig. 5.

Band 3. This band is based upon the@512# 5
2

2 Nilsson
state. A spectrum of this band is shown in Fig. 7~d!. Band 3
has been confirmed up to the previously known level of21

2

@19# and extended to a spin of43
2 \ and tentatively to45

2 \.
Unlike the previous two bands discussed, this band show
signature splitting, and it decays at every level between sp
I 5 13

2 and 39
2 by a DI 51 transition to band 1.

Band 4. Previously this band was tentatively suggested
being based upon the@505#11

2
2 Nilsson state@19#. We, how-

ever, prefer an alternative assignment to this band. Thi
discussed further in Sec. V. A spectrum for this sequenc
shown in Fig. 8~a!. This band was previously identified up t
the 21

2 level @19#. The current study has extended this band

( 43
2 )\. Several new transitions linking this structure to ba

1 have been identified.
Bands 5 and 6. Two new bands have been observed th

feed band 2. These bands appear to be signature partne
discussed below, but connectingM1 transitions were not
observed. A structure similar to band 6 has been identifie
173Hf @20#, an isotone of171Yb. A transition linking band 6
directly to band 1 has been found. Sample spectra for ba
5 and 6 can be found in Fig. 8~b! and 8~c!, respectively.
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Bands 7 and 8. Two new very weakly populated (I g
<3% band 1! structures which decay to band 1 have be
observed. The spin and parity assignments given are te
tive.

III. PROJECTED SHELL MODEL

The projected shell model@4# ~PSM! is a shell model
approach starting from the deformed@21# single-particle ba-
sis. Its advantage over the conventional shell model is t
the important nuclear correlations, especially for a stron
deformed system, are easily taken into account in a mana
able configuration space, thus making it possible to treat
heavy systems within the shell model framework. We w
not explain the details of the model here; the interes
reader can learn the model from the review article@4#. Re-
cently, the model has been used to give a possible expla
tion for the problem of the anomalous crossing frequency
the odd-proton rare-earth nuclei@22# and detailed compari-
sons were made with168Yb @8#, 169Ta @9#, 177Ta @10#, and
175Ta @11#. Thus the model space and the correspond
Hamiltonian used for this mass region are well justified.

The calculation starts with the ansatz for the angular m
mentum projected wave function given by

uIM &5(
k

f kP̂MKk

I uwk&, ~1!

wherek labels the basis states. Acting on an intrinsic sta
uwk&, the operatorP̂MK

I @23# generates states of good angul
momentum, thus restoring the necessary rotational symm
violated in the deformed mean field. The basis statesuwk& are
spanned by the set

$anl

† uf&,ani

† anj

† anl

† uf&,api

† apj

† anl

† uf&% ~2!
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TABLE II. Data for 171Yb.

