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Structure of two-, four-, and six-quasiparticle isomers in *Yb and K-forbidden decays
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The stable nucleus '7Yb has been studied using deep-inelastic reactions and time-correlated y-ray
spectroscopy. New intrinsic states assigned include a 370-ns isomer at 1765 keV, which we associate with a
predicted K™ = 7~ two-quasineutron configuration. Analysis of the alignment and in-band properties of its
rotational band, identified using time-correlated coincidences, allows characterization of the configuration. The
properties of a newly identified rotational band built on the known 830-us isomer at 1518 keV support the
67, 2-quasineutron configuration assignment proposed previously. The 6% band is fed by a four-quasiparticle,
K™ = 14" isomer at 3699 keV and several higher multiquasiparticle states, including a six-quasiparticle isomer
at 6147 keV with K = (22,23). The results are discussed in terms of the states predicted on the basis of
multiquasiparticle calculations. The anomalously fast K-forbidden transition strengths from the 14 isomer are
attributed to either K mixing in the neutron configuration or to random mixing in the high-level-density region.
The 7~ isomer decays are not abnormal, whereas the very hindered E2 transition from the 6 isomer to the

ground-state band remains unexplained.
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I. INTRODUCTION

As is common with stable deformed nuclei in the rare-earth
region, spectroscopic information on high-spin states in the
N = 104 isotope '"*Yb is limited, because it is accessible
neither via fusion-evaporation reactions with stable beams
nor via incomplete-fusion reactions. Coulomb excitation and
inelastic scattering provide the main information on the
structure of the ground-state rotational band [1], which is
known to about spin 20h. A feature of the level scheme
is the presence of a 830-us meanlife isomer at 1518 keV,
populated in (d,p) and other relatively low-spin reactions,
including neutron capture on '7*Yb and g decay from !"#Tm
and '7*Lu [1-3]. Although commonly associated with the
K™ = 67 state from the two-quasineutron (v?) Nilsson config-
uration 5/27[512] ® 7/27[514] [2], the spin-parity assignment
recorded in the data compilations [1] has been the subject of
considerable conjecture. Identification of the rotational band
based on this isomer would be an important component of
its proper characterization. Further, it is an important state in
terms of defining pairing strengths and residual interactions
that, together with the Nilsson-orbital energies, control the
excitation energies of the intrinsic states. Multiquasiparticle
calculations, such as those carried out in Ref. [4], suggest that
the 7~ state from the 7/21[633] ® 7/2-[514] v? configuration
may be at a comparable energy to the 67 level. Experimentally,
the equivalent 67 and 7~ states are only 50 keV apart in
18005 [5] and 70 keV apart in the isotone 178W. In the latter case,
the 67 state is at least partly depressed by mixing with a two-
proton configuration that will not occur at low energy in 74 Yb.
To further complicate matters, the 8~ state from the related
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9/27[624] ® 7/27[514] two-quasineutron configuration drops
rapidly in energy in this region, as the neutron Fermi level
passes through midshell for the ij3,, orbitals. This occurs
sufficiently quickly to result in the 1050 keV, 11.5 s 8~ isomer
in '7°Yb and, equivalently, higher up in the proton shell, to the
1.1 ms 8~ isomer in '$20s.

A comparable level of uncertainty arises in the odd-
proton neighbor Lu where a 1391-keV isomer with a
similar lifetime is known [6-8]. It has been assumed to have
K™ =19/2% obtained by coupling of the 7/2*[404] proton
to the 67 core. As in '7*Yb, restrictions on multipolarities
on the basis of conversion coefficients [6] and hindrances,
become ambiguous because of the relatively high energy of
the transitions and the long lifetimes. Taken together these
admit alternative combinations of mixed, high multipolarities.
The '"Lu assignment is consistent with multiquasiparticle
calculations, but these rely in part on constraining parameters
from the core states in '74Yb.

Here, we report new results on the spectroscopy of intrinsic
states and rotational bands in !74Yb, obtained from (so-called)
deep-inelastic reactions, with time correlated y-ray tech-
niques. The results include a number of new isomeric states for
which configuration assignments are suggested. Other results
on high-K isomers in '7’Lu and '7Ta from the same series of
measurements have recently been published [9,10].

II. EXPERIMENTAL PROCEDURES

The main experiments used 6.0 MeV/nucleon, '36Xe
beams provided by the ATLAS facility at Argonne National
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Laboratory. Nanosecond pulses, separated by about 1 us, were
incident on targets of natural Lu (97% 'Lu, 2.6% '"°Lu ),
Lu enriched to 47% in '7®Lu (with which the majority of data
were collected), and '"#Yb enriched to ~95%. The targets were
approximately 6-mg/cm?-thick metallic foils with 25-mg/cm?
Au foils at the rear. The beam conditions (~20% above the
Coulomb barrier) result in inelastic processes with single and
multiple transfer of nucleons as well as inelastic excitation of
the target and projectile nuclei [11-13].

Gamma rays were detected in Gammasphere [14] with 100
Compton-suppressed detectors in operation. About 2 x 108,
2 x 10%, and 2 x 10® coincidence events of threefold and
higher were collected for the 151y, 6Ly, and '7*YDb targets,
respectively.

Complementary measurements aimed at clarifying de-
tails of the level scheme were obtained using the
13Yb(180,'70)!"*Yb reaction with the CAESAR array and
pulsed beams provided by the ANU 14UD Pelletron facility.
These reactions populate states up to relatively low spins
(~8Mn), but they provided useful independent information on
lifetimes and assignments.

III. ANALYSIS TECHNIQUES

The nonselective nature of the reaction process means that
a broad range of nuclei and nuclear states is excited, leading to
very complicated data sets. However, recent developments in
software [15] allowed the efficient production of appropriate
coincidence matrices with different time and gating y-ray
conditions. With the resulting flexibility, a variety of time
conditions relating both the time difference between specific
y rays, and their time relative to the beam pulses, could be
exploited. Decays from isomers were isolated by selecting
events occurring between beam pulses and a large number
of known isomers in the Yb, Lu, Hf, and Ta nuclei were
observed. Comparison of the yields seen with the different
targets, together with the observation of characteristic X rays
in coincidence, formed the initial basis for assignment of
new structures, some of which cannot be directly assigned
to a specific isotope because of the very long lifetimes of
the isomers that intervene. In the YD case, for example,
the relative yield is about a factor of three larger with the
174YD target, than with either of the Lu targets, reflecting the
larger cross section for inelastic excitation compared to proton
transfer (and additional neutron) transfer.

The primary sources of information for the present work
were therefore as follows:

1. y—y—y coincidence cubes with a broad prompt (+140 ns)
relative time condition and an absolute time condition
defining whether the y rays were observed in-beam or be-
tween beam pulses. These were constructed for the data sets
from each of the three targets for yield comparisons and to
provide independent information on possible contaminants.

2. y—y—y cubes with a prompt (£140 ns) relative time con-
dition, but with absolute time conditions selecting six
contiguous time regions, about 110 ns wide, covering the
out-of-beam period, for the higher statistics (!’°Lu) data set.
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These were particularly valuable for isolating short-lived
isomers, and removing long-lived contaminants and, with
appropriate gating, for measuring lifetimes.

