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States above the known K™ = 8~ 6 us isomer in 1**Gd have been populated with the '°Cd(*® Ar,2 p2n) reaction
at a beam energy of 180 MeV at the University of Jyvéskyld, Finland. The recoil-isomer tagging technique was
utilized to correlate delayed y-ray decays, detected in the GREAT focal plane spectrometer, with prompt decays
measured in the JUROGAM II spectrometer at the target position. The lifetime of the K™ = 8~ isomeric state
has been remeasured as 6.2(2) us. Two high-lying strongly coupled bands have been established with K™ > 127
Potential-energy surface calculations, in conjunction with g factor measurements, reveal that they are built
upon four-quasiparticle structures comprising two-quasineutron plus two-quasiproton configurations. The short
half-life or lack of hindrance for the decays from these four-quasiparticle band-head states is reasoned to be a
consequence of increased triaxial deformation and mixing due to the high density of states relative to the lower

two-quasiparticle 6-us isomeric state.
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I. INTRODUCTION

The study of isomeric nuclear states provides information to
interpret intrinsic single-particle nuclear configurations. The
presence of isomers can result from a multitude of structural
effects that lead to a hindrance in the measured transition
probabilities when compared with theoretical single-particle
estimates [1]. Neutron-deficient rare-earth nuclei have been
shown to exhibit a collection of isomeric states. These are
established to predominantly result from changes in nuclear
deformations between different quasiparticle configurations:
shape isomers, as well as the hindrances related to large
variations in the total angular momentum projections of
axially symmetric deformed states: K isomers. In particular,
the midshell N = 74 isotones provide several examples of
long-lived K isomers. Systematic studies of the isotones, *>Ce
[2,3], 13*Nd [4], **Sm [5,6], '*¥Gd [7,8], and '“*Dy [9,10]
have assigned low-lying isomeric states to two-quasineutron
[514]19/2~ ®[404]7/2" configurations with an angular mo-
mentum projection of K* = 8. These isomeric states are
observed to decay back to the ground-state rotational bands
at a rotational frequency in the region of the first /1, proton
alignment [11]. These band crossings result in the introduction
of admixtures of nonzero K values into the ground-state
sequence to the extent that in '33Gd the 8% member of the
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ground-state band is calculated to consist of approximately
8% of the K = 8 configuration [7]. Such band mixing is
one explanation behind the trend in measured hindrances
per degree of K forbiddenness observed across the N =
74 isotones, where the reduced hindrance is established to
decrease with increasing mass. Another possible contribution
to the isomer hindrance lies in the change in shape between the
isomeric and ground-state structures and the effect of triaxial
degrees of freedom. For instance, a second, fragmented decay
path out of the 8~ isomeric state was recently identified in
132Ce [3]. The K™ =8 isomer was deduced to have an
element of triaxial deformation and an appreciable amount
of y softness.

The identification of the underlying single-particle con-
figuration of isomeric states, such as those identified in
the neutron-deficient N = 74 isotones, usually requires an
understanding of the y-ray transitions that feed the isomeric
state. The measurement of y-ray intensity branching ratios
I(M1)/I(E2) above an isomeric state allows a comparison
to be made between experimental and theoretical g factors
for all of the possible quasiparticle configurations around
the Fermi surface. However, strongly coupled bands above
isomeric states are often weakly populated because they are
nonyrast. This can make it difficult to isolate them from the
vast number of decays associated with fusion-evaporation
reactions. The work presented in this paper has utilized the
recoil-isomer tagging technique, which has proven successful
in analyzing states built upon isomeric configurations in nuclei
in the rare-earth area of the nuclear chart [8,12—-16]. This
technique was first used in '¥Gd to correlate prompt and
delayed transitions across a 6-us isomeric state [7,8]. The
high selectivity and sensitivity of this method allowed the
weakest of transitions associated with a K™ = 8~ isomer to
be identified in the prompt spectra. In addition, higher-lying
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prompt rotational structures were observed and assumed to
arise from four-quasiparticle configurations, which fed into
the known K™= 8~ isomeric state [8].