Ex ~keV! a Eg ~keV! b I g
rel c l d DCO I i

p e I f
p e

Band 1,a 5 1
1
2

168.0 72.8 8963 9
2

1 7
2

1

369.3 201.4 12867 1.460.1 1.0460.04 13
2

1 9
2

1

110.0 9265 0.3360.01 13
2

1 11
2

1

648.6 279.2 39067 2.460.2 1.0560.02 17
2

1 13
2

1

147.0 160613 0.3960.01 17
2

1 15
2

1

1005.2 356.6 500 4.460.5 0.9460.02 21
2

1 17
2

1

178.8 114611 0.3760.01 21
2

1 19
2

1

1436.3 431.1 27765 6.160.3 0.9660.03 25
2

1 21
2

1

201.7 4562 25
2

1 23
2

1

1938.6 502.3 17663 1261 0.9960.02 29
2

1 25
2

1

213.8 14.360.9 29
2

1 27
2

1

2509.5 570.9 7862 0.9560.07 33
2

1 29
2

1

3147.0 637.5 1961 1.060.1 37
2

1 33
2

1

3848.5 701.5 4.160.6 ( 41
2

1)
37
2

1

4612.6 764.1 ,1 ( 45
2

1) ( 41
2

1)
Band 1,a 5 2

1
2

259.3 164.1 97610 1.060.1 1.2060.06 11
2

1 7
2

1

91.6 10369 0.3860.01 11
2

1 9
2

1

501.7 242.3 28167 2.260.2 0.9860.02 15
2

1 11
2

1

132.7 127612 0.4160.01 15
2

1 13
2

1

826.5 324.8 48866 3.560.4 1.0360.02 19
2

1 15
2

1

177.9 142613 0.3360.02 19
2

1 17
2

1

1234.7 408.2 39065 4.760.1 0.9760.02 23
2

1 19
2

1

229.5 83.560.7 0.3260.01 23
2

1 21
2

1

1724.9 490.2 20564 6.860.4 0.9560.03 27
2

1 23
2

1

288.5 3062 0.2960.02 27
2

1 25
2

1

2294.3 569.4 9263 962 0.9960.09 31
2

1 27
2

1

355.6 1062 31
2

1 29
2

1

2939.5 645.2 2562 0.9960.06 35
2

1 31
2

1

3656.9 717.4 6.160.9 1.260.2 39
2

1 35
2

1

4442.9 786.0 ,1 ( 43
2

1)
39
2

1

Band 2,a 5 1
1
2

76.1 76.1 5
2

2 1
2

2

247.1 171.0 127613 1.1660.02 9
2

2 5
2

2

509.8 262.7 36267 13
2

2 9
2

2

860.5 350.7 34165 1.0460.02 17
2

2 13
2

2

1294.8 434.3 24264 1.0060.02 21
2

2 17
2

2

1807.8 513.0 13963 1.0560.03 25
2

2 21
2

2

2393.0 585.2 5462 1.0160.07 29
2

2 25
2

2

3059.0 666.0 11.460.9 0.960.3 33
2

2 29
2

2

612.1 361 33
2

2 29
2

2

3772.5 713.5 2.360.6 ( 37
2

2)
33
2

2

Band 2,a 5 2
1
2

67.2 67.2 3
2

2 1
2

2

231.3 164.2 4166 2.360.5 1.1760.02 7
2

2 3
2

2

155.1 1762 1.0560.02 7
2

2 5
2

2

488.0 256.7 18065 5.860.4 11
2

2 7
2

2

240.9 3162 0.8460.06 11
2

2 9
2

2

833.7 345.7 17464 6.760.8 1.0760.02 15
2

2 11
2

2

323.9 2663 0.7460.02 15
2

2 13
2

2
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TABLE II. ~Continued!.

Ex ~keV! a Eg ~keV! b I g
rel c l d DCO I i

p e I f
p e

1264.1 430.6 13864 1361 0.9760.03 19
2

2 15
2

2

403.4 10.960.9 0.8760.06 19
2

2 17
2

2

1774.6 510.6 8963 1663 0.9560.04 23
2

2 19
2

2

479.7 5.660.9 23
2

2 21
2

2

2360.2 585.6 3062 1.0160.07 27
2

2 23
2

2

3015.5 655.3 8.360.3 1.260.2 31
2

2 27
2

2

3747.1 731.6 1.460.6 ( 35
2

2)
31
2

2

Band 3,a 5 1
1
2

317.6 195.2 5267 1.060.2 9
2

2 5
2

2

109.5 5366 0.4460.01 9
2

2 7
2

2

604.7 287.0 6864 0.9660.05 13
2

2 9
2

2

154.9 4565 1.560.2 0.4660.02 13
2

2 11
2

2

345.4 762 0.6360.08 13
2

2 11
2

1

976.7 371.9 10064 0.9460.04 17
2

2 13
2

2

196.1 3063 3.360.4 17
2

2 15
2

2

475.3 862 17
2

2 15
2

1

1421.8 445.0 8063 1.0760.08 21
2

2 17
2

2

231.0 1762 4.860.5 0.3960.04 21
2

2 19
2

2

595.5 1462 21
2

2 19
2

1

1920.0 498.2 5162 1.060.1 25
2

2 21
2

2

254.8 861 6.160.8 0.460.1 25
2

2 23
2

2

685.2 1762 0.5360.07 25
2

2 23
2

1

2446.9 527.7 2462 0.960.1 29
2

2 25
2

2

267.6 3.360.9 762 29
2

2 27
2

2

722.8 1362 29
2

2 27
2

1

2984.1 537.2 862 1.160.1 33
2

2 29
2

2

690.2 661 0.660.1 33
2

2 31
2

1

591.0 5.060.6 0.960.3 33
2

2 29
2

2

3567.9 583.8 661 1.160.2 37
2

2 33
2

2

628.2 0.860.5 37
2

2 35
2

1

4198.4 630f ,1 ( 41
2

2)
37
2

2

4880.5 ~682! f ,1 ( 45
2

2) ( 41
2

2)
Band 3,a 5 2

1
2

208.1 86.1 7
2

2 5
2

2

450.0 241.9 5566 1.160.2 11
2

2 7
2

2

132.5 4864 0.4260.01 11
2

2 9
2

2

780.6 330.5 9664 1.0660.04 15
2

2 11
2

2

176.1 4662 2.160.1 0.4860.02 15
2

2 13
2

2

411.4 862 15
2

2 13
2

1

1190.7 410.0 9564 1.0560.05 19
2

2 15
2

2

214.1 2562 3.860.3 0.4260.02 19
2

2 17
2

2

542.2 962 0.5660.08 19
2

2 17
2

1

1665.2 474.4 7063 1.0760.07 23
2

2 19
2

2

243.4 1562 4.660.5 23
2

2 21
2

2

660.1 1462 0.760.3 23
2

2 21
2

1

2180.1 514.9 4262 0.9860.06 27
2

2 23
2

2

260.1 4.860.9 962 0.760.1 27
2

2 25
2

2

744.3 1062 27
2

2 25
2

1

2717.3 537.2 2062 1.160.4 31
2

2 27
2

2

269.6 1.660.5 1264 31
2

2 29
2

2

779.3 761 0.660.1 31
2

2 29
2

1



2934 57D. E. ARCHERet al.
TABLE II. ~Continued!.

Ex ~keV! a Eg ~keV! b I g
rel c l d DCO I i

p e I f
p e

3282.0 564.7 1262 1.060.1 35
2

2 31
2

2

773.0 2.360.6 0.660.1 35
2

2 33
2

1

3882.8 600.8 5.360.9 ( 39
2

2)
35
2

2

736.3 0.960.3 ( 39
2

2)
37
2

1

4528.0 645f ,0.5 ( 43
2

2) ( 39
2

2)
~680! f ,0.5 ( 43

2
2) ( 41

2
1)