3. Two-dimensional y—y matrices constructed with specific
y-ray gates (single and double) and specific relative and
absolute time conditions, chosen to isolate structures above
and below isomeric states, with minimal contamination.
These will be referred to in detail in the subsequent
discussions.

Particular care was taken to gain-match the detectors in
energy and to match the times (measured with time-to-digital
converters) for each detector, taking account of both linear
and nonlinear differences that can be significant in the
Gammasphere electronics.

For convenience, in the subsequent presentation and dis-
cussion, transition and level energies are quoted to the nearest
kilo-electron-volt, except in instances of possible ambiguity.

A. y-y angular correlations

The techniques for extraction of y—y correlations for
symmetric multiple detector arrays have been outlined in
Ref. [16] in the general case when the reaction process
produces spin alignment, as in fusion, evaporation reactions.
The alignment to be expected in the present reactions that
involve a variety of process and conditions (energy and particle
transfer, etc.), leading to any particular product is not well
defined but is likely to be minimal in most cases. Transitions
below long-lived isomeric states should also be deoriented.
Analysis of the angular distributions of various products in
the present measurements shows no evidence for significant
alignment. Under these circumstances it is reasonable to
assume no alignment, at least as a first approximation, in which
case a simplified formulation is valid.

There are a large number of angular combinations between
the detectors of Gammasphere but these can be grouped
into approximately eight average angular differences with
A® =0°,20°,35° 41°,53°,61°,71°, and 85°. There are
fewer combinations for the 0° point in the present experimental
configuration, hence in most cases its statistics were too low
to be reliable. The other angles have between 400 and 1000
combinations, allowing a correlation analysis to be carried out
for transitions of relatively low absolute strength. The analysis
requires extensive evaluation of the relative efficiencies using
internal normalizations to account for differences in deadtime
effects and so on.

Angular correlation coefficients (Ay;) were obtained from
the fit of the y—y (A®)—coincidence intensities obtained from
spectra generated with gates on pairs of transitions, to the
following equation:

W(®) =14 ApPr(cos A®) + Ay Pi(cos A®). (1)

In some cases, it is possible to sum sequences of stretched
quadrupole gates, for example, to obtain higher statistics. The
experimental A,, coefficients of y;—y, cascades can be related
to the orientation parameters (Bj) of the first transition and
the directional distribution coefficients (A;) of the second
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FIG. 1. Coincidence y-ray spectra for "*Yb. (Upper panel) Gate on the 177 keV, 4" — 27 transition in the period between beam pulses,
as indicated. (Lower panel) Transitions preceding the delayed 1239 keV y ray. Contaminants are indicated by filled circles.

transition as follows [17]:

Ape = Br(y1)Ar(y2), 2)
where
Bi(n1) =
Fi(LiLiIoL) — 28(n1) Fx(L1 Ly Ioh) + 8*(y1) Fi(L| L) In 1))
14 682(y1)
3)
and
Ar(2) =
Fi(LaLao 1) + 28(y2) Fi(LaLy I 1) + 82 (v2) Fu(L5 Ly L 1)
14+ 82(yn) .
4)

Ly and L, are the lowest multipole orders of the first and
second transition, L} = Ly +1,L, =L, + 1. Iy, I}, and I,
are the respective spins of the first, intermediate, and lowest
levels involved in the cascade. Values of F; are given in
the tabulation of Hamilton [18]. Least-squares fits to the
present results were carried out using the prescription of
Ref. [19].

IV. RESULTS AND LEVEL SCHEME

Figure 1 shows the spectrum of y -rays in coincidence with
the 177 keV, 47 — 2% transition in the out-of-beam region
(from 100 ns on). The 992 keV y ray is the transition from the
known 6% isomer at 1518 keV, but the 876 and 1239 keV
y rays are assigned to the decay of a new isomeric state

at 1765 keV. The lifetime of 370(16) ns obtained for this
state from the gated intensities with respect to the beam
pulsing in the deep-inelastic measurement, and confirmed in
the complementary study with the ('*0,!70) reaction, is ideal
for isolating transitions feeding that isomer. The spectrum
of y rays feeding the 1239-keV transition (lower panel of
Fig. 1) from the measurement with the target enriched in
1761y (but that contains over 50% '7>Lu) shows mainly the
Al =1 and Al = 2 members of the rotational band placed on
top of the isomer and transitions assigned to the excitation
of one of the complementary products, '*’Cs (one-proton
transfer from 'Lu to '3°Xe). Two of these transitions (455
and 487 keV) coincide approximately with where crossover
transitions within the rotational band are expected. Population
via transfer of a proton and a neutron from '7®Lu should also
lead to excitations in '38Cs, but the level scheme of that nucleus
is poorly known, and it is likely to have isomeric states that
would complicate its observation. (Note that the probability
for population of excited states in the complementary partners
will generally decrease as the excitation energy and angular
momentum of the product of interest increases. In the case
of high excitation, there can also be neutron emission before
y-decay [11,12].)

The level scheme deduced for !7*Yb is given in Fig. 2.
As well as the 876-keV and 1239-keV branches, a 247-keV
transition is observed in delayed coincidence with the band

members above the 1765-keV isomer, but it does not feed the
ground-state band. It is placed as a connection between the 7~
and 6" isomers. A weak branch from the 1765-keV isomer
is also observed to the (57) member of the known K™ = 2~
octupole band, further confirming the placement. Analysis of
the decay branching and implied transition strengths from the
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FIG. 2. Levels of YD observed in the present study. Note that the transitions known to deexcite the lower members of the 2~ octupole

band are not shown.

relatively short lifetime (to be discussed later), the absence of
a direct branch to the 4% ground-state band member and the
correlation results, all support a firm K™ = 7~ assignment.
Except for the low-intensity 786-keV branch from the 14*
isomer at 3699 keV, population of the 7~ band is essentially
prompt. Side-feeding into the 10~ and 11~ states from several
levels that are possible intrinsic states and fragments of their
rotational bands is seen, as shown in Fig. 2.

The lifetime curve for the main branch from the 7~ isomer
obtained in the '*Yb('30,!70)!7*Yb reaction with a chopped
beam (macroscopic pulses of 100 ns separated by 4 us) is
presented in Fig. 3. In these measurements, the 1239-keV
transition is only partially resolved from a 1242-keV transition
that depopulates the 2 state of the octupole band that is also
populated in 8 decay from '7*Lu formed in the proton-transfer
channel, giving a residual long-lived component.
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FIG. 3. Time spectrum and associated fit for the 1239-keV
transition obtained in the '¥0-induced measurements.

