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Abstract

High spin states of '“Yb have been populated using the *2Sm('®0,4n) reaction. Analysis
has been made using yy coincidences and, for the first time in a large detector array, angular
correlations. The experimental level scheme has been extended to include a total of 15 decay
cascades, for some of which the spins have been measured. Extensive cranked shell model calcu-
lations have been performed to map the quasiparticle rotational bands in a window, reaching up to
1 MeV above the yrast line, in the spin-energy plane. The experimental data are compared with
the calculated bands, and most of the experimental bands are interpreted in terms of quasiparticle
excitations. It is also found that the number of experimentally detected bands is in good agreement
with the calculated number of bands in the observed spin-energy region.
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1. Introduction

Well-deformed nuclei, such as '®*Yb, are commonly found to de-excite from high
rotational frequencies through cascades of stretched E2 transitions, forming rotational
bands. At low excitation energies, within about 1 MeV of the yrast cascade, a few
well-resolved E2 cascades are normally seen. High above the yrast line, the decay is
known to pass through regions with higher level density, breaking up the E2 cascades
and damping the rotational motion; see for instance Refs. [1-3]. Little is previously
known about the transition region between these two decay modes and whether the level
density increases smoothly or abruptly. It is also unknown how high above the yrast
level it is still possible to resolve discrete bands.

Discrete spectroscopy, using the increasing efficiency of the large detector arrays,
makes it possible to map a growing number of rotational bands. The increased level
density at high excitation energy suggests that there exists a limit above which it is no
longer possible to resolve rotational bands. This would in turn imply a limited number
of discrete rotational bands in a nucleus.

The goal for complete spectroscopy can be formulated as the detection of all existing
states in a nucleus. In practice, however, we are restricted to a limited region in spin-
energy space. Spectroscopy with this ambition introduces some technical problems, such
as the need for improving the energy resolution of the detectors, but also the necessity to
understand and interpret the complex structure seen. The scope of this experiment was to
explore as many sidebands as possible of an even-even nucleus, since even—even nuclei
in general have the least complex rotational structures, and to interpret the rotational
bands seen. The various states in a nucleus are populated differently, depending on which
reaction is used. In this study we limited ourselves to examining the states populated in
one high spin reaction.

Discrete spectroscopy was performed, yielding a total of 15 decay cascades, and
a method was developed to measure multipolarities and mixing ratios using angular
correlations. The decay cascades were interpreted in terms of the cranked shell model
with the aid of calculations reaching high in excitation energy.

2. Experimental methods

The nucleus '**Yb was produced with the 32Sm('°0,4n)!6*Yb reaction, using an
10 beam at 83.2 MeV from the Niels Bohr Institute Tandem Accelerator. With 10
as projectile '®*Yb is populated at spin values of about 40%. This comparatively light
projectile was chosen in order to populate as many sidebands as possible at low spins,
rather than aiming at extending the known bands to higher spins.

To collect data the NORDBALL detector array was used [4,5], containing 20 Ge
vy-spectrometers in anti-compton shields (BGO) and a multiplicity filter consisting of
five BaF, crystals and five neutron detectors. Neutron-induced events were rejected
by a two-dimensional gate in a time vs. energy matrix. 7% of the events outside the
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time-energy gate were rejected, in addition to low-fold events. No time-gating was used
in sorting the angular correlation matrices since such gating may affect the efficiency
calibrations, to which the angular correlation analysis is very sensitive.

Individual detector efficiency spectra were collected making use of an '>?Eu source.
Each detector was both energy- and efficiency-calibrated separately since this is re-
quired for the angular correlation analysis. 700 million double y-events were extracted
from the coincidence data, and sorted into E,—E, matrices for coincidence analysis.
The background was subtracted from the matrices, using the method of Palameta and
Waddington [6]. Coincidence relations were determined by using two-dimensional peak
fitting [7] and the program ESCL8R [8,9], producing the level scheme in Fig. 2.

Five bands (g-band, AB, AE, AF and BE), two levels that now have been assigned
to the gamma band, and some additional low spin states at excitation energies below
2.0 MeV were known from earlier studies {10-13]. The level scheme has now been
extended with 9 new bands. The structure of the BE band has been changed and extended
to higher spins and some interband transitions have also been added. Table | shows
the energies and intensities of the individual gamma transitions. The uncertainties in the
intensities are comparatively high in the low intensity transitions since uncertainties due
to background subtraction, peak width and possible contaminant transitions would be
high in weak transitions.

All bands found experimentally are shown in the level scheme in Fig. 2. Note that the
parities are not determined. The configuration labels refer to quasineutron configurations
and are discussed later. Observe, however, that the labels in the level scheme are mainly
for convenience and do not necessarily describe in detail the true structure of a rotational
band. See Section 4 for a more detailed discussion.

2.1. Angular correlations

It is of high importance for the understanding of the nuclear structure to determine
the spins of the states. A method has been developed to measure angular correlations in
large detector arrays. This is the first time this method has been used and thus making
it possible to obtain multipole mixing ratios for some transitions, and in some cases
also to determine multipolarities of interband transitions involving bands with unknown
structure.