Band 4,a 5 2
1
2

1114.4 745.2 1362 15
2

1 13
2

1

133.2 5766 0.4860.02 15
2

1 13
2

1

1436.9 322.5 3464 1.0760.07 19
2

1 15
2

1

171.0 4965 0.760.1 0.3360.02 19
2

1 17
2

1

788.3 661 19
2

1 17
2

1

1835.1 398.1 416 4 1.860.3 0.9760.06 23
2

1 19
2

1

208.7 2262 0.2660.02 23
2

1 21
2

1

2306.6 471.4 3564 4.460.8 1.060.1 27
2

1 23
2

1

246.5 861 0.4460.06 27
2

1 25
2

1

2846.7 540.1 1762 762 1.060.2 31
2

1 27
2

1

279.1 2.560.7 31
2

1 29
2

1

3448.6 601.9 861 ( 35
2

1)
31
2

1

4103.6 655.0 0.860.3 ( 39
2

1) ( 35
2

1)
4812.6 709.0 0.560.3 ( 43

2
1) ( 39

2
1)

Band 4,a 5 1
1
2

981.2 479.3 661 1.0 6 0.1 13
2

1 15
2

1

612.1 2062 13
2

1 13
2

1

721.8 5165 0.6 6 0.1 13
2

1 11
2

1

1266.2 284.9 2263 17
2

1 13
2

1

152.1 4765 0.4660.07 0.3460.02 17
2

1 15
2

1

764.5 962 17
2

1 15
2

1

1626.5 360.3 3664 1.160.1 21
2

1 17
2

1

189.6 2863 1.360.2 0.3360.03 21
2

1 19
2

1

800.2 962 21
2

1 19
2

1

2060.2 433.7 2663 0.960.1 25
2

1 21
2

1

224.9 861 3.260.6 0.3460.03 25
2

1 23
2

1

825.6 1562 25
2

1 23
2

1

2566.8 506.6 1962 5.160.2 1.060.2 29
2

1 25
2

1

260.1 3.860.6 29
2

1 27
2

1

3142.4 575.6 862 763 ( 33
2

1)
29
2

1

297.1 1.260.4 ( 33
2

1)
31
2

1

3778.8 636.4 1.960.6 ( 37
2

1) ( 33
2

1)
4467.9 ~689! f ,0.5 ( 41

2
1) ( 37

2
1)

Band 5,a 5 2
1
2

1614.7 754.2 1662 0.6360.06 19
2

(1) 17
2

2

1986.4 371.7 962 0.860.1 23
2

(1) 19
2

(1)

691.6 2463 0.4960.04 23
2

(1) 21
2

2

2428.8 442.4 1362 1.0460.04 27
2

(1) 23
2

(1)

620.9 1562 0.5560.05 27
2

(1) 25
2

2

2944.8 516.1 1662 1.360.2 31
2

(1) 27
2

(1)

551.7 561 31
2

(1) 29
2

2

3538.5 593.7 461 ( 35
2

1)
31
2

(1)
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TABLE II. ~Continued!.

Ex ~keV! a Eg ~keV! b I g
rel c l d DCO I i

p e I f
p e

Band 6,a 5 1
1
2

1517.7 684.1 762 0.760.1 17
2

(1) 15
2

2

869.1 562 17
2

(1) 17
2

1

1885.4 367.7 761 1.060.2 21
2

(1) 17
2

(1)

621.2 662 21
2

(1) 19
2

2

2319.2 433.9 1463 ( 25
2

1)
21
2

(1)

544.4 661 ( 25
2

1)
23
2

2

2821.3 502.1 1162 ( 29
2

1) ( 25
2

1)
461.0 ,0.5 ( 29

2
1)

27
2

2

3390.3 569.0 661 ( 33
2

1) ( 29
2

1)
Band 7,a51

1
2

1665.2 839.1 1262 ( 21
2

1)
19
2

1

2087.0 422.0 761 0.860.1 ( 25
2

1) ( 21
2

1)
853.0 862 0.6760.02 ( 25

2
1)

23
2

1

2596.0 509.0 662 0.860.1 ( 29
2

1) ( 25
2

1)
Band 8,a 5 2

1
2

1656.8 651.7 1162 1.060.1 ( 19
2

1)
21
2

1

830.2 1262 ( 19
2

1)
19
2

1

2070.0 413.2 762 ( 23
2

1) ( 19
2

1)
634.0 862 ( 23

2
1)

25
2

1

835.2 662 0.960.2 ( 23
2

1)
23
2

1

2579.0 508.4 962 ( 27
2

1) ( 23
2

1)
639.8 4.860.9 1.060.3 ( 27

2
1)

29
2

1

Unassigned transitions
1773.7 768.5 561 0.860.3 23

2
(1) 21

2
1

2334.7 898.4 961 0.960.2 27
2

(1) 25
2

1

2359.2 922.9 1.560.3 ( 27
2

1)
25
2

1

aLevel energies; bandhead excitation energies have been taken from previous work@19#.
bAccurate to 0.2 keV for most transitions. For weak or contaminated transitions, accurate to 0.5 keV.
cRelativeg-ray intensities@ I g~356.6![500# measured predominantly in the 35 MeV data set. Intensity information forg rays at higher
excitation has been supplemented with the 40 MeV data set.
dBranching ratiol5I g(I→I 22)/I g(I→I 21) measured from spectra corresponding to gates above spinI .
eSpin and parity assignments are based on the previous work@19# and on the assumption that the character of the new transitions w
bands continues being stretchedE2 in nature.
fAccurate to within 1 keV.
a

de
ca

d

h

se
rks

g

for odd-neutron nuclei. The quasiparticle vacuum isuf&,
which has number parity even andam (am

† ) is the quasipar-
ticle annihilation~creation! operator for this vacuum. In the
calculation, we have allowed active particles from three m
jor shells: i.e.,N 5 4, 5, and 6 (N 5 3, 4, and 5! for neutrons
~protons! as the configuration space. This is a shell mo
space far beyond that which a spherical shell model
handle.