The lifetime of the 67 isomer is too long to allow correla-
tions between transitions above and below it, but the 7+ — 6T
in-band cascade transition at 153 keV was known from
neutron capture and 8 decay [1]. Double-gating on candidate
transitions, together with the 153-keV transition, resulted in
observation of the band structure. The band is fed from a rel-
atively short-lived isomer with connecting transitions at 410,
696, and 964 keV. These, and the rotational band extending to
spin 147, are evident in the spectrum of Fig. 4. This spectrum
was constructed by summing double gates on the band
members, as observed in a y—y—y cube confined to a relatively
short time region (30-100 ns) after the beam pulse. The weak
transitions at 218, 245, and 274 keV, and so on, are placed
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above the isomer at 3699 keV (see Fig. 2), but they are also fed
by yet another high-lying isomer, with a short lifetime. Hence,
their appearance in the delayed coincidence spectrum of Fig. 4.

On the basis of the angular correlations, the y-ray branching
ratios and the related decay strengths, to be discussed further
below, the spin and parity of the 3699-keV state is assigned as
14", Note that the K change between this state and the K = 6
band is large, hence the relatively short lifetime leads to severe
constraints on the possible spin and K changes. (Note also that
the E1 branch of 786 keV to the 13~ member of the 7~ band
confirms again the placement of these structures in '74Yb.)

Figure 5 is a sum of coincidence gates on the main
transitions placed above the 147 isomer, as obtained from
a matrix constructed with the same double y-ray energy gates
and time constraints as used to produce Fig. 4, with the
additional condition that the selected y rays preceded in time
the decay of the 147 isomer.

Some caution is needed in interpreting these results quan-
titatively, because the narrow time gates that are required can
produce distortions in the apparent intensities. The 274-keV
line, for example, lies at the peak of the Gammasphere
efficiency and lower energy lines may be reduced in intensity
because of the inferior intrinsic timing response of large
volume Ge detectors and the time cuts. Construction of
the scheme above was also complicated by the presence of
the 172.5-keV line, which is close in energy to the strong
173.5-keV line in the 67 band below, whereas the 193-keV
peak in Fig. 5 is attributed to feed-through of the strong
193-keV line in the 6 band, although the presence of an
additional, (unplaced) 193-keV line in the upper part of the
scheme cannot be completely ruled out.

The lifetime of the 1471 isomer at 3699 keV was obtained
by projecting the intermediate time differences with gates on
transitions above and below the isomer. The time spectrum is
shown in the lowest panel of Fig. 6, with a fit resulting in
a meanlife of 80(6) ns. Note that in this case, because of

T [ T T T T [ T T T T [ T T T T [ T T T T [ T T T T [ T T T T [ T T T T [ T T T T [ T T 17T
sum of double gates
Q (30-100 ns out-of-beam)
Hﬂ'
S
1000 =
O
(o))
\Nej
2 3 S =25
= o <t [T}
) a3 [Tal
o Nm™M <
(9] — =~ <
o O
500 . o <~\ - u
& @A
3
<
SIS
Yb X-rays (£ « <
o O
’_‘ Og AJL |
m~ O
o~ O
(anl <t
o
OAII“\.A\»L\AMI\MH \AVIM\IH}LJJA“\M\J’lthu\J\lMul\\\..\JL\\J\\\U\\\\\\ ﬁ_
100 200 300 400 500 600 700 800 900 1000
energy [keV]

FIG. 4. Spectrum constructed from a combination of double y-ray gates on transitions assigned to the K™ = 6% band, constrained to the

30- to 100-ns region after the beam pulse.
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FIG. 5. Spectrum constructed from a combination of y-ray gates on transitions observed to precede the K™ = 14" isomer. Contaminants

are indicated by filled circles.

the complex gating conditions, the time region within about
30 ns of time-zero is distorted and therefore was not included
in the fit.
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FIG. 6. Time spectra and fits illustrating the short isomers.

The two upper panels of Fig. 6 present time spectra for
combinations of the main transitions above the 14 isomer.
This was constructed from a two-dimensional matrix with
y rays above the 147 isomer (selected from delayed double
gating as described previously) on one axis and the absolute
time with respect to the beam pulse on the other. The delayed
component in these spectra is from a T = 41(2) ns isomer
(meanlife adopted from a number of fits) at the top of
the scheme, as indicated in Fig. 2. Note that the 417-keV
transition is placed as directly deexciting the isomer, but
the order of the 173- and 245-keV transitions could not be
established unambiguously, and the transitions could be in the
reverse order. The time spectrum for the 173-keV transition
would be consistent with this possibility but a definitive time
spectrum for the 245-keV transition could not be obtained
because of the presence of the other 245-keV transition in the
cascade.

The 218-, 245-, and 274-keV transitions are suggested to
be members of the rotational band based on the 14 isomer.
This conjecture and some aspects of the scheme in this region
remain somewhat uncertain, partly because of the low intensity
and also because not all crossover transitions within the 14+
band have been observed. (At higher K values, E2 crossover
transitions become increasingly less competitive with the M1
cascades.) The 519-keV transition connecting the 17 and 15*
states coincides in energy with the strong 519-keV transition
in the 6* band. Similarly, the 245-keV transition placed as
directly deexciting the uppermost isomer, coincides in energy
with the 245-keV, 167 — 157 transition, which therefore, ex-
hibits strong self-coincidences. Some levels assigned as band
members could be, instead, intrinsic states. That qualification
aside, the multiple branches from the 5030-keV state suggest
that it is an intrinsic state with rotational band members located
above it. The 6147-keV, 41-ns isomer must be an intrinsic state,
and it is likely that the 5974-keV level to which it decays is
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TABLE 1. Angular correlations for decays from isomers in '"*Yb.

Initial state E(y») Transition E(y) Assignment Ax Ay 8(y1)
J* (keV) (keV)
520 137 —> 11t 696 147 — 13* —0.186(27) —0.009(38) —0.20(5)
269 137 — 12°F 696 147 — 13* +0.344(59) +0.135(76)
14+ 555 14 > 12°F 410 147 - 147F +0.173(36) +0.064(47) —-0.30%33
286 14* - 13* 410 4% — 14* —0.279(74) —0.090(104)
483 12t — 10" 964 147 — 12* +0.233(72) —0.026(95)
B 273 6t — 4+ _ .
7 7 4+ o 1239 7" =6 —0.062(8) +0.003(11) +0.02(1)
364 8t — 6+
7" 273 6" — 4+ 876 7- — 8t —0.101(6) —0.006(9) 0.00(1)
177 4+ — 2+
273 6+ — 4F
+ + + _ +6
6 177 4+ ot 992 6" — 6 +0.030(5) +0.078(7) 1.8078

also an intrinsic state. Although their properties are not well
defined, the states at 4725-keV (which decays by a 290-keV
transition) and the 4563-keV state are presumably of the same
character.

Unfortunately, there is no evidence of measurable interme-
diate lifetimes (with upper limits of approximately <5 ns),
which would help with the identification of intrinsic states
and with the ordering of the transitions referred to above.
The absence of lifetimes, however, does imply transitions
between states of similar K values. This is considered further
below.

A. Angular correlations

The statistics in the present experiment were sufficient to
obtain angular correlation results for the stronger transitions
from the 1518- and 1765-keV isomeric states and for the three
transitions from the 3699-keV isomer. In the latter case, the
data selected were confined to the 30- to 100-ns delayed region
to reduce contaminants. The results are summarized in Table I
and Fig. 7. Similarly, correlations were obtained for a number
of the dipole cascade transitions within the K* = 6" band,
allowing mixing ratios to be deduced, as shown in Table II.