In the present experiment, the higher statistics collected
have resulted in the extension of the K"= 8~ band and
have linked in the higher-lying four-quasiparticle states. The
experimentally measured properties of these states, g factors,
angular distributions, and aligned angular momenta, have
been compared with theoretical potential-energy surface (PES)
calculations to assign underlying single-particle configurations
to these multiquasiparticle states. The higher-lying four-
quasiparticle states do not appear to show any hindrance
in the measured transition strengths. This lack of hindrance
may suggest that at higher spins, the prolate, near axially
symmetric shape associated with the lower-lying K™ = 8~
isomeric state is lost. The presence of triaxial deformation
makes the assignment of multiquasiparticle states to specific
configurations difficult; indeed, different configurations have
been assigned to what at first glance appear to be analogous
bands across the lower-mass even-even isotones [2,4,6]. The
validity of K as a good quantum number with triaxially de-
formed shapes is important to being able to fully understand the
structure of multiquasiparticle states. A theoretical framework
that encompasses triaxial degrees of freedom is essential to
be able to examine these structures. Alternatively, the lack of
isomerism for the decay from higher-lying four-quasiparticle
structures may also be the result of statistical mixing of states
with the same spin and parity [17]. Since these high-spin
four-quasiparticle structures lie at high excitation energies, the
density of nuclear states is greater than at energies where the
two-quasiparticle K™ = 8~ states are typically observed. This
larger density of states is expected to increase the probability
for decay [17].

II. EXPERIMENTAL METHODS AND DATA ANALYSIS

Excited states were populated in '3¥Gd via the
106Cd(30Ar,2p2n)'38Gd reaction. The K130 cyclotron at the
Accelerator Laboratory of the University of Jyviskyld was
used to accelerate an 3*Ar3* beam at an energy of 180 MeV
onto a 1-mg/cm? '%°Cd foil located at the center of the
JUROGAM 1I y-ray spectrometer [18]. The beam current
averaged ~5 particle-nA (pnA) over an approximate running
time of 44 h. A total of 3x10° recoil-gated prompt events
were recorded, with 1x10° prompt events correlated with
138Gd decays at the focal plane. In this reaction, '*¥Gd was
populated with a relative cross section of ~6%, with '33Eu
(~41%),"¥7Sm (~16%), '*¥Sm (~12%), and '¥Gd (~8%)
populated to a larger extent.

Prompt decays were detected in the JUROGAM 1I y-ray
spectrometer, comprising 39 Compton-suppressed germanium
detectors (15 EUROGAM Phase 1 type detectors and 24 clover
detectors). The total photopeak efficiency of JUROGAM II
was 6% at 1332 keV. Recoiling fusion-evaporation residues
were separated from beamlike particles by the Recoil Ion
Transport Unit (RITU) gas-filled recoil separator [19,20] and
were transported to the GREAT focal-plane spectrometer [21].
The GREAT spectrometer comprised a multiwire proportional
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counter (MWPC) at the entrance to two double-sided silicon
strip detectors (DSSDs) [22] into which the recoiling nuclei
were implanted. Conditions imposed on the time of flight
(TOF) between the MWPC and the DSSD and the measured
energy loss in the MWPC provided a method to distinguish
the beamlike from targetlike nuclei. The GREAT planar and
clover germanium detectors were used to detect delayed y rays
emitted after implantation. The planar strip detector had an
absolute efficiency of ~30% at 100 keV [21] and was ideally
suited to the detection of low-energy y-ray transitions from
isomeric states.

Events were time stamped by a 100-MHz clock through the
triggerless total data readout (TDR) acquisition system [23].
Data were collected for off-line sorting with the GRAIN soft-
ware package [24]. The data were sorted into two-dimensional
spectra (matrices) and three-dimensional spectra (cubes) for
analysis with the UPAK [25] and RADWARE [26] software suites,
respectively. A two-dimensional, asymmetric matrix of prompt
y -ray transitions against correlated delayed y rays was initially
constructed. The prompt decays were correlated with both a
recoil implantation in the DSSD and a y ray detected in either
the focal planar or clover detectors of GREAT within 20 pus
after a recoil implantation. This time condition was based upon
the prior knowledge of the half-life of the isomeric state in
138Gd, measured to be 6(1) us [7]. The matrix was background
subtracted in time, using the period 0-20 us prior to the arrival
of an event in the DSSD to remove any contamination from
y-ray transitions depopulating longer-lived isomeric states or
B decays from previously implanted recoils.