Large detector arrays are often built in symmetrical geometries, which implies that
the number of angular combinations of detected y-rays is far less than the number of
possible detector combinations. Thus a high degree of symmetry means fewer angular
correlations, where each correlation gains intensity. This will reduce the number of
coincidence matrices to be handled without any loss of data. The procedure of analysis
together with a discussion concerning the favourable symmetry in the NORDBALL
array has previously been published [14].
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Table 1
Energies and intensities of gamma transitions in 1% Yb
Ey (keV) Assignment Intensity Ey (keV) Assignment Intensity
g-band 969.8 £ 0.2 317 — 29— 241
123.6+0.1 2+t of 528 £ 13 10042+ 0.3 33— — 31— 0.7+ 06
262.2+0.1 4+ 2% 1000 + 21
3746+ 0.1 6T — 4t 925+ 19 AE to g-band
463.1£ 0.1 8t — 6t 919 +£ 19 5335+ 0.1 137 — 12+ 70+3
5304 £ 0.1 10t — 8* 767 £ 16 647.410.1 11~ — 10t 134+3
5767+ 0.1 12+ — 10* 561 + 12 776.6 £ 0.1 9- — 8t 7943
569.4+0.1 147 — 12+ 384+ 8 914.1 £ 0.1 7- =6t 3343
796.6 + 0.1 16T — 14* 5243 1056.5+ 0.1 5- -4t 163
6954+ 0.1 18t — 16* 4943
AE to AB
g-band to AB 180.0+ 0.2 137 — 12t 3+1
306.6 + 0.1 167 — 16% 6+2 291.1£0.1 15— — 14* 15+£3
608.8 + 0.1 167 — 14% S143 55221402 17— — 16* 7+2
1002.0+ 0.2 18+ — 16* 8+2 619.6 £ 0.2 19— — 18+ 11+3
641.0+0.2 21— —20% 10£3
AB band
403.1+0.1 14+ — 12+ 11+2 AF band
302.3+£0.1 167 — 14% 8+2 247.5+0.1 6~ — 4~ 14+3
543.3+0.1 187 — 167 213+5 3248 £0.1 8~ -6~ 45+ 3
632.4+ 0.1 20 — 18* 142+3 359.7+0.1 10~ — 8~ 61+3
712.8 £ 0.1 22% — 20" 8343 381.0+0.1 127 — 10~ 69+3
780.6 £ 0.1 24+ — 22F 46+ 3 453.2+0.1 14— — 12~ 80+3
838.4+ 0.1 267 — 24% 2743 532.2+0.1 16— — 14~ 8443
889.2+ 0.1 28+ — 26 1143 595.6 £ 0.1 18— — 16~ 7343
938.6 +0.2 30+ — 28% 542 622.5+0.2 200 — 187 4543
989.6+0.2 32t — 30* 241 620.6 £ 0.2 22— — 20~ 27+3
10299+ 04 34% — 32% 1.0£05 683.9+ 0.1 24— — 227 20+3
7764+ 0.2 260 — 24~ 103
AB to g-band 869.8 + 0.2 28~ — 26~ S+2
187.6 £ 0.1 14t — 14% 742 952.7+0.2 300 — 28~ 241
3535+ 0.1 12+ — 12% 18+ 3 101464 0.2 32- — 30~ 241
489.8 4+ 0.1 167 — 147 272+ 6
756.8 £ 0.1 4% — 12% 7243 AF to g-band
930.2+ 0.1 12t — 10* 24+3 7294 £0.1 10~ — 107 18+3
900.1 £ 0.1 8~ — 8t 21+3
AB to EF 1038.3 £ 0.1 6~ — 6% 2443
3994+ 0.1 2% — 10* 7+2 1165.5+ 0.1 4= — 4% 10+ 3
1413.0+ 1.0 6~ — 4% 3+1
AE band 14277+ 1.0 4= — 2% 05+04
3257+0.2 9= =77 5+2
401.1£ 0.1 1~ =9~ 40+ 3 AF to AE
4624+ 0.1 137 — 11~ 124 £ 3 356.3+0.1 6~ — 57 1243
5145+ 0.1 157 — 13~ 146 + 3 4489+ 0.1 8~ — 77 21+3
563.8+0.1 177 — 15~ 11243 4544402 14— — 137 10+3
610.4+0.1 197 — 17~ 8443 4632+ 0.3 127 — 117 18+3
653.9+0.1 217 — 197 5543 4714+ 0.1 16— — 15~ 7x2
701.1 £ 0.1 237 — 21 3743 4832+ 0.1 100 -9~ 30+3
759.7+ 0.1 257 — 23~ 1943
828.6+ 0.1 27— — 25~ 1243 AF to BE

9024+£02 297 —27° 52 266.3+0.2 10~ — 8~ 3+1
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Table | — continued

Ey (keV) Assignment Intensity Ey (keV) Assignment Intensity
AF to gamma 808.2+0.2 187 — 16~ 5+2
451.1£02 6~ — 5t 612
547.0+£0.2 4= — 3% 542 AHBC to BE
591.6+0.1 18— — 16~ 13+£3
BE band
286.9+ 0.1 107 — 8~ 6+2 AGBC band
4150+ 0.1 127 — 10™ 2443 7382102 257 — 237 9+3
4918+ 0.1 14— — 12~ 41£3 818.1+£0.2 27— — 25~ 542
561.7+0.1 16— — 14~ 3743 885.7+0.3 297 — 27 341
637.9+ 0.1 187 — 16~ 1743 929.7+£0.3 317 — 29~ 05+04
676.54 0.1 200 — 187 1443
7034+ 02 227 —20° S+2 AGBC to AE
7642+£0.2 247 — 227 6+2 1067.5+ 0.2 237 —21° 7+£2
1103.5+03 257 — 23~ 241
BE to g-band
1087.54+ 0.3 107 — 8~ 6+2 BCAD band
707.1 £0.1 22t — 207" 18+3
BE to AE 7209 £0.1 24+ — 22% 14+3
6354+0.3 107 — 8~ 341 7740+ 0.2 267 — 247 8+2
8355+02 28+ — 26 7+2
BE to AF 864.0£ 0.2 30t — 28* 3+1
187.6+0.3 107 — 8~ 2+1
4742+ 0.1 10~ — 8~ 2543 BCAD to g-band
511.54+02 107 — 8~ 1243 706.0 £ 0.1 20" — 18* 25+3
529.7+£0.1 107 — 8~ 28+3
641.0+£0.2 107 — 8~ 6+2 BCAD to AB
12384 £0.2 22+ — 207 742
gamma band 12419403 261 — 247 341
344.14+0.2 5t — 3t 542 12474+ 0.3 241 22+ 442
4319+ 0.1 7t — 5t 943
4926+ 0.1 9t — 7T 16 +3 BCAD to BC/AD
522.8+0.1 1+ — 9t 2443 618.8 + 0.2 20" — 18% 8§+2
498.7+ 0.1 13* = 11t 13+£3
BC/AD band
gamma to g-band 480.8 £ 0.1 14t — 12+ 18 +3
880.5+ 0.2 3t 2% 1443 557.8 £0.1 167 — 147 3243
961.7+0.2 5t — 4t 16£3 616.7+0.2 18t — 16% 25+3
1019.64+ 0.2 7t — 6" 15+3 702.8 £ 0.1 20" — 187 18+3
10416+ 0.2 L+ — 1ot 1013 778.3+£0.2 22% —20% 812
10493+ 0.2 9t — gt 1443 8243+ 0.2 247 — 22F 6+2
860.1 +0.2 26" — 24* 341
AHBC band
540.01+ 0.1 200 — 18~ 11+3 BC/AD to g-band
667.7+0.1 227 — 20" 15+3 16724+ 0.2 167 — 167 2+1
741.5+0.1 24~ — 22~ 1343 784.3 + 0.1 187 — 16* 19+3
798.8+0.2 267 — 24~ 6142 792.1 £ 0.1 20" — 187 17+3
859.5+0.2 287 — 26~ 442 963.8 +0.2 167 — 147 4+2
9203403 307 — 28 241 975.7+0.2 14T — 12+ 6+2
AHBC to AF BC/AD to AB
7522+0.1 200 — 18~ 15+3 141.1 £ 0.2 12+ - 12+ 442