177 keV

14 [@992-273keV..i ] | o [(©)410-555keV_[. ]
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FIG. 7. Angular correlations for selected transitions in '"#Yb.
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TABLE II. Angular correlations and mixing ratios for transitions within the K™ = 6™ band.

E(y1) E(y2) A Ay 3(y2) 8k — &r"
(keV) (keV)

520 137 — 117 232 11+ — 10" —0.278(39) —0.071(54) —1.48% —0.10122,
483 12+ — 10" 213 107 — 9+ —0.253(41) —0.115(58) —1.775068 —0.085%3),
445 11+ — 9+ 194 9t — g+ —0.377(76) —0.109(107) —0.93%¢7 —0.16377%,
407 107 — 8+ 174 gt — 7+ —0.257(101) —0.007(140) —1.07"7% —0.14418}
367 9t —» 7+ 153 7t - 6 —0.276(66) +0.063(92) —0.63139, —0.2467358

“Taking Qo = 7.51.

V. LEVEL SCHEME, ASSIGNMENTS, AND
CONFIGURATIONS

A. Transition strengths and band properties

The transition strengths in Table III are given in terms
of the hindrance factor F = t/ty, the ratio of the partial
mean-lives to the Weisskopf estimates 7y, and the reduced
hindrances f, = F!/", where the degree of forbiddenness for
multipolarity A is given by the shortfall between the required
K change and the transition multipolarity, v = AK — A.

B. Two-quasiparticle isomers

1. 6% isomer at 1518 keV (v = 830 ps)

The earlier spin and parity assignment to this state was
based initially on the conversion coefficient of the 992-keV
transition that suggested a mixed M1/E2 multipolarity [2].
This multipolarity, however, cannot be distinguished from the
E1/M2 possibility on the basis of the conversion coefficient
alone. A y—y correlation between the 992-keV transition
and the 273-keV 67 — 47 transition was claimed [20] to

establish a 67 assignment for the 1518-keV state, but in later
measurements it was pointed out by Schmidt, Michelich, and
Funk [21] that the angular correlation was also compatible with
a7” — 67 — 4% sequence if E1/M2/E3 multipolarity mixing
were considered. They obtained values of E1(68 + 7%) +
M2(5 £ 2%) + E3(27 £ 7%) for that solution, a combination
which also reproduces the conversion coefficient. Neverthe-
less, they also conceded that a definitive assignment was
not possible on the basis of the spectroscopic information
but argued that the 6% assignment was favored because
the alternative 7~ assignment implied several E3 transition
strengths that, although retarded, were relatively fast compared
to expected values. Angular distributions were also obtained
for the 992-keV transition from (n, n'y ) studies [22] that were
stated to be consistent with the y—y correlations, but that
could equally well be interpreted as being from a mixed 7= —
67" transition. Krane et al. [23] claimed an unambiguous 6
assignment, but this was on the basis of a combination of
their low-temperature orientation results, together with the
correlation results of Schmidt et al. [21].

Although we cannot add new spectroscopic information
on the decay transitions from the present results except to

TABLE III. Transition strengths and hindrances for decays from isomers in " Yb.

Initial state E, I, M or B(EX) Hindrance v fi?
I" (keV) relative (e* fm?)
6" 628 2.0(2) E2 0.010 2.00(22)x 1078 2.88(32)x 108 4 130
830(50) us 992 96.2(12) MI1/E2 0.030 6.73(42) x 1071 2.66(17) x 10" 5 122
1265 1.8(6) E2 0.0024 5.4(20) x 107° 1.07(40) x 10'° 4 322
7 247 4.8(2) El 0.047 5.40(42) x 10~° 3.72(29) x 10® 0
370(16) ns 876 13.4(12) E1l 0.0019 3.37(36) x 10710 5.97(64) x 10° 6 43;13.5
1239 81.5(39) El 0.0010 7.25(56) x 10710 2.78(21) x 10° 6 38;11.8
193 0.35(12) E2 0.305 2.9(9) x 1072 1.99(62) x 10° 4 12.6
14+ 410 32.3(22) M1 0.071 3.22(34) x 1076 5.54(58) x 10° 7 6.6
80(6) ns 696 52.421) M1 0.0183 1.07(10) x 107° 1.68(16) x 10° 7 7.7
964 13.909) E2 0.004 1.65(17) x 1073 3.50(36) x 10* 6 5.7
786 1.4(3) El 0.0024 2.18(44) x 10710 9.2(18) x 10° 6 45.8; 14.4
(147) 410 32.3(22) El 0.0096 3.66(39) x 1078 5.49(59) x 107 7 12.8; 4.8
80(6) ns 696 52.4(21) El 0.0030 1.21(11) x 107° 1.66(15) x 108 7 14.9;5.5
964 13.909) M2 0.020 1.52(16) x 1072 3.36(35) x 107 6 2.6
786 1.4(3) M1 0.014 2.02(40) x 1078 8.9(17) x 107 6 21.1

Values in italics include an additional factor of 10* in the expected single-particle hindrance for E1 transitions.
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confirm the mixed multipolarity of the 992-keV transition (see
Table I), indirect confirmation of the 6% assignment comes
from the properties of the band established above the isomer.
The angular correlation obtained for the 992-keV transition
and presented later is essentially identical to that obtained in
the early decay work [20], consistent with the assumption of
no alignment. Observation of the 7~ intrinsic state, which was
not known previously, effectively removes any question of
ambiguity. Linking of both the 6% and 7~ structures through
the 14" isomer further supports the spin assignments.

2. 7 state at 1765 keV (t = 370 ns)

This isomer mainly decays to the 61 and 8% levels of
the ground-state band and to the 67 isomer, with a weak,
low-energy branch of 193 keV to the 5 member of the
27 octupole band. Consideration of the branching ratios
and transition strengths leaves only 7~ or 7% as plausible
possibilities. The angular correlations (Fig. 7 and Table I) are
consistent with nearly pure stretched dipole character for both
the 876- and 1239-keV transitions to the 8 and 6 states of
the ground-state band. The alternative 7t assignment for the
1765-keV state is effectively excluded because it would imply
the presence of an M2 branch to the 5~ state with a hindrance
of about 5. This would be abnormally fast for an M2 transition,
even in the absence of K hindrance. As indicated in Table III,
with the 77 assignment, both E1 decays have f, values of
about 40, which is acceptable, although El transitions are
usually hindered by additional factors of about 103. Inclusion
of that factor leads to effective f, factors (indicated in italics
in Table III) that are smaller by a factor of 3. Also, the
E2 branch to the 5 state of the octupole band has a low
reduced hindrance of about 12. Both facts can be qualitatively
understood in terms of Coriolis mixing, because the presence
of the 7/27[633], i13 /2 orbital in the 7~ state (see later for the
configuration assignment) will introduce significant K mixing.
A calculation for the equivalent state in the isotone '8°Os gave
5% K =5,17% K = 6, and 81% K = 7 (Ref. [5]) and similar
admixtures would be expected here. In addition, octupole
bands have significant Coriolis matrix elements between the
K =0, 1,2, and 3 projections of the 3~ octupole vibration [24]
so that both initial and final states will have mixed K values.