Angular distributions were measured for several of the new
y-ray transitions in '*Gd identified in this work. This was
achieved by sorting the recoil-isomer-tagged data into the
four separate rings of the JUROGAM II spectrometer. The
measured intensities at each angle 0, with respect to the beam
axis, were fitted with Legendre polynomials of the form

W) = Ay + Ay P, cos(0) + Ay Py cos(6), (1)

adopting the formalism outlined by Yamazaki [27]. The-
oretically calculated distributions were compared with the
experimental data points in order to determine the value of
the A, coefficient. The inclusion of the A4 coefficient in
the theoretical Al = 1 distributions was used to reveal the
presence of any quadrupole mixing through the observation of
the mixing-ratio parameter §. However, the limited number of
JUROGAM 1I detector rings only allowed the sign of § to be
determined and not its absolute value.

III. RESULTS

A previous study of states built above the K™ = 8~ isomer
in 33Gd by Cullen et al. [8] was able to establish the sequence
of y rays up to the 127 state in band 1. However, due to
low statistics, assignments were based upon consideration
of energy sums, intensities, and branching ratios. That work
was also able to tentatively identify transitions that appeared
to belong to higher-lying rotational bands in '*¥Gd from
comparisons with the lower-mass even-even nuclei. However,
without coincidence analysis, these transitions, assigned to
138Gd, were not able to be placed in the decay scheme.
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FIG. 1. Partial level scheme of states above and below the K™ = 8~ isomer in **Gd, showing the four-quasiparticle bands identified from
recoil-isomer tagging in the present work. The widths of the arrows are proportional to the intensity of the transition, with the white component

of each arrow indicating the calculated internal conversion component.

The new '*8Gd level scheme deduced in this work is shown
in Fig. 1. For simplicity, only the ground-state band sequence
u3p to the 8 isomer has been included. (The full level scheme of
133Gd can be found in Ref. [11].) The new level scheme above
the K™ = 8~ isomeric state has been considerably extended
in excitation energy and spin from the previous work [8], with
the identification of two new (higher-K) four-quasiparticle
bands that have been linked into the known K™ = 8~ band 1.
Table I contains the spectroscopic information for all of the
y rays established in this work. Following the recoil-isomer
tagging method outlined in Ref. [8], a series of gated matrices
were constructed for analysis. Gating on the energies of known
delayed transitions depopulating the K™= 8~ isomer allowed
the observation of the correlated prompt decays above the
isomeric state. A sum of prompt spectra gated on all five
delayed ground-state band transitions (221-, 384-, 489-, 556-.
and 583 keV) is shown in Fig. 2(a), and the delayed spectrum
resulting from a sum of gates on the known prompt transitions
(396-,416-,428-,433-.and 402 keV) is shown in Fig. 2(b). The
high level of statistics observed in the isomer-tagged prompt

spectra allowed the construction of a recoil-isomer-tagged
prompt y-y coincidence matrix, where only prompt coincident
y rays associated with a delayed isomeric transition were
included. Finally, in order to fully examine the structure of
decays depopulating the isomeric state, a delayed y-y matrix
was constructed from delayed transitions observed in both the
planar and clover detectors combined.

Figure 3 shows a set of prompt spectra obtained from setting
gates in the recoil-isomer-tagged prompt-prompt y-y matrix.
Figure 3(a) shows the spectrum resulting from a single gate on
the prompt 396-keV transition feeding the K™ = 8~ isomer in
band 1. The nonobservation of the 811-keV peak, as observed
in the total projection in Fig. 2(a), confirms the placement of
the 811-keV transition to be parallel to the 396-keV y ray.
The higher-lying transitions observed in the previous study [8]
can all be seen, including several previously unidentified
transitions. The K™ =8~ band 1 has been extended from
the previous work by the addition of the 402- and 834-keV
y rays. These were placed at the top of the band based upon
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TABLE 1. Prompt y-ray energies, intensities, initial and final spins, angular distribution coefficients, and mixing ratio signs for transitions
above the K™ = 8~ isomer in '*®Gd deduced in this work. The errors associated with the energies and intensities have been calculated from
the spread of their distribution observed in a series of spectra gated on various delayed transitions.