796.8 £ 0.2 227 =207 S5+2 2186+ 0.1 147 — 147 7+2
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Table | — continued
Ey (keV) Assignment Intensity Ey (keV) Assignment Intensity
47461 0.2 16t — 16* 412 655.8+0.2 21F — 19* 442
621.8+ 0.1 147 — 127 2343 733.84+0.1 23t — 21F 843
77624+ 0.2 16T — 14* 1M+3 788.9+0.2 25+ — 23% 442
841.8+0.2 27t — 25% 542
BC/AD to EF
540.6 £ 0.1 12+ — 10* 16+3 Q2 to AB
10792+ 0.2 17t — 16% 6+2
EF band 1107.4 £ 0.2 19% — 18* 6+2
308.2+0.2 8t — 6t 341 1129.6 £ 0.2 21t — 20 5£2
4103+ 0.1 10t — 8% 12+£3 1150.6 £ 0.2 23+ — 22% 3+1
EF to g-band Q3 band
6504+ 0.1 8+t — 8+ 20+3 54144+0.2 17t — 15 8§+2
805.1+0.2 6t — 6F 913 6198 +0.2 19t — 17* 10+3
1060.8 + 0.2 10+ — 8+ 14+3 681.2+0.1 21T — 19* 14+3
1113.34+£0.2 8t — 67 11+3 742.6 £ 0.1 23t — 217 10+3
1180.2+0.3 6t — 4% 9+3 7942402 25+ — 23% 5+£2
843940.2 27t — 25% 5+2
Q1 band 893.6 +0.2 29t — 27+ 2+1
5723402 197 — 17+ 9+£3
645.7+0.1 21t — 197 12+3 Q3 to g-band
6973+ 02 23T 21t 9+3 854.1 £0.1 157 — 14* 14+3
758.240.2 25t — 23+ S+2
820.9+0.2 27+ — 25+ 442 Q3 to AB
883.54+0.2 29F — 27+ 241 906.8 £ 0.2 17t — 16% 9+3
9455+ 0.3 31t — 29+ 1.0+£0.7 983.3+0.2 197 — 18 442
Q1 to AB Q4 band
1004.9 + 0.2 17t — 16" 8+ 2 7692+ 0.2 277 — 257 34+3
1032.8 +0.2 197 — 18* 742
1045.7 + 0.2 21 — 20* 341 Q4 to AB
1073.8£0.3 277 — 26" 3343
Q2 band 11425+ 0.2 257 —24% 2243
5724402 19t — 17* 442

2.1.1. Computational details

The NORDBALL array contains 20 Ge detectors placed in four rings of 5 equidistant
detectors in each ring. Only 9 possible angular combinations exist in this set-up. Two of
the angular combinations were not used due to the low number of counts in these
combinations, as well as low sensitivity with respect to the mixing ratio. The E,-
E, coincidence data were sorted in 7 angular correlation matrices, corresponding to
the angular correlations (6;,8,, 4¢) = (37°,37°,72°), (37°,37°,144°), (37°,79°,0°),
(37°,79°,72°), (37°,79°,144°), (79°,79°,72°) and (79°,79°,144°). € denotes the angle
between the beam axis and the two emitted y-rays, and 4¢ is the angle between the
emitted y-rays in a plane through the target perpendicular to the beam axis. 95% of the
coincidence data were used for the angular correlation analysis.

Volumes of the coincidence peaks from the matrices were extracted by two-dimension-
al fitting, and efficiency calibrated with respect to the specific correlation. The resulting
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intensities were used as input data. The intensities in different angular combinations are
proportional to the angular correlation function [15],

W(61,02,4¢) = N Y By (1N AN (X1) Ax, (X2) Haany (61,62, 48), (1
AAA2

where N is a normalization factor, B, describes the alignment of the initial state I, the
A factors contain spins, multipolarities and mixing ratios of the two transitions X; and
X and the angular function H contains the angular dependence. The angular correlation
function was calculated for varying multipolarities and mixing ratios and was fitted to
the data using the computer code GCORR [16]. A more detailed description is found
in Ref. [14].

2.1.2. Determination of alignment
The 7 correlation matrices contain 10 independent data points for W(#8, 8,, 4¢). The
population of the different magnetic substates is assumed to follow:

p(m) = exp(—(m/a)?)/n,

where n is a normalization factor and o is the only free alignment parameter. Only the
three parameters: mixing ratio, alignment and a normalization factor, are fitted in the
calculations, resulting in 7 degrees of freedom. In order to further increase the sensitivity
of the method the alignment of different states was independently measured by analysing
stretched intraband E2-E2 cascades.

The octupole mixing ratio was assumed to be zero and the alignment was used as a
free parameter in the fit to the data. Fig. 2 shows the extracted spin-alignment attenuation
factor arp, as defined in Ref. [17] and related to B, (I;) in Eq. (1) as in Ref. [15],
plotted versus spin for some rotational bands. The alignment parameter behaves similarly
for the different bands, gradually lining up and reaching 1.00 at about spin 28%. It may
also be concluded from the figure that the non-yrast states seem to have systematically
higher alignment than the states in the yrast cascade. Note that in some cases more than
one coincidence has been used to determine the alignment of a specific level, resulting
in more than one data point for the same level and spin. It is very difficult to estimate
the statistical and systematic errors in the extracted alignments and the spread of the
points in Fig. 2 gives an indication of the uncertainty.