C. Four- and six-quasiparticle isomers

1. 147% state at 3699 keV (t = 80 ns)

The 3699-keV isomer has a relatively short lifetime and
decays predominantly to the 12, 13", and 14" levels of
the 67 band, with a weak branch to the 13~ state of the 7~
band. The spin/parity possibilities are limited to 137, 14*,
or 157. The El transitions in the case of the 13~ possibility
have forbiddenness v = 6 and implied reduced hindrances of
fv ~ 25, without adjustment for the additional hindrance
expected for E1 transitions. That make this possibility unlikely,
as does the absence of branches to the 11~ and 12~ states of
the 7~ band that would be energetically favored. The 15~
possibility also implies E1, M2, and E3 strengths to the 67
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band, which are unlikely. Similarly the 14~ option, shown for
comparison in Table III, gives unacceptably low hindrances for
the implied E1 and M2 transitions. This leaves 147 as the only
alternative, albeit still one with unusually enhanced strengths.
These are discussed in a later section.

Independent of these considerations, the angular correla-
tions presented in Fig. 7 and Table I lead to a firm spin 14
assignment with characteristic I — I, — I — 1, and I —
I — 2 correlations for the 410-, 696-, and 964-keV transitions,
respectively.

2. K =(22,23) state at 6147 keV (t = 41 ns) and
other intrinsic states

As can be seen from Fig. 5 the absolute intensity available
after the coincidence gating required to isolate transitions
above the 147" isomer is low, hampering a quantitative analysis.
Nevertheless, on the basis of intensity balances, the 129-keV
transition from the 4564-keV state has a total conversion
coefficient a7 <0.3. This value is consistent only with El
multipolarity and therefore spin/parity of 17~ or 18~ for
the 4564-keV state; however, there is a residual uncertainty
in the data analysis, hence the parity is given in parentheses in
the level scheme. The 18~ possibility implies M2 multipolarity
for the 402-keV transition to the 167 band member, which
is unlikely in the absence of any significant lifetime. The
5030-keV state probably has I = 18 or, less likely, spin 19.
Both possibilities are shown on the level scheme, but the 197
alternative is problematic because of the 595-keV transition (it
would also have to be M2, although it is tentative), whereas
the 197 alternative would require the 466-keV y ray to be of
M2 character.

The 337- and 363-keV transitions are assumed to form
the dipole cascade within the rotational band based on the
5030-keV state, whereas the feeding from the isomer at
6147-keV and the state at 5974-keV (which would be
at 5902-keV if the order of the 173- and 245-keV transitions
were reversed) is consistent with assignment of spin 21 and 22
for the 5974 and 6147 intrinsic states, or somewhat less likely,
spins 22 and 23, respectively.

The 4725-keV state probably has spin 18, with the frag-
mented decay of the 5030-keV level being explained in terms
of the K-selection rule that favors transitions to other high-K
states rather than to the K = 14 band.

D. In-band branching ratios and alignments;
configuration assignments

1. gx — gg values

Standard rotational model formulae allow the extraction
of the quantity |gx — grl/Qo, Which is characteristic of the
Nilsson configurations involved, from the measured Al =
2/AI = 1 intensities. That ratio A is given by the following:

- I+DI+K-1D)UI —K-DEI—>1-2) §
2K2(2I = 1) ES(I—>1—1) 148
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TABLE IV. Values of gx and gx — gx for proposed configurations.

K7 Configuration 8k’ 8k — 8&" lgx — grl
v b4 predicted Measured®
6t 5/27[512]7/27[514] +0.06 + 0.02 —-0.29 - 0.33 0.437(6)
7 7/2+[633]7/27[514] +0.10 + 0.07 —-0.25-028 0.261(7)
14+ 5/27[514]17/27[514]® —0.15 - 0.08 —0.50 — 043
7/27[63319/21[624]
or
5/27[512]7/27[514] 7/27[523]9/27[514] +0.754+0.75 +0.40 + 040

#Nilsson values or semiempirical values (in italics).
Taking gz = 0.35.
“Weighted averages of values in Table V.

where E, is in mega-electron-volts and the mixing ratio § is
as follows:

E,(I—->1-1 Qo
SVIZ—1 8k —8r

For multiquasiparticle configurations,

8k = %ZQl’gQi'

8 =0.933

Large gx — gg values will favor the M1 cascade transitions
over the E2 crossover transitions, as will high-K values. Values
of g can be estimated from Nilsson wave functions for
specific orbitals and they can also be extracted from experiment
for well-defined bands in nearby nuclei. A selection of these is
shown in Table IV for the configurations of importance here.

The measured value of the quadrupole moment for the 2%
state of '74Yb is 7.7(9) eb but a recent accurate measurement
for the 7/27[514] state in 'Yb corresponds to Q¢ = 7.51(13)
eb [25]; hence, because these nuclei should have very similar
deformations, the latter value has been used in extracting the
experimental gx — gg values. These are listed in Table V for
the 61, 77, and 14T bands.

The branching ratios for the 67 band give a weighted mean
of |gx — gr| = 0.437(6) (not including the uncertainty in Qy),
which is higher than the expected value given in Table IV.
The value of |gx — gr| = 0.261(7) obtained for the 7~ band
from the branching ratios (Table V is in good agreement
with the predicted value). Because the 7/27[514] orbital is
common to both (as is gg), there is only limited opportunity
for adjustment of these values although Coriolis mixing is
significant in the 7/2*[633] orbital and this puts additional
(systematic) uncertainty on its theoretical value and on the
extracted value.

Also, the angular correlation results for the in-band dipole
transitions for the 6 band given in Table II all give negative
mixing ratios, which implies a negative value for gx — gr
because Qg is positive, but the magnitudes are lower than
expected and at face value, not all consistent with the
magnitude obtained from the branching ratios. However, the
errors in the mixing ratios are both large and asymmetric
because of the complex shape of the x? minima in these cases,
and there may be systematic errors present because of the
assumption that there is no alignment in the reaction. This is

certainly a valid assumption for transitions below long-lived
isomers (as in the case of transitions below the 6% isomer)
but it might be more problematic for short-lived states. (See
Ref. [26] for comments on spin alignment in such reactions.)

2. Alignments

Another feature characteristic of the orbital configuration
is the angular momentum alignment that reflects the Coriolis
mixing specific to each orbital [27]. The net alignment is
approximately additive, but with some nonlinear effects caused
largely by pairing reduction because of blocking (see, for
example, Ref. [28]).

Figure 8 presents the net alignments obtained with a
common reference, chosen to produce an approximately flat
curve for the ground-state band (labeled gsb). Several features
are apparent. The 67 band shows a relatively small alignment,

TABLE V. Branching ratios and (gx — gg) values for states of
the proposed 67 and 7~ bands in '7*Yb.