E, (keV) I, JT = J7 A, Ay signd oL
172.5(2) 30(1) 15 — 14~ —0.21(7) 0.02(1) + MI1/E2
204.6(3) <5 (147) — (137) (M1)
209.6(2) 33(3) (157) — (147) —0.28(7) 0.01(1) - M1/E2
230.2(2) 21(2) 16~ — 15~ —0.15(8) 0.02(2) M1/E2
253.3(2) 31(3) (167) — (157) —0.35(7) 0.02(1) - MI1/E2
261.3(3) 32(1) (147) — 13- —0.55(15) 0.01(1) - M1/E2
285.1(2) 34(3) 17~ — 16~ —0.13(4) 0.01(1) + MI1/E2
299.1(4) 15(3) (177) — (167) —0.287007 0.01(1) - M1/E2
342.2(2) 27(3) 18~ — 17- —0.15(4) 0.00(1) + MI1/E2
352.9(2) 10(3) (187) — (177) —0.30(7) 0.02(1) + MI1/E2
366.1(8) 6(1) (207) — (197) (M1)
378.9(3) 22(4) 147 — 13- —0.49(7) 0.01(1) - MI1/E2
389.9(7) 12(2) (197) — (187) (M1)
395.8(2) 100(2) 9 — 8" —0.66(6) 0.02(1) - MI1/E2
402.2(2) 31(3) 137 — 12- —0.71(1) 0.03(1) - MI1/E2
414.99) 3(2) (157) = (137) (E2)
416.2(3) 57(5) 100 — 9~ —0.56(10) 0.01(2) - M1/E2
420.4(6) 10(2) (197) — 18~ (M1)
428.1(2) 48(6) 11- = 10~ —0.72(10) 0.03(1) - MI1/E2
433.0(2) 28(4) 12- > 11~ —0.61(10) 0.0279% - M1/E2
458.6(7) <4 (137) — 12~ (M1)
462.4(2) 9(6) (167) — (147) (E2)
514.6(12) 11(3) 17 — 15~ (E2)
552.8(13) 11(3) (177) = (157) (E2)
626.8(8) 26(3) 18~ — 16~ (E2)
651.2(9) 12(2) (187) = (167) (E2)
663.0(11) 21(3) (147) — 12- 0.38(3) —0.13(2) E2
762.6(8) 13(5) (197) — 17- (E2)
780.0(10) 9(4) 14- — 12- (E2)
811.1(3) 35(4) 100 — 8 0.28(3) —0.05(2) E2
834.0(2) 32(5) 137 — 11- 0.15(3) —0.01(1) E2
842.7(4) 48(3) 11~ —9° 0.187043 —0.021591 E2
860.8(4) 41(3) 127 — 10~ 0.12704 —0.0375% E2
891.4(7) <3 (137) — 11~ (E2)

coincidence analysis as well as energy sums and intensity
considerations. Angular distribution measurements confirm
the tentative dipole and quadrupole assignments proposed in
the previous work as well as the new transitions established in
this work (see Table I). Figure 4 shows the angular distribution
measurements for four of the y-ray transitions in band 1.
A negative sign for the dipole-quadrupole mixing ratio &
in band 1 was deduced from the comparison of theoretical
distributions [27] with the experimental data points, with the
inclusion of the A4 coefficient in the angular distribution fit.
The sign of the mixing ratio measured in this work is consistent
with that assumed for states above the K™ = 8~ isomer in
136Sm [6].

Figure 3(b) shows a spectrum gated on the prompt 261-keV
transition that links band 2 to band 1. The 663-keV y-ray
observed in Fig. 3(a) is not present in Fig. 3(b), which suggests
that it belongs to a parallel cascade. The intense Al =1
transitions assigned to this band are clearly seen at low energy;
however, the weaker quadrupole crossover y rays are difficult

to distinguish from the background. They were established
to be part of band 2 because they were observed in summed
spectra, gated on all of the interband mixed dipole-quadrupole
transitions. Angular-distribution measurements performed for
the more intense transitions in band 2 (210-, 253-, 299-, and
353-keV) resulted in mixed dipole-quadrupole assignments.
The potential quadrupole mixing into the A/ = 1 transitions
was evaluated by comparing the experimental data points with
theoretical distributions that included the A4 coefficient. From
this comparison it was possible to establish a small negative
mixing ratio for each of the measured transitions.