2.1.3. Mixing ratios

The intensities of E2 dipole coincidences in the 7 correlation matrices together with
the spin-alignment attenuation factor were used as input data. The mixing ratio of the
interband transitions was varied from —oc to 400 and the angular correlation function
was calculated for the different mixing ratios and fitted to the data. The mixing ratios
resulting in the best fits to the data are presented in Table 2. In all cases, the mixing
ratio of the quadrupole and dipole matrix elements are presented. The errors are obtained
from the y? analysis and reflect only the statistical errors. In some cases involving de-
excitations from the gamma band, more than one value of the mixing ratio is obtained
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Fig. 2. The alignment parameter a; as a function of spin for different states. Circles mark the g-band, squares
the AB-band, crosses, pluses and stars, the AF, BE and AE-bands, respectively. The yrast line is marked by
filled symbols.

by the analysis. In general two y? local minima, sometimes coinciding, are obtained.
However in most cases one of them can be excluded. In most cases here involving
de-excitations from the gamma bands both the two y? minima for the mixing ratios are
below the confidence limit. The sign convention follows Krane et al. [15].

The M2 mixing ratio into El transitions is normally very small, as seen in the four
transitions depopulating the AE band. In the case of the interband AF-AE transition
at 483 keV the mixing ratio refers to the E2/M1 mixing and is much higher than the
M2/E1 mixing ratios.

Some of the angular correlations are very sensitive to the mixing ratio, but also
to contaminants. In some unfortunate cases weak transitions with almost the same
energy as the transition being studied may be hidden in the coincidence peaks. As
these contaminants may have very different properties from the transition of interest, it
is useful to analyse several coincidence combinations, including the selected transition.
Contaminants can affect the value of the mixing ratio differently depending on which E2
transition is used as a gate. Where possible, several coincidence combinations have been
analysed, to minimize such errors, and the resulting mixing ratios have been averaged.
The method requires the coincidence peaks to be well resolved, which limits the number
of coincidence combinations which can be analysed.

2.1.4. Spin assignments

For each of the transitions analysed, the spin difference was varied from —2 to +2.
For Al = £2 the mixing ratio was set to zero, since the octupole mixing ratio was
assumed to be negligible. For Al = +1,0 the mixing ratio, §, was varied from —oco
to +oc. The angular correlation function was calculated for the different values of the
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mixing ratio and spin difference and fitted to the data. All fits resulting in a y? above a
99.9% confidence limit excluded the input parameters. The possible multipolarities for
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Table 2
Results from angular correlation analysis

Coincidence Mixing ratio Average (

{quadrupole )

{dipole}

)

619.6 keV 19~ AE — 18TAB
653.9,619.6 —0.024 £ 0.036

619.6,489.8 +0.158 = 0.011 +02+02

641.0 keV 21~ AE — 20*AB
641.0,632.4 —0.070 £ 0.031

641.0,543.3 —0.025 £ 0.025 —0.04 + 0.04

647.4 keV 11~ AE — 10" g-band

610.4,647.4 —0.025 £ 0.010
563.8,647.4 —0.004 & 0.009
51456474 +0.013 £ 0.007
647.4,530.4 +0.026 £ 0.007

647.4374.6 +0.039 £ 0.007 +0.016 +

776.6 keV 9~ AE — 8% g-band
610.4,776.6 +0.082 £ 0.015 +0.082 +

483.2 keV 10~ AF — 97AE

0.026

0.015

595.6,483.2 +0.70+019
45324832 +0.94102

0.07 +0.06
381.0.483.2 +0.75+0 %% +0.74 005

961.7 keV 5*gamma — 4'g-band

522.8961.7 +0.18 + 0.05 +0.18 £ 0.05

+12 +12
+1Z, +I17y

1019.6 keV 7tgamma — 6" g-band

522.8,1019.6 +0.03 £ 0.03 +0.03 £ 0.03

< -17 < =17

1049.3 keV 9*gamma — 8" g-band

522.8,1049.3 —0.11 £0.04 —0.11 £ 0.04

+3 +3
+873 +873

1041.6 keV 11T gamma — 10" g-band
498.7,1041.6 —0.06 + 0.06 —0.06 £ 0.06

< -7 < -7

the transitions are presented in Table 3.

Transitions not analysed have been deemed as either too close in energy to contaminat-
ing lines or too weak with respect to the background, since a too low peak-to-background
ratio may allow unseen contaminants and background fluctuations to influence the anal-

ysis significantly.



A. Nordlund et al. /Nuclear Physics A 591 (1995) 117-144 127

LI S B O R AL B S R B R |

483 keV J->9 483 kev J->9

-

T T

S AN a3
E ~ E
F . ’ \ F 2/
I /a7 \ o, r S
L M b ;
\\ / Voo I /

W 10 , 4 w10t
E ' ’ =11\ / E v
Fog.os ' ! N ¢ 99.9%  \./
C , ’ wh F99:9% N/

95.0% . / 95.0%

10°¢ E
E UJ-IO 3
596 keV(E2) - 483 keV(?) t 453 keV(E2) - 483 keV(?) B
ot Lot U SR N ENSET TS SO SR SO S TN ST U S S S St
-50 0 50 -50 0 50
atan (d) atan (d)
107 E T T T T v LB | T T T T T T T T 19~
E 3 18” -
E 483 kev J->9 -1 -
e G 595.6 o -
L AN / e 7 695.4
\ b / , + 16"
102 F \ N / s 5 532.2 563.8 _ —
E \ > {.7 \ D B 147 —2 796.6
’ A \ s, ! 453.2 514.5 )
\ AN \ / P e *'13' _‘4.:
F b 381.0- 4636

i

—T T
w0
R
o
3

Q-

)

@

. g N : . \\\/Jﬁ/ﬂ ......... 4 —\9\1;1 ssoAa,
g

381 keV(E2) - 483 keV(?) AF AE 262.2:;
o PP B RIS B T1236-
-50 0 50 Part of level scheme  g.band

atan (D)

Fig. 3. y° analysis of three different correlations involving the 483.2 keV transition. Only cases with an
absolute spin change of less than or equal to 2 have been considered. J denotes the different assumptions for
the spin of the level decaying through the 483.2 keV transition.