The following Hamiltonian@4#:

Ĥ5Ĥ02
1

2
x(

m
Q̂m

† Q̂m2GMP̂†P̂2GQ(
m

P̂m
† P̂m ~3!

has been used. The interaction strengths are determine
-

l
n

as

follows: the quadrupole interaction strengthx is adjusted so
that the known quadrupole deformation«2 from the Hartree-
Fock-Bogoliubov self-consistent procedure@24# is obtained.
It turns out that for171Yb «2 5 0.265. The monopole pairing
strength GM is adjusted to the known energy gapGM
5$20.12713.13@(N2Z)/A#%A21, with the minus ~plus!
sign for neutrons~protons!. The quadrupole pairing strengt
GQ is assumed to be proportional toGM and the proportional
constant is fixed to be 0.18 in the present work. The
strengths are consistent with those used in previous wo
@4#.

The weightsf k in Eq. ~1! are determined by diagonalizin
the HamiltonianĤ in the basis given by Eq.~2!. This will
lead to the eigenvalue equation~for a given spinI )



m
ve
w
o

lu
n
a

ns
in

te
,
b

e
s
m
th

e

tly
In
a

a

on
t

rd

ive
ave
s,
ard

gn-
nd

rity
ther

la-
y
le

of
gies.

en

the
ec-

eV

on-

2936 57D. E. ARCHERet al.
(
k8

~Hkk82ENkk8! f k850. ~4!

Following the basic philosophy of shell model that the sa
Hamiltonian should describe all the nuclear states in a gi
nucleus, all the theoretical bands discussed in this paper
be obtained by one single diagonalization. There is no ro
for individually adjusting parameters for certain states.

We would like to emphasize that solving the eigenva
equation~4! is a process of mixing states with the same a
differentK ’s by the residual interactions. Therefore, our fin
states do not~and should not! have K as a good quantum
number in a strict sense. Nevertheless, when the level de
is not very high and the mixing is not very strong, as it is
the case of the low spin and near yrast region, a final sta
usually dominated by one intrinsicK state. In this situation
we can keep using those intrinsic quantum numbers to la
the final state.

Finally, we comment on the possibility of describing th
other collective modes within the framework of PSM. A
discussed above, the projected basis is constructed fro
fixed set of quasiparticle states of BCS condensate. In
sense, the PSM is an angular momentum projected Tam
Dancoff approximation. In principle, all the collectiv
modes, for example,b- and g-vibration bands, could show
up from the calculation if the projected basis is sufficien
large in which all the possible configurations are mixed.
practice, however, calculations are usually done in a sm
size of basis~typical dimension 50! @4#. Therefore, such vi-
brational modes cannot be as easily obtained within PSM
in a theory with ground state correlations, such as the r
dom phase approximation@25#.

IV. DISCUSSION OF 170Yb

The kinematic moments of inertia for the bands in170Yb
have been plotted as a function of the square of the rotati
frequency in Fig. 9, with the bands grouped according
parity. The bands have been grouped in this manner in o

FIG. 6. DCO ratios as a function ofg-ray energy for transitions
in 171Yb.
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to highlight differences between the positive and negat
parity bands. For example, the negative parity bands all h
a flat or downward trajectory at low rotational frequencie
but the positive parity bands tend to have a sharp upw
trajectory at low rotational frequency (\v)2'0.05 MeV2.
This is one factor that supports our negative parity assi
ment for band 10. This type of comparison shows that ba
11 also has similar behavior to the other negative pa
states, giving us confidence in its parity assignment. Fur
discussion of band assignments is continued below.

A. Band assignments

A detailed discussion of the two-quasiparticle~2QP! con-
figurations based upon two-quasiparticle-plus-rotor calcu
tions for the bands in170Yb can be found in the paper b
Walker et al. @13#. Some further discussion of quasipartic
configurations was made by Goel and Jain@26#, again using
the two-quasiparticle-plus-rotor model, in a comparison
calculated and experimentally observed bandhead ener
Goel and Jain examined the couplings between thei 13/2 and
h9/2 neutrons, of which only two combinations have be

FIG. 7. Coincidence spectra for bands 1, 2, and 3 in171Yb. Band
1 is shown in panel~a! by a sum of coincidence gates set around
637 and 645 keV transitions from the 40 MeV data set. This sp
trum has been multiplied by a factor of 3 above 690 keV. Thed

marks intense transitions from the bottom of the170Yb yrast band.
Panels~b! and~c! show band 2 with gates on the 666 and 655 k
transitions for thea51

1
2 and a52

1
2 signatures, respectively. A

sample spectrum from band 3 is shown in panel~d! with a gate on
the 498 keV transition. The transitions marked with a box are c
taminants from band 1. Panels~b!, ~c!, and~d! are from the 35 MeV
data set.



d

le

h

ra
I

on
e

s
he
m

he

t
in
in

ed

lin

us-
eV
he

ved
s is

see
atio

e

n
son
th

ion

sly

ea-
the

via

is

We
, the

s
le

rtia
re

57 2937ROTATIONAL BANDS IN 170Yb AND 171Yb AND THE . . . .
observed experimentally, namely,@633#7
2 ^ @521#1

2 yielding
Kp532,42. We compare the alignments of the 2QP ban
in the even-even nucleus170Yb, to the sum of the single qp
alignments found in the neighboring odd particle nuclei@27#
in our configuration assignments. For the odd-particle nuc
171Yb was used for single quasineutron states and169Tm
@28# was used for single quasiproton states. A list of t
observed alignment for the bands in170Yb and comparison
using additivity with their suggested quasiparticle configu
tions can be found in Table III and is discussed below.
addition to using the comparisons of alignments in the c
figuration assignments, transition strength ratios have b
used when applicable.