J E, (Al =1) E,(AI=2) A lex — grl
(keV) (keV) exp.
K™ =6"
14+ 286 555 2.36(23) 047573
13+ 269 520 2.31(15)  0.4317%)]
12+ 251 483 1.91(12)  0.422%}¢
1+ 232 445 1.31(7)  0.4487];
10+ 213 407 0.85(7) 047173
9+ 193 367 0.69(4) 04077
8+ 174 327 0.24(2) 0.479T%
K™ =17"
12~ 218 417 1.84(35)  0.27873]
11~ 199 380 1.59(17) 02478
10~ 181 345 0.85(7) 02733
9- 164 313 0.46(3)  0.2567)°
K™ =14*
17+ 274 519 <0.09 >0.53

*Taking Qo = 7.5 eb.
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FIG. 8. Comparison of alignments of the bands in '"*Yb and (i)
the alignment estimated for the #-band configuration obtained by
combining the 7,3/, orbitals in the odd neutron neighbors and (ii) the
K™ =19/2" band in 'Lu [8]. All alignments have been extracted
using a common reference with parameters 3y = 39 MeV~'%2 and
31 =70 MeV Rt

consistent with the proposed v? configuration that does

not contain orbitals strongly affected by Coriolis mixing.
It is very similar to the alignment of the fragment of the
K™ =19/2" band in 175Lu [8], which, as discussed, should
be closely related. In contrast, the proposed 7~ band has
significantly more alignment, as expected for a configuration
involving the 7/2*[633] neutron orbital, clearly supporting the
proposed configuration. Of the two possibilities for the 14™
band, only the v* 5/27[512]7/27[514]7/2*[633]9/2*[624]
configuration, the so-called ¢-band [29-31] for the 6 config-
uration, would have significant alignment. The relatively large
alignment observed compares well with an empirical estimate
(dashed curve labeled #-band in Fig. 8) obtained by summing
the average of the signature-split alignments observed for
the 7/2%[633] band in '7*Yb [32] and the alignment of
the 9/2*[624] band now identified (from the present series
of experiments [33]) in '7>Yb. This clearly supports the v*
configuration given later.

The same argument can be made for configuration as-
signments to the bands beginning at 5030-keV (possible 18~
assignment) and the band at 4725 keV (assignment of (18)).
The band structure in this region of the scheme is uncertain,
but at face value, the alignment suggests that the lower state,
at 4725 keV, has a configuration related to the 14 isomer,
whereas the 5030-keV state does not.

VI. MULTIQUASIPARTICLE CALCULATIONS

Calculation of the expected multiquasiparticle spectrum
was carried out using an approach similar to that of Jain
et al. [34], but with some modification, as outlined in recent
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publications (for example, ref [35]). The procedure involves
a choice of single-particle levels and the neutron and proton
pairing strengths G, and G, and, to avoid the limitations
that cause collapse of the BCS solutions in regions of low
and nonuniform level densities, the use of the Lipkin-Nogami
formulation for calculation of the pairing correlation.

The calculations use the prescription given by Nazarewicz
et al. [36] to treat the Fermi level and pairing gaps self-
consistently, to include particle-number conservation, and to
have blocked states removed for multiquasiparticle configura-
tions. For these calculations a space of three oscillator shells
was used for each of the neutron and proton spaces, giving
64 levels (128 states) with 30 active protons and 64 active
neutrons.

The Nilsson orbitals were calculated assuming constant
deformations of ¢; = 0.266 and €4 = 0.048 [27] to give
the initial set of single-particle states. (These deformations
differ somewhat from those predicted by Ref. [37] that give
€, = 0.258 and ¢4 = 0.073.) Subsequently, the single-particle
energies for the neutron levels close to the Fermi surface used
in the calculations were adjusted to reproduce approximately
the average of the observed one-quasineutron states in the
odd-neutron neighbors '*Yb and '7>Yb, whereas the odd-
proton orbitals were adjusted by considering the !> Tm and
175Lu one-quasiproton levels. Note that the one-quasiparticle
states are calculated using the same self-consistent procedures
as is used in the multiquasiparticle cases. As discussed in
the comparisons below, the proton orbitals move rapidly in
this region and empirical information on the proton orbitals
in '*Tm is scarce, with only the 1/2*7[411], 7/27[523] and
3/2%[411] orbitals well established, and a candidate for the
9/27[514] intrinsic state known. The 7/21[404] orbital, which
is the ground state in '">Lu, is not known.

The pairing strengths were taken as G, = 18.0/Aand G, =
20.8/A, the same values selected in evaluations of a range of Ta
and Lu isotopes [4,8,9,35,38]. (Note that we have not corrected
the one-quasiparticle energies for the rotational contribution
to the band-head energy, which is of the order of ;‘—i K, nor has
this been added to the predicted energies.)

The two-, four-, and six-quasiparticle states predicted to
be lowest are listed in Tables VI and VII. The residual
interactions that play a role in determining the lowest states
are also given in the tables. These are calculated using the
generalized form given by Jain et al. [34] for summing the
two-quasiparticle contributions for each combination using the
observed Gallagher-Moszkowski energies. The values listed
differ slightly in some cases from those that would follow
from the compilation of m-7, v-v, and m-v interactions in
Ref. [34] because of a reevaluation by Kondev [39] of some
of the empirical values.

In the multiquasiparticle case, the residual interaction is
the linear sum of attractive and repulsive components. When
medium to high-2 orbitals are involved, only the states with
maximum K = ), Q; are usually of interest. Reversal of say,
one orbital projection €2, will result in a state with K = Kpax —
2 x ;, and even if that state is favored in energy over the
Kax. state, it will usually be non-yrast and less likely to be
populated. However, the situation can be different when
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TABLE VL. Positive parity two-, four-, and six-quasiparticle
states in '7#Yb from multiquasiparticle calculations.

PHYSICAL REVIEW C 71, 044326 (2005)

TABLE VII. Negative-parity two-, four-, and six-quasiparticle
states in '7#Yb from multiquasiparticle calculations.

K7 Configuration® E;p  Ews  Ecae Eep
v T (keV)
6" 5/2=7/2~ 1506 —128 1378 1518
8+ 7/2T9/2F 2023 4200 2223
8+ 7/279/2— 2496 +200 2696
12 1/277/2%7/279/2F 3465 —173 3292
12+ 7127712 1/2t9/2= 3911 —155 3756
12* 5/279/2+ 1/2t9/2= 3951 4165 4116
13* 7/279/2+ 1/279/2= 4193 —155 4038
147 5/277/277/279/2% 3355 4263 3618 3699
14+ 512772~ 7/279/2= 4001 —79 3922
15+ 7/279/2+ 712772 4748 —400 4348
16+ 727972+ 7/279/2— 4519 +143 4662
17t 5/277/2Y7/279/2% 1272 5734 =77 5657
18%  5/277/2%7/2792F 1/2+7/2% 5734 4715 6449
18%  1/275/277/2792F 7/277/2% 5929 —523 5406
19t 5/2t7/2%7/279/2%  1/2t9/2~ 6335 +256 6591

20 1/277/277/279/2*
22+ 5/277/217/279/2*

7/279/27 5961 423 5984
7/279/2~ 5851  +55 5906 6147

*An asterisk indicates nonmaximal couplings.

bConfigurations as follows:

(v): 1/27:1/27[521]; 9/21:9/24[624]; 5/27:5/27[512]; 7/27:7 /2~
[514];7/2%:7/27[633]; 5/21:5/21[642].
():7/27:7/27[523];9/27:9/27[514]; 7/2+:7/2[404]; 5/2+:5/2
[402]; 1/2%:1/2%[411]; 3/2*:3/21[411].