Fig. 3 shows, as an example, an analysis of the 483.2 keV AF to AE transition.
Mixing ratio as well as multipolarity are obtained in the example. It can be deduced
from the figure that J = 10 and that arctan(8) = 36°, which corresponds to a E2/M1
mixing ratio of 0.74.

Note that the percentages given in the figure refer to the confidence limits, which
are the certainties by which the hypothesis resulting in a point above the levels can be
excluded.

2.2. Spin assignments based on transition intensities

The intensities of the bands have in some cases been used to make tentative spin
assignments. As an example, the energy vs. spin plot in Fig. 4 shows different possible
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possibilities for the Q1 band are marked with plus signs. As a comparison the five well-determined bands
from Ref. [10] are also plotted in the figure.

spins of the band labelled Q1 in the level scheme. The distance to the yrast line (AB
above [ = 15) should be compared to the intensity of the band, which is plotted for all
bands in Fig. 5. From Fig. 4 it can be deduced that a spin of 18A for the lowest state
would make the band yrast at / > 32A, which is inconsistent with the comparatively
low intensity of the band. A spin of 16/ for the lowest state, on the other hand, would
place the band very far from the yrast cascade, thus making 17/ the most probable spin
value for the lowest level in the Q1 band. This method has been applied to determine
the spins of the AHBC, AGBC, BCAD, QI, Q2, Q3 and Q4 bands.

3. Calculations

In order to interpret the experimental results, extensive cranked shell model, CSM,
calculations have been performed in an effort to construct and calculate the energies
of all possible quasiparticle configurations within a specific energy limit from the yrast
cascade.

3.1. Computational details

The code Ultimate Cranker [18-20] was used for all CSM calculations. The calcu-
lations were performed using the modified oscillator potential, with parameters « and
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107!

u chosen as in Ref. [21], Strutinsky renormalization at frequency fiw = 0 only, and
liquid drop renormalization as in Ref. [21]. The pairing gaps were Aprotons = 0.904pcs,
Aneutrons = 0.704pcs and the Fermi energies were fitted to the vacuum configuration.

The level energies of the lowest band up to spin values of 40/ of each proton
and neutron parity and signature combination, in total 16 bands, were calculated for
some values of the triaxiality ¥ and the quadrupole deformation €;, and minimized,
following the procedure described in Ref. [22]. Fig. 6 shows the deformation at the
minimum energy for these bands. The results indicate that '®*Yb behaves like a fairly
stably deformed rotor with small deformation variances. A subsequent calculation, for
all band energies below an energy cut, defined to include a sufficiently large span of
configurations to cover the experimentally observed ones, was carried out at a fixed
deformation €; = 0.23, y = —1.2°, ¢4 = —0.003, corresponding to the center of the
variance in Fig. 6. The Fermi energies were Apcowons = 42.0 MeV, Apeywons = 51.2 MeV
and the pairing gaps were Aporons = 0.904pcs = 0.923 MeV and Ageytrons = 0.704pcs =
0.667 MeV.

Fig. 7 displays the energy cut in the single-quasiparticle routhians. All single-quasi-
particle states below the energy cut were used to form all possible combinations up to
ten-quasiparticle states of protons and neutrons separately. The same energy cut-off that
was used for the single-quasiparticle routhians was also applied to the total energies when
summing neutron and proton quasiparticle routhians to obtain possible configurations.
Only bands dropping below the energy cut at least one rotational frequency were retained.
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the deformation used in the calculation of the complete set of states up to the energy cut-off.

These bands are shown in Fig. 8.

Since some spurious bands are expected due to the fact that the number of possible
quasiparticle combinations exceeds the number of unpaired configurations available,
calculations were also performed without pairing. The number of bands calculated below
the same energy cut for the paired and unpaired cases are compared in Fig. 9 for two
given fixed frequencies. As seen in the figure, the number of bands in the two cases agree
well up to about 0.5 MeV above the yrast sequence. At lower frequencies the maximum
energy distance to yrast still avoiding the risk that too many physically unfeasible states
appear, due to the effects of pairing, would be about 0.5 MeV plus the pairing gap.
Such spurious configurations therefore do not constitute a serious problem in the region
where comparison is made between calculations and experiment.

The appearance of spurious states due to particle number non-conservation is a general
feature of the mean field treatment of the pairing correlations. It cannot be remedied by
a self-consistent treatment of each individual configuration or by particle number pro-
jection. These procedures can only assure that the particle number is restored, either on
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Fig. 8. Plot of energy vs. spin, calculated data.

the average or exactly, for each configuration, but it does not reduce the number of con-
figurations. Thus, the problem of overcounting remains and the calculated configurations
will be non-orthogonal.

A possible way of getting rid of the spurious states is to diagonalize an appropriate
two-body pairing force in the non-orthogonal bases of particle number projected states.
However, at excitation energies several hundred keV above yrast, where the appearance
of spurious states starts to become a problem, one is rather interested in estimating the
level density than calculating exact energies of individual bands, which anyhow cannot
be resolved experimentally. One can then reduce for practical purposes the number of
states by classifying states, for which the amplitude is not peaking in the desired nucleus,
as spurious. These states are then removed.

The problems regarding spurious configurations, i.e. configurations which due to the
particle number non-conservation are predominantly located in other nuclei than the
desired one, may become serious in CSM calculations at higher excitation energies. A
detailed investigation of these problems is made in Ref. [23].
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3.2. Overall comparison with experiment

Fig. 10A shows the same calculation as in Fig. 8 but only the states with the peak of
the projected particle number distribution in '%*Yb have been included. The thick black
line marks the lowest proton band at each spin. To the right, Fig. 10B, the experimental
bands are displayed. The value of the subtracted reference differs in the two figures.
This is because no renormalization of the moment of inertia has been made for the
calculated bands. Instead the choice of subtracted reference was used as a simple tool
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Fig. 10. Calculated (A) and experimental (B) bands. The thick lines among the calculated bands mark the
lowest bands involving quasiproton excitations. Only states that have the peak of the particle projection number
distribution in '%*Yb are shown.
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to obtain a necessary renormalization.