Band 1. This is the ground-state band in170Yb.
Band 2. The two previous publications@13,26# suggest a

parallel coupling between then(@633# 7
2 ^ @521# 1

2 ) Nilsson
states (K54) for band 2 based upon two-quasiparticle-plu
rotor calculations. Support for this configuration lies in t
fact that the signature splitting at higher frequencies is si
lar to that seen in@633#7

2 band in 171Yb ~see section on
171Yb). Other evidence in support of this configuration is t
lack of the (n i 13/2)

2 quasiparticle alignment at\v50.3 MeV
since this is blocked. We also see agreement between
theoretical and experimental transition strength ratios us
the proposed configuration as discussed in Sec. VI B. Tak
172Yb for comparison@29#, where band 2 was also assign

the configurationn(@633# 7
2 ^ @521# 1

2 ), we see from the kine-
matic moment of inertia plots~Fig. 9! that these bands~band
2! in both nuclei act in a similar manner.

Band 3. This band is suggested as an antiparallel coup

between then(@633# 7
2 ^ @521# 1

2 ) Nilsson states (K53) in

FIG. 8. Coincidence spectra for bands 4, 5, and 6 in171Yb.
Panel~a! is a gate on the 152 keVg ray showing band 4. Band 5 i
shown in panel~b! by a gate on the 692 keV transition. A samp
spectrum for band 6 is shown in panel~c! with a gate on the 368
keV in-band transition. Contaminant transitions from170Yb, 171Yb,
and 172Yb are marked with filled,,s, andn, respectively. All the
spectra shown here are from the 35 MeV data set.
s
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which the experimental data and two-quasiparticle-pl
rotor-model calculation bandhead energies differ by 6.6 k
@26#. Walker et al. @13# propose the same assignment. T

alignments of the suggestedn(@633# 7
2 ^ @521# 1

2 ) band 3 are
given in Table III. The agreement here between the obser
band 3 and suggested single quasiparticle configuration
still satisfactory. In addition, the lack of a (n i 13/2)

2 band
crossing in the kinematic moment of inertia~Fig. 9! plot
gives additional support to this configuration, since then i 13/2
orbital is again blocked. As in the case of band 2, we also
agreement between the calculated transition strength r
and the experimental data as discussed in Sec. VI B.

Band 4. Band 4 is proposed@13# as being based on th

p(@523# 7
2 ^ @404# 7

2 ) Nilsson states. This configuratio
seems quite reasonable within our framework of compari
as seen in Table III. Again, theoretical transition streng
ratios can be used to aid in confirming the configurat
assignment~see Sec. VI B!.

Band 5. This weakly populated band has been previou

assigned@13# the configuration ofn(@633# 7
2 ^ @512# 5

2 ). Our
comparison of alignments shows this configuration to be r
sonable. In addition, this band behaves very similarly to

n(@633# 7
2 ^ @512# 5

2 ) configuration in172Yb ~see Fig. 9!.
Bands 6 and 7. These bands have been investigated

Coulomb excitation and attributed to theg-vibrational mode
as discussed by Riedingeret al. @14#. Their small alignments,
as listed in Table III, at low spins are consistent with th
assignment.

These bands are very similar in nature to band 8.
suggest that at higher frequencies, as usually happens

FIG. 9. Experimental values of the kinematic moments of ine
for bands in170Yb and 172Yb are plotted as a function of the squa
of the rotational frequency.
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TABLE III. Alignment in two-quasiparticle bands for170Yb from experiment and using additivity from
neighboring odd mass nuclei.

Additivity 170Yb expt.
Band Kp Configurationa i x(\) b i x(\) b

2 42 n~@633# 7
2 ^ @521# 1

2 ! 2.94 2.02

3 32 n~@633# 7
2 ^ @521# 1

2 ! 2.08 1.73c

4 72 p~@523# 7
2 ^ @404# 7

2 ! 1.32 1.35

5 62 n~@633# 7
2 ^ @512# 5

2 ! 2.43 2.20

6 21 g-vib1n~@512# 5
2 ^ @521# 1

2 ! 0.36 0.24c

7 21 g-vib1n~@5125
2 # ^ @521# 1

2 ! 0.36 0.24c

8 (3)1 n~@512# 5
2 ^ @521# 1

2 ! 1.23 0.58
9 01 b-vib 1 S-band 4.06 0.83

10 (1)2 Oct vib1n~@633# 7
2 ^ @523# 5

2 ! 3.66 1.37c

11 (1)2 Oct vib1n~@6337
2 # ^ @523# 5

2 ! 2.96 2.78

an Nilsson states taken from171Yb, J0536.9 \2 MeV21, J1569 \4 MeV23; p Nilsson states taken from
169Tm, J0535.9\2 MeV21, J1570 \4 MeV23.
b\v50.10 MeV.
cAlignment extrapolated back to\v 5 0.10 MeV.
dUnable to extrapolate alignment back to\v 5 0.10 MeV.
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character of the vibrational band becomes mixed with 2
states. Based on the similarities to band 8 shown in the
ment of inertia plot, we suggest the rotational band at hig

frequencies involves a coupling of then(@512# 5
2 ^ @521# 1

2 )
Nilsson states. The early back bending~see Fig. 9! of these
two bands may then be attributed to the alignment of the
pair of i 13/2 neutrons. The lower frequency of this alignme
in bands 6 and 7 as compared with the ground-state band
Fig. 9, may then be understood in terms of the reduction
the pairing gap due to the blocking effect@30# caused by the
sizable 2QP character of the bands for\v>0.2 MeV.