Figure 3(c) shows the prompt spectrum resulting from a
single gate set on the 253-keV y ray in band 2. The two
transitions linking bands 1 and 2 via the 261- and 663-keV
y rays are both evident in this spectrum, consistent with the
placement of the band. The majority of the intensity flow from
band 2 to band 1 is established to pass through the 663- and
261-keV y rays. However, the presence of the (137) state in
band 2 suggests that band 2 also feeds into band 1 at lower
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spins. The tentatively placed 891- and 459-keV transitions,
which are thought to feed into band 1 at lower spins, are not
evident in this particular spectrum. In addition, the ratio of
the intensities of the 416- and 428-keV transitions in band 1
in Fig. 3(c), gated on the 253-keV y ray, differs from that
shown in Fig. 3(b), gated on the 261-keV transition. The
larger intensity observed in the 416-keV peak in Fig. 3(c)
highlights the doublet nature of the 416-keV y ray, which has
been assigned in this work to bypass the 14~ in-band state in
band 2.

Figure 3(d) shows a prompt spectrum from a gate set on the
173-keV transition assigned to band 3. None of the transitions
assigned to band 2 are visible in the spectrum, confirming that
bands 2 and 3 are two separate higher-lying bands. The E2
crossover transitions in band 3 are hard to distinguish from
the background because of the reduced detector efficiency
at higher energies compared with lower energies, where
the intense Al = 1 transitions are clearly observed in this
spectrum. Angular distribution measurements confirmed the
mixed dipole-quadrupole nature of the 173-, 230-, 285-, and
342-keV transitions within band 3. A small positive mixing
ratio was measured for these transitions above the 15~ state in
band 3.

The half-life of the isomeric K™ = 8~ state was deduced by
constructing a matrix of the time between recoil implantation
in the DSSD and delayed y-ray detection in the planar
detector against y-ray energy. By gating on the known
delayed transitions in '*8Gd and subtracting background
from the energy spectra, time projections were produced
for each of the five delayed transitions below the isomer.
Figure 5 shows the time spectrum from a sum of gates
on the 221-, 384-, 489-, 556-, and 583-keV transitions.
The measured half-life of 6.2(2) us was determined from
a weighted average of exponential fits to each of the five
individual time spectra. This result is consistent with, but
more accurate than, the value measured by Bruce et al.
of 6(1)us [7].

100 200 300 400 500 600 700 800

900 1000

IV. DISCUSSION

Gadolinium-138 has been extensively researched by several
collaborations [7,8,11,28,29]. The study performed by Paul
et al. [11] was able to establish several prompt bands
in '¥Gd up to high spin. Comparisons between the ex-
perimental alignments and theoretical cranked shell model
(CSM) calculations assigned several bands to different multi-
quasiparticle configurations. These low-lying configurations
are composed of orbitals that lie near the Fermi surface.
Combinations of these orbitals may be expected to con-
tribute to the high-spin nonyrast states observed in this
work.

PES calculations have been performed for a variety of
excited two- and four-quasiparticle configurations based upon
combinations of the orbitals observed to reside around the
Fermi surface. These calculations were performed using the
configuration-constrained blocking method, where specified
single-particle orbitals responsible for the observed quasi-
particle excitations are kept singly occupied as the defor-
mation is varied [30,31]. In order to identify the specific
single-particle orbitals that need to be blocked adiabatically
in pairing calculations, a set of average Nilsson numbers,
(N), (n;), (A), and (|€2|), were calculated for the required
configurations. The PESs, obtained for each rotational fre-
quency, were calculated at quadrupole deformation (S, y)
with hexadecapole (B4) variation. This method has been
successful in reproducing experimentally observed excitation
energies of quasiparticle configurations for many nuclei in
the rare-earth area of the nuclear chart [10,31,32]. Table II
summarizes the predicted deformations and excitation
energies for a combination of quasiparticle configurations
in 138Gd.

In this work, the same method for determining theoretical
g factors as Ref. [8] has been employed for the higher-lying
four-quasiparticle bands. However, in contrast, in this work,
the transition quadrupole moments were determined from
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Ref. [33]: A. K™ = 8~ two-quasiparticle configuration
Figure 6 shows the PES predictions for **Gd following
5 the K™ = 8~ configuration through increasing rotational fre-
0, = 0+ \/; 02, ) quencies. These calculations allow the change in nuclear shape

where the components of the quadrupole moment were
calculated microscopically from the values of 8 and vy,
derived from the PES calculations. Quadrupole moments
derived from this theoretical prescription include triaxial
degrees of freedom, which were not incorporated in previous
values taken from experimental data [33].