As illustrated by Fig. 10A a region exists with low level density in a window
< 1.0 MeV from the yrast line at the AB crossing, narrowing at higher spins. This
region contains well-separated, two-quasineutron bands. The lack of bands containing
proton configurations suggests that all the experimental bands should be interpreted in
terms of quasineutron excitations. At higher spins four- and six-quasineutron bands,
carrying high alignment, as well as proton bands drop down towards the yrast line. As
the distance to the yrast line increases, the level density increases very drastically and it
is interesting to note that approximately at the place where this increase in level density
is expected the bands can no longer be experimentally observed. It is quite conceivable
that the discrete bands seen are populated at high spin through many bands, lying very
close together in energy. These bands might be very difficult to detect, as each of them
would be weakly populated.

The results of the calculations differ from the experimental results particularly in the
signature splitting between the AE and AF bands, which could be caused by octupole
mixing, as is discussed in Subsection 4.1.1. Such effects would not appear in pure CSM
calculations. Likewise the gamma vibrational degree of freedom is not included in the
CSM calculations.

4. The rotational bands in '%Yb

Figs. 11, 12 and 13 show routhians and aligned angular momentum plots both for the
experimental and calculated rotational bands. The data are shown with a parametrized
reference band subtracted. The Harris parameters [24] of the subtracted band are chosen
in accordance with J6nsson et al. [10] as Jo = 25.8 MeV~'A%, J; = 90.0 MeV3A,
which results in a fairly constant alignment of the S-band.

4.1. The odd parity bands

4.1.1. The AE, AF and BE bands

These bands have been extensively discussed by Joénsson et al. [10], who identify
the bands as AE, AF and BE quasineutron bands with octupole admixture. The parities
and signatures of the three bands were determined by these authors using y-ray angular
distributions and conversion electron measurements. The angular correlation analysis of
the present data excludes all other multipolarities than 1 in the case of the transitions at
914, 777, 647, 620, 641 and 483 keV, thus confirming the previous spin assignments.

The experimental AE-AF signature splitting is much larger than expected from the
CSM calculations, Figs. 11A,B. Experimental data show that the size of the AE-AF
signature splitting varies greatly in the rare-earth region. Large signature splitting is
seen in, for instance, '’Er (Ref. [25]), while in '*Er (Ref. [26]) the signature
splitting is very small. Calculations made for '8?Er, allowing for coupling to octupole
vibrations, have reproduced the signature splitting, see Ref. [27]. Jonsson et al. [10]
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have interpreted the signature splitting in '%*Yb as an octupole mixing at low spin states.
In this interpretation the AE band is strongly mixed with the lowest octupole band with
odd signature, the (oct,1); band of Ref. [10], at low spins, and is pushed down in
energy due to this mixing. At higher spins the band gradually changes character to an
AE quasineutron band.

The lowest two-quasineutron crossings, as seen in Fig. 7, are the AB, BC, AD and
EF crossings. In the CSM calculations the BC, AD and EF crossings are adiabatic,
which means that the single-quasiparticle routhians are allowed to interact at these
band crossings, as opposed to nonadiabatic crossings like the AB crossing, where the
interaction is removed. This has the consequence that the calculated two-quasineutron
bands undergo smooth crossings at the frequencies marked in Fig. 11D. A detailed
discussion concerning the difference between adiabatic and nonadiabatic band crossings
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Fig. 12. Experimental (A,C) and calculated (B,D) routhians and alignments for bands with positive parity
and even signature. The dotted line in C marks the alignment of the AFBC band as a comparison.

is found in Ref. [22],

The experimental AE band in Fig. 11C can be seen to gradually align up to the AEBC
configuration, while the AB, AD and EF crossings are blocked.

The AF band is much higher in energy than the AE band and features two distinct
band crossings. At frequencies higher than fiw = 0.2 MeV the band can be interpreted
as an AF quasineutron configuration with an alignment of 7h, lining up to AFBC at
about iw = 0.31 MeV, Fig. 11C. The AF band starts, however, with low alignment,
about 2/ and undergoes a crossing at fiw = 0.19 MeV. This low alignment part has been
interpreted by Jénsson et al. [ 10] as an (oct,0); band, that is, the lowest octupole band
with even signature, crossed by the pure AF band at higher spins. Another interpretation
can be made by observing the closeness to the BE band. The BE band is lower in
energy than predicted from the pure CSM calculations, and in Fig. 10B it can be seen
that the experimental data suggest a band crossing between the BE and AF bands. In
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Fig. 13. Experimental (A,C) and calculated (B,D) routhians and alignments for bands with positive parity
and odd signature.

fact, there are so many interband transitions between the two bands, that the assignment
of a certain level to a certain band is not straightforward. The assignment of levels to a
particular band is made by assigning the most intense cascade to the band labelled AF.
It is possible that the BE band starts lower in energy than the AF band and that they
cross at hw = 0.19 MeV. This would explain the irregularities in both the AF and BE
bands. The higher part of the BE band is in agreement with the interpretation of the
band as a BE configuration with an alignment of 5.5% lining up at hw = 0.34 MeV at
the AD crossing to BEAD.

The BE band lacks an obvious signature partner, despite the comparatively high
intensity of the band. It is tentatively suggested that the band Q4 is the BFAD band,
a suggestion based on the similarity in excitation energy with the high spin part of
the BE band, although the high alignment of the Q4 band does not strongly support
this assumption. Despite the highly tentative nature of the assignment, it is, however,



138 A. Nordlund et al./Nuclear Physics A 591 (1995) 117-144

clear that any possible experimental candidate for the BF band is significantly higher in
energy, at Jow spins, than the BE band. The BE band carries enough intensity to make
it difficult to believe that a signature partner of roughly the same energy would not be
detected. The (oct,0); is expected to appear at approximately the same excitation energy
as the BE band and could mix in and be the reason for the lowering of the excitation
energy of the BE band. Should this be the case, it is interesting to note that the two
configurations AE and BE seem to be much more prone to mixing with octupole bands
than the corresponding configurations containing the quasineutron F. The reason behind
this is at present not clear.

The experimental BC and AD crossings in Fig. 11C appear at frequencies fiw =
0.31 MeV and hw = 0.34 MeV, which is in agreement with the calculated crossings
seen in Fig. 7.

In order to further investigate the octupole correlations, we have performed calcula-
tions using the angular momentum projection technique by Sun and collaborators [28-
31] which has given very good results for the yrast bands of a number of nuclei in the
A = 160 mass region.