Band 8. This band has been previously assigned posi
parity without aK value assignment@13#. Its decay charac-
teristics imply~Fig. 2! K<4. Inspection of172Yb reveals a
Kp531 rotational band built upon a mixture of th

n(@512# 5
2 ^ @521# 1

2 ) and p(@411# 1
2 ^ @404# 7

2 ) Nilsson states
@13#. Band 8 is possibly the analogousKp531 state in
170Yb. This seems reasonable from comparing the kinem
moment of inertia plots of170Yb and 172Yb ~Fig. 9!. In this
figure, band 8 has very small initial moment of inertia
both nuclei as well as similar structure, with respect to
ground-state band in each nucleus. The similarities in
structure of these two bands in addition to the comparis
of moments of inertia lead us to assign a configuration

n(@512# 5
2 ^ @521# 1

2 ) to this band. Bands 6, 7, and 8 in170Yb,
are therefore expected to behave in a similar manner and
is indeed the case, as seen in Fig. 9. The early strong a
ment at\v2'0.053 MeV2 for band 8 can thus be explaine
using the same blocking arguments put forth for bands 6
7.

Band 9. In Fig. 9, this band displays a sharp rise in m
ment of inertia~or alignment! at low rotational frequency
This alignment increase can be understood as a change i
character of the band from vibrational to 2QP in nature. T
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K50 b-vibrational band is known to lie at'1 MeV in the
even-evenA51662172 Yb nuclei and, thus, may constitu
the dominant character of band 9 at low spin. The alignm
gain shows the gradual mixing with the low-spin members
the neutron (i 13/2)

2 band, as proposed by Walkeret al. @13#.
Very similar behavior is observed in172Yb, as shown in Fig.
9.

Bands 10 and 11. The previous assignment ofK51 @13#
to band 11, in addition to the measuredB(E3) (' 4 s.p.u.!
of the 32 state@31#, suggests that this is an octupole vibr
tion based on the ground-state band~band 1!. Furthermore, a
measurement of the alignment, as evidenced by the mom
of inertia plot Fig. 9, shows very constant and flat alignme
for band 11,'3\ higher than the ground-state band. Ba
10 is suggested to be based on the unfavored octupole v
tional state. The energies and parities of the levels in
band have been firmly assigned through its interactions w
bands 1 and 3. With these assignments, bands 10 an
show large splitting which is common between the favor
and unfavored octupole-vibrational bands. This same beh
ior of octupole bands is shown in a plot of the moment
inertia for 172Yb, Fig. 9 bands 10 and 11.

V. DISCUSSION OF 171Yb

A. Configuration assignments and theoretical comparisons

A plot of the excitation energy minus a rigid-rotor refe
ence is shown in Fig. 10 for the experimental data. T
aligned angular momentum~experiment and theory! has
been plotted as a function of rotational frequency for t
bands in171Yb using reference Harris parametersJ0535.8
\2 MeV21 andJ1570 \4 MeV23 in Fig. 11. These Harris
parameters were chosen following the ground-state band
erence prescription of Bengtsson and Frauendorf@27,32#.
Configuration assignments for the bands in171Yb are sum-
marized below.
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Band 1. This has been previously assigned as the@633#7
2

band@19#.
Band 2. This has been previously assigned as the@521#1

2
2

band@19#.
Band 3. This has been previously assigned as the@512#5

2
2

band@19#.
Band 4. This band has been previously given a tentat

assignment of@505#11
2 @19#. We suggest a 3QP configuratio

as discussed in Sec. B.
Bands 5 and 6. Our suggestion is that these new states

associated with octupole-vibrational states built upon
@521#1

2 orbital ~band 2!. This assignment would be consiste
with: ~i! the strong high-energy dipole transitions~most
likely E1’s! which connect bands 5 and 6 to band 2,~ii ! the
alignment of bands 5 and 6 which is'222.5\ higher than
that of band 2,~iii ! the large signature splitting of bands
and 6 which is similar to that seen in band 2, and~iv! the fact
that low-lying octupole bands are observed in neighbor
even-even nuclei.

FIG. 10. Excitation energy (Ei) minus a rigid-rotor reference a
a function of angular momentum for the observed bands in171Yb.
The open and filled symbols differentiate between signatures o
same Nilsson configuration.

FIG. 11. Aligned angular momentum as a function of rotatio
frequency for~a! the observed bands 1, 2, and 3 and~b! 4, 5, 6, 7,
and 8 in 171Yb. Panel~c! gives the results from the PSM calcula
tions for bands 1, 2, and 3. The open and filled symbols differe
ate between signatures of the same Nilsson configuration. H
parameters used:J0535.8\2 MeV21, J1570\4 MeV23.
e

e
e

g

Bands 7 and 8. These weak structures are observed
decay to both signatures of band 1. This behavior and
fact that their alignment values are close to the alignmen
band 1 ~see Fig. 11!, indicate the involvement of ani 13/2
neutron in their intrinsic configuration together with oth
components which contribute essentially zero alignme
These facts and the observation of low-lying-vibration
structures in the neighboring nuclei suggests that bands 7
8 are possiblyb-vibrational structures based upon band 1

PSM calculations have been made for the lowest-ene
n@633# 7

2 ~band 1!, n@521# 1
2 ~band 2!, andn@512# 5

2 ~band 3!
configurations in171Yb. Rather impressive agreement is o
served between experiment and theory, particularly for ba
1 and 2. In order to enhance the differences between
experimental data and theoretical calculations, a plot of
difference in experimental and theoretical excitation ene
is shown in Fig. 12. From these plots, it can be seen tha
band 3 is calculated to have a slightly higher energy tha
shown in the experimental data. At higher spins, bands 2
3 are very close together in the PSM where experim
shows them moving away from one another. However, o
should remember atI 520\ we are discussing differences o
'200 keV in excitation energies of over;4 MeV.