Q;=1/2, as occurs in the present case where the 1/2*[411]
orbital is at the Fermi surface. In that circumstance and
depending on the specific residual interactions, the Ky.x —
1 state could be significantly lower in energy and closer to
yrast. Examples are the 181 and 177* states from the same
configuration (Table VI) where the latter is predicted to be
nearly 800 keV lower and then the 19~ and 18~ configurations
in Table VII.

It should be noted that not all of the residual interactions
required are available empirically, some are only estimates.
Furthermore, the addition of the residual interactions deduced
predominantly from two-quasiparticle cases can only be
approximate for multiquasiparticle states, because the redistri-
bution of particle and hole amplitudes is not taken into account
in estimating the higher seniority cases. A more complete
treatment would require the interaction to include explicitly the
dependence on occupation probabilities, as given, for example,
for two-quasiparticle cases by Massman et al. [40]. These
would need to be generalized to the multiparticle case to use
blocked wave functions, calculated self-consistently, for each
configuration.

VII. DISCUSSION
A. Forbidden decay strengths

1. 6% Isomer

Substantiation of the 6 assignment to the 1518-keV isomer
adds to the dilemma of understanding the transition strengths

K7 Configuration® E;p  Ews  Ece  Eexp
v T (keV)
7~ 712172 1753 —-93 1660 1765
7" 5/2-9/2+ 1794 4184 1978
8~ 7/279/2F 2036 —93 1943
11- 1/275/277/279/2* 3218 —160 3058 (3097)
11~ 5/277/2~ 1/2t9/2= 3662 —156 3506
13~ 512772~ 7127727 4216 —531 3685 (3758)
13~ 7/219/2+ 1/279/2= 4180 +147 4327
14=  5/2%7/2%7/279/2F 4178 +321 4199
15— 7127712 7/279/2 4250 +84 4334
15~ 5/279/2* 7/279/2— 4290 —1 4289
16~ 7/279/2% 7/279/2— 4532 +58 4590
17 1/277/2%7/279/2% 1/279/2= 5621 —255 5366
187* 5/277/2%7/279/2F 1/279/2= 5512 —60 5452 (5030)

19~ 5/277/2%7/279/2*
197 1/275/277/279/2*
197 1/277/2%7/279/2*
200 5/277/2%7/279/2F
200 5/277/2%7/279/2F
217 5/277/2%7/279/2*

1/219/2= 5512 4233 5745
7/279/2= 5715 =92 5623
7/277/2% 6176 —415 5761
3/2t9/27 6309 +114 6423
727512 6419 456 6365
727727 6066 +128 5930 5974

?An asterisk indicates nonmaximal couplings.

®Configurations as follows:

(v): 1/27:1/27[521];9/2:9/2%[624]; 5/27:5/27[512]; 7/27:7/2
[514]; 7/2%:7/2%[633]; 5/21:5/21[642].
(r):7/27:7/27[523);9/27:9/27[514]; 7/2%:7/21[404]; 5/21:5/2F
[402]; 1/2%:1/2%[411]; 3/2%:3/21[411].

and decay pattern. The problem is that the branching ratios
of the main decays in the 6 assignment cannot be explained
on the basis of the Michailov, Michailovich generalizations of
the Alaga rules as extended to K-forbidden transitions, a point
discussed in the original article of Borggreen et al. [2]. Further,
the 1265-keV E2 branch, which was not known at the time of
the initial interpretation, but is now determined as a 2% branch,
is very weak in absolute strength. The 1265 keV transition has
partly been ignored in favor of consideration of the strength of
the 992-keV transition, but the 1265-keV transition is retarded
over the Weisskopf estimate by a factor of 1 x 10'°, which
corresponds to a hindrance per degree of forbiddenness f,
of ~322, by far the largest value known in the region. To
put this in context, the hindrances for the 6 configuration
have been calculated [41] using a tunnelling prescription
that has been successful in describing similar states in the
hafnium and tungsten nuclei [42]. The predicted value [41]
is F = 7.5 x 10%, which corresponds to f, = 93. Although
quantitative agreement is not obtained in all those cases
and there are alternative treatments [43], the '7*YDb, 6T case
represents essentially the only one in the model of Ref. [42],
for which the experimental E2 hindrance is significantly larger
(by a factor of 100) than the predicted value. The point here
is that the tunnelling calculations should provide an upper
limit, because the inclusion of other microscopic effects, such
as configuration mixing, could be expected to enhance the
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transition strength. The '74Yb case, therefore, represents an
unresolved problem requiring further attention.

B. 14% isomer; K mixing

In contrast to the decays from the 6% isomer, the E2 branch
from the 14" state at 3699 keV has a reduced hindrance
fv = 5.7, and its other branches (M1 and E2) are also
relatively fast. As discussed previously, the 147 state has two
possible configurations, either a V2% configuration obtained
by summing the 6 configuration and a 7/27[523] ® 9/2~[514]
72 configuration (Table VI) or, more likely the v* alternative,
which involves addition of the 7/27[633] ® 9/27[624] neu-
trons. The latter is supported by the observed alignment. This
v* confi guration involves two i3, neutrons and is the so-called
t-band or Fermi-aligned configuration, the partner to the
K ~1 aligned neutron configuration that is responsible for the
backbending that occurs near N = 104-106 (see, for example,
79W and '3W [44,45]). This configuration will have an
average projection of K = 8 for the component from the aligned
neutrons, with a specific form of K mixing [29,30], although
quantitative measures of the width of that K distribution for the
174Yb case are not immediately available. From representative
calculations (e.g. [46]) one can estimate typical distributions
to have lower-K values with amplitudes of ~0.62|K = 14) +
0.48|K = 13) 4+ 0.26|K = 12) + 0.10|K = 11) - - -. The last
component, for example, would give rise to an E2 transition
that has forbiddenness v = 3 rather than 6. If the intrinsic
forbiddenness is f, ~ 100, this component would give an
apparent value of f, ~ 14, if it were interpreted as having
v = 6.

A more general consideration, which may play an additional
role, is that the 14™ isomer is located in a region of high level
density, well above the yrast line. Figure 9 shows E2 and E3
reduced hindrances for selected four-quasiparticle isomers,
as originally given by Walker et al. [47], as a function of
excitation with respect to a rigid rotor. The '74Yb, 14* case
in this formulation is ~2.5 MeV above a nominal yrast line
defined by rigid rotation [47]. The observed hindrance is
consistent with the expected fall because of the random mixing
with background states, as indicated by the solid curve [47].
Clearly, there are large fluctuations in the f, values. These
would not be expected to be described by such a simple
model, but the general trend seems to be reproduced. The
points indicated by stars in this figure correspond to very
fast decays from high-K states (mostly K = 12%) directly to
high-spin members of ground-state bands in even-even nuclei.
These belong to another category of transitions that may arise
not from admixtures in the primary isomer but from specific
K mixing in the ground-state band in the region near and
above the alignment of neutrons. (See Ref. [43] for schematic
evaluations of some cases in terms of possible K mixing and
shape-changes.)