The calculations are based on the mean field vacuum for the Nilsson plus BCS
hamiltonian. The mean field deformation chosen is & = 0.24, g4 = 0.0, ¥ = 0 and the
pairing is treated self-consistently. Based on the vacuum configuration, a number of two-
quasiparticle proton and neutron configurations are constructed. Also four-quasiparticle
configurations are included, but only as two-quasiproton plus two-quasineutron configu-
rations. From each one of these configurations, states with good angular momentum are
projected. These states then form the basis for diagonalizing an appropriate quadrupole
plus octupole plus pairing (monopole plus quadrupole) hamiltonian:

[:1=f10 — %XZQLQ# — GMPTP —GQZPJ]S#_ %XochGLO#,
7 “ n

where Hy is the spherical single particle shell model hamiltonian. The second term is the
quadrupole~quadrupole interaction, the third and the fourth terms are the monopole and
quadrupole pairing interactions, respectively, and the last term is the octupole—octupole
interaction.

All parameter values to be used for nuclei in the A =~ 160 mass region are fairly
well established, except the octupole coupling strength. Therefore, calculations have
been made for several values of the coupling constant. The results clearly show that
the signature splitting between the AE and AF bands depends sensitively on the value
chosen, allowing us to reproduce the experimental data reasonably well for certain values
of the coupling strength. Whether these values give results consistent with observations
in other nuclei and for other bands is at present unknown, but even so, the calculations
give additional support to the idea that octupole correlations play a crucial role for the
understanding of the negative parity bands AE and AF in '%4Yb and neighbouring nuclei.
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4.1.2. The AGBC and AHBC bands

The spin assignments of the bands labelled AGBC and AHBC are based on the inten-
sities of intraband transitions compared to the distance to the yrast sequence, following
the procedure described in Subsection 2.2. The spin assignments imply that these bands
depopulate through quadrupole transitions, which would agree with the results from
the angular correlation analysis in Table 3. The similarities in excitation energies and
the behaviour of the routhians, Fig. 11A, suggest that the two bands labelled AGBC
and AHBC are signature partners. Both bands show up at the expected place for the
calculated AG and AH bands and their adiabatic continuation, Fig. 10, and it seems
probable that these are the corresponding configurations. The high alignment of both
bands would then indicate that the bands are observed above the first crossing, which
is the BC crossing. Note that the BC crossing is adiabatic in the calculations and there-
fore the AG and AH routhians in Fig. 11B gradually change into AGBC and AHBC,
respectively, at higher frequencies. The comparatively high alignment of the high spin
part of the bands labelled AGBC and AHBC in Fig. 11C, in combination with the fact
that the bands extend above the theoretically expected EF crossing at hw = 0.43 MeV
(Fig. 7) suggest that the upper part of the bands are the six-quasineutron configurations
AGBCEF and AHBCEF. The lower alignments of the AEBC, AFBC and BEAD bands
are due to blocking of the EF crossing. Note that the subtracted reference band is not
ideal for the high frequency part of the negative parity bands.

4.2. The positive parity, even signature bands

4.2.1. The g- and S-bands

The ground band is crossed by the S-band at fiw = 0.28 MeV. Continuations of both
the S-band below the crossing and the ground band above the crossing are observed.
The S-band continues well above hw = 0.43 MeV where the adiabatic EF crossing is
expected. The relatively high alignment, as seen in Fig. 12C, indicates that the upper
part of the S-band continues into the ABEF quasineutron configuration and even through
the CD crossing, expected at a slightly higher frequency than the EF crossing, into the
ABEFCD configuration. As a comparison the alignment of the negative parity band
AFBC has been marked with a dotted line in Fig. 12C. The g-band is crossed twice
above the AB crossing, which is discussed in Subsection 4.2.2 below.

4.2.2. The BCAD, BC/AD and EF bands

Three bands of even signature feeding into the g- and AB bands appear in the level
scheme (Fig. 2). It seems far more probable that the intense interband transitions are
of E2 rather than M2 character, as there are no transitions to any of the earlier well
established odd parity bands. Two of the bands appear at high rotational frequencies and
cross the g-band, as seen in Fig. 12A. Spin assignments of these bands are based upon
intensities according to the method outlined in Subsection 2.2.

The possible theoretical candidates, as seen in Fig. 10A, are the EF, BC and AD
quasineutron bands and their adiabatic continuations. The very low aligned angular
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Table 3
Multipolarities from angular correlation analysis

Transition Possible spin differences
619.6 keV 19~ AE — 181AB 1, spin differences 0 and 2 excluded
641.0keV 21~AE — 20TAB 1, spin differences 0 and 2 excluded
647.4 keV 11~ AE — 107 g-band 1, spin differences 0 and 2 excluded
776.6 keV 9~ AE — 8*tg-band 1, spin differences 0 and 2 excluded
4832 keV 10”AF — 97 AE 1, spin differences 0 and 2 excluded
961.7 keV 5t gamma — 4*g-band 1 or 0, spin difference 2 excluded
1019.6 keV 7*gamma — 6% g-band 1 or 0, spin difference 2 excluded
1049.3 keV 9" gamma — 8*g-band 1, spin differences 0 and 2 excluded

1041.6 keV 11Tgamma — 10%g-band 1 or O, spin difference 2 excluded

591.6 keV 18" AHBC -+ 16" BE 0, 1 or 2, no spin differences excluded
multipolarity 1 only possible if § ~ 0.5
752.2 keV 20" AHBC — 18~ AF 0, 1 or 2, no spin differences excluded

spin difference 1 only possible if 6 =~ 0.5

momentum, 3% (Fig. 12C), of the experimental low spin band strongly suggests the
band to be interpreted as the EF band. This band is crossed by another band with higher
alignment at fuw = 0.25 MeV, as seen in Fig. 12A. The alignment of the continuation of
the EF band agrees with both the BC and the AD configuration, which are the lowest
lying possible bands. The calculated energies in Fig. 10A for the BC and AD bands are
close enough to indicate that the two configurations could mix. Both the BC and AD
configurations would align to BCAD, which would agree well with the band, labelled
BCAD in the level scheme. The experimental BCAD band is seen to depopulate to the
g-. AB and BC/AD bands.