At low rotational frequencies (\v,0.2 MeV! excellent
agreement in the alignment from experiment and theory
observed. However, at high rotational frequencies (\v
.0.25 MeV!, the agreement is not quite as good. The o
band in the experimental data that goes through an obv
particle alignment is band 3 at\v'0.25 MeV. In the PSM
calculations, the@521# 1

2 and@512#5
2 bands~bands 2 and 3! are

shown to back bend at\v'0.3 MeV. The PSM thus pre
dicts a band crossing frequency that is slightly too high
rotational frequency for band 3 and too small a gain
aligned angular momentum.

B. Band interactions and perturbations

Interactions can occur between states of the same p
and signature, and we have used the observation of s

e

l

i-
ris

FIG. 12. Difference in excitation energy between PSM calcu
tions and experimental data for bands in171Yb.
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perturbations in our experimental data to assist in the b
assignments. In171Yb bands 2 and 3 interact at spinI 5 33

2

with crossover transitions between both bands being
served. The interaction between bands shows up as a pe
bation in the excitation energy and the alignment~Figs. 10
and 11!. The excitation energy of thea51 1

2 signatures of
bands 2 and 3 cross atI 515.5\. Above this point, band 3 is
pushed down a little in excitation energy. This results in
slight increase in the alignment of band 3, which can be s
as the separation of signatures of band 3 in the alignm
plot at \v'0.26 MeV. A simple two level mixing calcula
tion for bands 2 and 3 atI 5 33

2 gives an interaction matrix
element of 25 keV. An interaction at the same spin for
same configurations is also seen in173Hf @20# with an inter-
action matrix element of 17 keV. A comprehensive study
other similar perturbations found in rare-earth nuclei h
been compiled by Hagemannet al. @33#.

Band 4 has been previously suggested tentatively@19# to
have a configuration of@505# 11

2
2. This negative parity as

signment allows the possibility of interactions with bands
and 3. In the excitation energy plot~Fig. 10!, band 4 is
shown to come within 7 keV of band 2 atI 5 37

2 . The lack of
any perturbation indicates that band 4 is more likely to be
positive parity. We suggest a 3QP configuration

n@@633# 7
2 ^ @512# 5

2 ^ @521# 1
2 ) which translates inton@~band

1 a51 1
2 ) ^ ~band 2a51 1

2 ) ^ ~band 3a56 1
2 )#. Addi-

tional support for this assignment comes from blocking
guments and the transition strength measurements and c
lations discussed below.

FIG. 13. Alignment plot for band 2~@521# 1
2! and band 3

~@512#5
2! in 171Yb (J0535.8\2 MeV21, J1570\4 MeV23), 173Hf

(J0535\2 MeV21, J1580\4 MeV23) @20#, and 175W (J0528\2

MeV21, J15120\4 MeV23) @34#.

TABLE IV. Parameters for theoreticalB(M1)/B(E2) values
for 170Yb.

Band Q0 gR g1 K1 i 1 g2 K2 i 2

2 7.6 0.41 20.20 3.5 2.2 20.23 0.5 1.0
3 7.6 0.41 20.20 3.5 2.2 20.23 0.5 1.0
4 7.6 0.41 0.80 3.5 0.21 1.26 3.5 1.1
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VI. FIRST n i 13/2 BAND CROSSING AND TRANSITION
STRENGTH RATIOS IN 170Yb AND 171Yb

A. The first n i 13/2 band crossing

The first back bend in this region of nuclei is due to t
alignment of a pair ofi 13/2 neutrons between\v 5 0.25 and
0.3 MeV. An alignment plot is shown in Figs. 11~a! and
11~b! for the observed bands in171Yb. Figure 11~c! shows
the predictions of the PSM calculations. Since band 1 is
@633#7

2 band, this firsti 13/2 alignment is blocked. This block
ing argument also applies to band 4 where no back ben
observed~see Fig. 11!, since we suggest that this band has
configuration involving thei 13/2 neutron orbital. Band 3 back
bends as expected at aboutv'0.25 MeV. Band 2, however
shows no signs of back bending, a result in contrast to
expectations of the PSM. This anomaly may result from
interaction of bands 2 and 3 in the back bending region
gether with the fact that in the otherN5101 isotones there is
a slight delay in the band crossing frequency of the@521# 1

2

band with respect to the@512#5
2 ~see Fig. 13!. However, the

delays in theN5101 isotones seem to be much smaller th
the delay found in171Yb. Further experimental work to ob
serve band 2 to higher spin is necessary to resolve this q
tion.

B. Transition strength ratios

Transition strength ratios@B(M1:I→I 21)/B(E2:I→I
22)# give clear indications about the quasiparticle cont
of a rotational band and can thus aid in band identificati
Experimental measurements of the ratios of reduced tra
tion probabilities for170Yb and 171Yb will be compared with
a semiclassical@35# version of Dönau’s geometrical mode
@36#, as described in Ref.@10#, as well as with PSM predic-
tions. In the experimental measurements, theE2/M1 mixing
ratio (d) is assumed to be small and therefore negligible

1. B„M1:I˜I 21…/B„E2:I˜I 22… values in 170Yb

Experimental transition strength ratios have been m
sured for bands 2, 3, and 4~the strongly coupled bands! in

FIG. 14. Comparison of experimental and theoretical transit
strength ratios~using the geometrical model@36#! for bands 2, 3,
and 4 in 170Yb.
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TABLE V. Parameters for theoreticalB(M1)/B(E2) values for171Yb.