C. Multiquasiparticle intrinsic states and systematics

A relatively large number of multiquasiparticle calcu-
lations have been carried out in the past decade with
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FIG. 9. Reduced hindrances for selected AK = 6 and AK = 8,
E2 and E3 decays of four-quasiparticle states as a function of energy
above a rigid rotor yrast line. The fast decay of the 14 isomer in
174Yb is indicated. The solid curve represents the density-of-states
estimate for AK = 6 transitions given by Walker et al. [47].

considerable success in describing multiquasiparticle yrast
isomers in the Lu, Hf, and Ta nuclei. See, for example,
Ref. [4,9,34,35,44].

The situation is not so clear cut in the present case
because, as discussed, such multiquasiparticle states are less
likely to be yrast, and the proton Fermi surface is near the
low-Q2 orbital, 1/27[411]. One expectation of this different
situation, which seems to be at least partly borne out in the
assignments below, is that v* configurations can compete with
more “balanced” configurations, such as v?m?2, for example,
which are common at higher Z. (The lowest states usually
involve approximately equal numbers of quasiprotons and
quasineutrons.)

D. Comparison with multiquasiparticle calculations

As can be seen from Fig. 10 and Tables VI and VII there are
a large number of intrinsic states expected at similar energies
in the spin region 13-20%. This situation is distinctly different
from that in the Hf isotopes, where certain configurations,
involving a few particular pairs of protons and neutrons, are
significantly favored in energy, leading to high-K states that
consistently occur low in the energy spectrum [48].

The relative separation of the v, 61 and 7 states is
reproduced and the energies are only slightly underestimated.
This could be because of a small underestimate in the pairing
strength G, but it should be noted that the 7~ state will have
significant Coriolis mixing through the 7/2*[633] component
of its configuration with the family of i3/, orbitals. This will
have the dual effect of lowering the energy of the lowest
band (in this case the 7~ bandhead) while increasing the
energy of the 8~ state from the related 9/21[624] ® 7/27[514]
configuration. As stated, the situation in 174yh and '7YD is
analogous to that in '8°Os and '8?Os, where a short-lived K™ =
7~ isomer occurs in the former and a long-lived K* = 8~
isomer occurs in the latter.
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FIG. 10. Excitation energies of calculated and observed states
expressed relative to a simple rotor with E(keV) = 11.5 x I(I + 1).
Open symbols represent the calculated intrinsic states (see Tables VI
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In the high-spin regime, it can be seen that the K =
21 and K = 22 states at 5974 and 6147 keV are plausible
candidates for K™ = 21~ and 22" six-quasiparticle states
predicted at 5930 and 5906 keV, respectively. Both involve
the 14, v* configuration coupled to the 72 configurations;
7/27[523]1 ® 7/27[404] and 7/27[523]1 ® 9/27[514]. The en-
ergy discrepancy (in terms of the predicted order rather than
the absolute scale) is presumably because of the uncertainty
in the position of the 7/27[404] orbital, which is not known
experimentally in either !7*Tm or 7>Tm.

Also shown in Fig. 10 are the lowest eight-quasiparticle
states predicted (all those with K > 23) with 24" and 25 states
falling lowest. These spins are within the reach of the present
reactions but as can be seen from the figure, the predicted
states are significantly non-yrast and therefore likely to be
only weakly populated.

From Fig. 10 and Tables VI and VII, it seems that there are
no obvious low-lying states that should have been observed.
The main difficulty in the comparison is in the region of
spin 17-19, where there are no clear matches between the
predicted and observed intrinsic states. For example, in the
level scheme (Fig. 2) there are three levels that may be intrinsic
states, at 4564 keV ((177)), 4725 keV ((18)), and 5030 keV
((18), 19), but the lowest 17~ state is predicted to be much
higher at 5452 keV, the lowest 18~ state is the Kyax — 1
coupling predicted at 5366 keV (with the K,.x = 197 partner
predicted at 5745 keV) and an 187" configuration is predicted
at 5406 keV. It is possible that one or more of the observed
states is a rotational member based on a lower lying intrinsic
state, but again there are no obvious candidates for such
band heads.
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One possible explanation for this discrepancy is that the
proton pairing strength is overestimated, but for several
reasons, it is difficult to justify a significant decrease over
the value used. More likely, the discrepancy is pointing to an
overestimate of the 1/27[411] ® 9/27[514] two-proton energy
and/or to an underestimate of the attractive residual interaction.
This configuration is common to two of the predicted states,
but it does not occur in any of the states that have been
firmly assigned. As well, a number of the residual interactions
involving the 1/27[411] orbital are estimates rather than
empirical values. A similar problem was encountered in
177Lu [9], where K™ = 33/2% and K™ = 23/2 isomers
related by the same 1/27[411]®9/27[514] excitation are
proposed, but although the 23/2~ state is reproduced by
calculation, the energy of the 33/2% state is overestimated
by about 350 keV. As pointed out then [9], equivalent overes-
timates of the excitation energies are uncommon in higher-Z
isotopes.

It is not proposed to make any further adjustment of
the proton orbitals here, partly because of the experimental
uncertainties but also because forthcoming results on '">Yb
and '°Yb in conjunction with new results on the odd-A
Lu isotopes should allow a more general evaluation of
orbital positions (and possibly deformations) for the region.
It should also be noted that in the systematic evaluations
of Ref. [36] that included orbital-dependent deformations
for odd-proton configurations, the relative energies of the
1/2*7[411],7/2*[404], and 3/2"[411] states were in systematic
disagreement with experiment.

VIII. SUMMARY

An extensive level scheme for the stable nucleus !’Yb has
been obtained from y -ray spectroscopic studies with Gamma-
sphere and “deep”-inelastic reactions induced by '3®Xe beams
incident on targets of '74Yb, ”Lu, and '"°Lu. New results
include the identification of the two-quasineutron K* = 7~
isomer and its associated rotational band, as well as the rota-
tional band based on the known 6" isomer at 1518 keV. These
band structures are linked through the decay of a K™ = 147,
80-ns isomer at 3699 keV that is assigned a four-quasineutron
configuration. Other intrinsic states identified include K =
(21) and (22) states at 5974 and 6147 keV that have been
assigned four-quasineutron/two-quasiproton configurations on
the basis of comparisons with multiquasiparticle calculations.
A number of uncertainties remain, both in the experimental
assignments to the higher states and in the association with
predicted configurations, some of which probably reflect
the uncertainty in the position of proton orbitals in this
region.

The '7Yb nucleus exhibits a variety of K-forbidden tran-
sitions, ranging from the very hindered E2 transition from the
6" isomer that is yet to be explained satisfactorily to relatively
fast transitions from the 14 isomer that can be attributed,
in part, to specific Coriolis mixing in its configuration and to
possible random mixing in the high-level density above the
yrast line.
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