4.3. The even parity, odd signature bands

4.3.1. The gamma band

Two levels known from earlier studies [10,13] have been included in the band. The
angular correlation analysis determines the multipolarities of the 1049.3 keV transition
to be equal to 1. This means that the spin of the 2272.6 keV level is either 7 or 9,
but were it 7, the transition / =7 — [/ = 6 and other J — J — 1 transitions would be
expected to appear. These transitions has not been observed, indicating the spin of the
2272.6 keV level to be 9.

The result of the measurement of the internal conversion coefficient of the 961.7 keV
transition (Jénsson et al. [10]) is consistent with the transitions being of M1/E2
character and the band being of positive parity.

For some of the de-exciting transitions the mixing ratio has been determined, using
angular correlations. The results are found in Table 2. In all of the cases the analysis
yields two possible values of the mixing ratio for each transition. It is not possible to
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exclude any of the two values, suggesting the transitions to be either almost pure E2 or
Ml1.

Fig. 10 suggests some possible interpretations of the band. Both the EG and FH
quasineutron configurations are expected to have low energy at low spins and could be
possible candidates for this band, although the experimental band is lower in excitation
energy and has much lower alignment than any calculated quasiparticle configuration.
However, similar bands have earlier been observed in '*Er (Refs. [26,32]) and in '6¢Yb
(Refs. [33,34]) and have been established as gamma vibrational bands [35,36]. Data
from the isotone '$?Er (Refs. [27,37] and more recent [38-40]) show both signatures
of a gamma vibrational band at roughly the same energy as the band in '4Yb. In '62Er
the odd signature sequence is much more intense than the even signature part, a part
which is not observed in '4Yb, Based on the similarity of the bands in the two nuclei, as
seen in Fig. 14, as well as the similarity with the gamma bands in '%Yb and '®*Er, the
observed band in '%*Yb is interpreted as the odd signature branch of a gamma vibrational
band. Although several low intensity peaks in the energy region 180-300 keV are seen
when gating on transitions involving the gamma band in '9*Yb, it has not been possible
to extend the level scheme further.

In '92Er (Refs. [38-40]) and '%“Er (Ref. [32]) the gamma band is seen above its
first band crossing. No such continuation is seen in '%*Yb but the band labelled Q3
behaves very similarly to the continuation of the gamma band in the isotone '6%Er, as
seen in Fig. 14. Bands Q1 and Q2 are candidates for this continuation as well, but
band Q3 has a slightly lower alignment than the other two bands, suggesting it as the
most probable candidate. Should band Q3 be the continuation of the gamma band, that
would seemingly deprive us of the strongest candidate for the AC configuration, which is
expected to appear at comparatively low excitation energies. However, Fig. 10A shows
that the CSM calculations predict only one band with even parity and odd signature
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at lower excitation energies. This could have the consequence that the gamma band
contains a very strong component of the AC quasineutron configuration, which in turn
implies that a band dominated by the AC configuration would, if at all present, be
weakly populated.

4.3.2. QI-Q4 (The weakly populated bands)

Four comparatively weakly populated decay cascades have been found. The only
observed interband transitions from these bands are to the g- and AB bands, though in
the case of the very weakly populated Q4 band it is difficult to exclude other possible
decays.

CSM calculations show that the BF (or BFAD), AC (or ACEF), ABFH, ABEG and
possibly (though not very likely) some proton configurations are expected to show up.
Unlike the ABFH and ABEG configurations that have the peak of the amplitude of the
projected particle number in '%*Yb, the ABEH and ABFG configurations have the peak
shifted into neighbouring isotopes at spins 2 25/ with a chosen Fermi level.

Spin assignments are based on intensities, resulting in odd signature for the four
experimental bands, which agrees very well with the four calculated configurations. One
of the bands, Q3, starts off at an alignment of 84, seen in Fig. 13C, and gradually
increases the aligned angular momentum, while the other bands have higher alignments.
The two bands Q1 and Q2 have similar alignments and Q1 crosses the Q3 band. The Q4
band carries higher alignment than the other bands. It is difficult to determine the nature
of these bands, and the labelling Q1-Q4 reflects the tentative nature of any assignment.

Comparison with the calculated bands suggests Q3 to be an AC band, lining up to
ACEF at around hw = 0.4 MeV, or, as discussed in connection with the gamma band, the
continuation of the gamma band. Q1 and Q2 are probably ABEG and ABFH quasineu-
tron configurations, not necessarily in that order, and finally a possible assignment for
Q4 was discussed in Subsection 4.1.1.

5. Summary

The nuclear structure of '4Yb has been studied in detail, both experimentally and
theoretically. The experimental level scheme has been extended to include 15 rotational
bands.

The development of more efficient detector arrays, which makes it possible to resolve
even more of the nuclear structure, further emphasizes the need to understand more
complex level schemes. To gain this understanding it is necessary to measure, not
only gamma energies, but also as many other observables as possible. A method has
been developed which has enabled us to measure mixing ratios and to establish the
multipolarity of transitions. The method can be used to perform the angular correlation
analysis in any multi-detector array with favourable symmetry.

To understand the nuclear structure it is also necessary to interpret the experimental
results in terms of a model. CSM calculations have been performed for all possible
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bands within a specified energy distance from the yrast cascade. It should, however, be
noted that it is doubtful whether the CSM approach can be pushed much further as we
map the nuclear structure even further from the yrast sequence.

The calculations provide interpretations of most of the experimental bands in terms
of quasiparticle states. These interpretations would not be obvious without the aid of
extensive calculations. It is also possible to gain an understanding of the fading of
some bands at high spins. The CSM calculations predict a region with low level density
bordered by regions with dramatically higher level density, as seen in Fig. 10A. This is
partly due to the fact that the lowest proton excitations are well above 1 MeV above
the yrast cascade at moderate spins, thus creating a region close to the yrast cascade
with only quasineutron bands. The same phenomenon appears in, for instance, '®?Er, as
seen in Fig. 14, where the lowest proton band have been marked. The low level density
region in Fig. 10A contains about 15 bands. The same number of bands are derived
from the experimental data. It is thus quite conceivable that most bands, up to the limit
where the level density dramatically increases, have been detected, which would bring
us very close to the goal of performing complete spectroscopy.
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