Band No. Q0 gR g1 K1 i 1 g2 K2 i 2 g3 K3 i 3

n@633#7
2

1 7.7 0.41 20.18 3.5 2.2

n@521#1
2

2 7.7 0.41 20.23 0.5 0.1

n@512#5
2

3 7.7 0.41 20.24 2.5 0.48

3QP band 4 7.7 0.41 20.18 3.5 2.2 20.24 2.5 0.24 20.23 0.5 0.35
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170Yb. The intrinsic electric quadrupole moment for170Yb
has been tabulated by Raman@37# asQ057.6 e b. The core
g factor gR is taken asgR5Z/A50.41. TheK values andg
factors used in the theoretical calculations have been
signed in accordance with the band assignments discu
earlier. Using these band assignments, the single-par
alignments have been taken from the measured alignmen
the neighboring single particle nuclei169Tm ~bands 2 and 3!
and 171Yb ~band 4!. These theoretical parameters are sho
in Table IV.

A graph of both experimental and theoretical transiti
strength ratios for bands 2, 3, and 4 of170Yb are plotted in
Fig. 14 as a function of spin. Bands 2 and 3 are both ba
upon the@633# 7

2 and@521#1
2 orbitals. Following the geometri

cal model as discussed in Ref.@10# we thus expect these tw
bands to have the same calculated transition strength ra
As shown in Fig. 14, the calculatedB(M1)/B(E2) ratios lie
between band 2 and band 3 giving good agreement betw
experiment and the geometrical theory. For band 4 it is o
possible to extract the transition strength ratios for th
states without introducing large errors (.25%!. Using the
parameters in Table IV which correspond to the configu
tion assigned to this band in Sec. IV A, we find that t
theory agrees with the experimental value as shown in
14.

2. B„M1:I˜I 21…/B„E2:I˜I 22… values in 171Yb

Transition strength ratios for bands 1, 2, 3, and 4 in171Yb
have been measured experimentally and are compared
the theoretical PSM calculations as well as Do¨nau’s geo-
metrical model@36#. The value ofQ0 was determined by
averaging the quadrupole moments from the neighbo
even-even nuclei170Yb and 172Yb as tabulated by Rama
@37#. As in 170Yb, the value forgR5Z/A 5 0.41 was taken.
The values forgj , where j 5 l 1 1

2, were taken from Frauen
dorf @38#. The gj value for j 5 l 2 1

2 ~i.e., the @521#1
2 band!

was calculated using the magnetic moment found in R
@39#. These parameters are listed in Table V. The results
the theoretical calculations ofB(M1)/B(E2) are shown in
Fig. 15 along with the experimentally measured values.

In Fig. 15 the signature splitting of band 1 can be seen
the experimental data as a distinct separation between
filled and unfilled symbols. The PSM calculation is close
the measured data and even has a comparable amou
signature splitting as the experimental data at higher sp
Only the unfavored signature is shown for band 2, sin
there are no dipole transitions from the favored to the un
vored signature. The agreement between the theory and
periment is reasonable for band 3. Using the 3QP config
tion for band 4 results in theoretical transition strength rat
s-
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that are reasonably close at low spin but which deviate
high spin. We attribute this difference to a lowering of th
effective K value of the experimental band with increasin
spin, as the band mixes with the other close lying 3QP ban
A small and reasonable reduction of 2\ in the effectiveK
value would bring the theoretical curve for band 4 shown
Fig. 15 to about 0.33 at high spins in close agreement w
experimental observations.

FIG. 15. Transition strength ratios for the bands in171Yb. The
experimental data points are indicated with symbols and conne
by solid lines and the theory is given by the lines indicated. The
panel shows the experimental ratios for the@633#7

2 band ~band 1!
along with the projected shell model and geometrical model ca
lations. The PSM calculations have been made including the sig
ture splitting term. The middle panel shows experimental data
the B(M1)/B(E2) ratios for the@521#1

2 and@512# 5
2 bands~bands 2

and 3! along with the geometrical model calculation. Similarly, th
bottom panel shows the 3QP band 4 with the geometrical mo
estimate.
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VII. CONCLUSION

The reaction170Er(a,4n) at 40 MeV was used to produc
high-spin states of170Yb and allowed an assignment of 6
new g transitions and one new rotational structure to t
nucleus. The structures in170Yb have been described i
terms of both quasiparticle and vibrational excitations.

High-spin states of 171Yb were produced using th
170Er(a,3n) reaction at 35 MeV. This experiment allowe
110 newg rays and 4 new rotational band structures to
added to the level scheme of171Yb. The present study rep
resents the first detailed investigation of excited states in
odd-N nucleus by the projected shell model.

Overall the PSM calculations show a most impress
agreement with experiment for171Yb, demonstrating the
power of this model for describing low- to medium-spin r
tational structures in deformed rare-earth nuclei. The PSM
not able to describe all the experimental observations, h
y

ll,
.
.A
.

.D
L

. B

, J

a
n,

n
a

.

ys

Sc
s

e

n

e

is
-

ever, with differences still remaining for certain configur
tions in the back bending region.
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