In the following sections, the g factors, configuration-
constrained blocking calculations, angular distributions, and
alignments will be discussed for each of the four-quasiparticle
high-K bands separately. The experimental aligned angular
momentum (alignment) i, [34], as a function of rotational
frequency, was determined for each of the high-K bands in
133Gd measured in this work. A reference band with Harris
parameters [35] 3 = 11.0n2/MeV and 3, = 25.87*/MeV?
was subtracted from each band.

to be followed above the band-head state, giving information
on the structure of the nucleus all the way up to the point
at which higher-lying configurations feed into the band. In
each instance the minima are found to be y-soft (see Fig. 6),
implying a high degree of susceptibility to vibrational degrees
of freedom. This y softness may be the reason that the change
in E2 energies above the 8 state appear to deviate slightly
from that expected for a purely rotational prolate-deformed
nuclear shape. In the absence of y softness the energies of
the E2-crossover transitions would be expected to increase
more rapidly with rotational frequency, as observed in the
ground-state band. The energy minimum is seen to evolve
from an axially symmetric shape at low rotational frequencies
toward a triaxially deformed nuclear shape athw = 0.15 MeV.
The requirements of the configuration-constrained method
limit the calculation of configurations to |y| < 30° [30,31].
As a consequence, any further shape evolution toward a more

034311-6



HIGH-K FOUR-QUASIPARTICLE STATES IN !33Gd

15t T 1

05 | (d) 843 keV

0 02 04 06 08 0 02 04 06 08

cosz(e)

FIG. 4. (Color online) Angular distributions measured for the
(a) 396-, (b) 416-, (c) 811-, and (d) 843-keV transitions in band 1
of 13Gd. Dashed lines correspond to an E2 (quadrupole) transition,
and solid lines correspond to a mixed M1/E?2 (dipole-quadrupole)
transition. A substate population alignment of /I = 0.3 was chosen
for the theoretical dipole distributions. This value was deduced from
the weighted average of all quadrupole transitions measured in band 1.
Data for the two clover rings around 90° to the beam axis have been
combined into one cos?(#) angle.

oblate deformation cannot be followed within the current PES
method. In order to establish any effects of this apparent change
in shape with increasing spin in the two-quasineutron band,
the behavior of higher-lying configurations is discussed in
Sec. IVB.

B. Four-quasiparticle configurations

The analysis techniques outlined at the start of Sec. IV have
been used to assign configurations to the two new higher-lying
four-quasiparticle states. Table II shows the results of PES
calculations performed for four-quasiparticle configurations
that include the two-quasineutron configuration assigned to the
K™ = 8~ isomeric state. A combination of four-quasineutron
and two-quasineutron plus two-quasiproton configurations are
predicted to have excitation energies similar to those observed
for bands 2 and 3 measured in this work. Figure 7 shows
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FIG. 5. (Color online) Time spectrum for the 221-, 384-, 489-,
556-, and 583-keV y-ray transitions in the ground-state band. An
exponential fit to the data gives a half-life of 6.2(2) us. The time
axis defines the time difference between a recoil implantation in the
GREAT DSSD and a y-ray detection in the GREAT planar detector.

the experimental g factors, including the weighted average
values for each band (dashed lines) and the theoretical g factors
(solid lines) based upon Nilsson orbitals shown in Table II.
The g factors were determined from a rotational model of the
nucleus, which includes a theoretically determined value of
the dipole-quadrupole mixing ratio §. This is consistent with
the method used to determine the g factors for the K™ = 8~
band in Ref. [8].

1. Band 2

Band 2 has been tentatively assigned to the K™ = 127,
v{9/27[514]7/2%[404]} ® m{3/21[411]15/2%[413]} configu-
ration. The experimental g factors for band 2, assuming a
value of K of 12, were not definitive in their contribution
to the configuration assignment to the band-head state. A
negative value was adopted for the g factors based upon the
negative mixing ratio observed in the angular distribution fits
of the mixed M1/E?2 transitions in band 2 [6]. Although the
band-head excitation energy is consistent with that theoret-
ically predicted for four-quasiparticle configurations, higher
statistics are required to better determine the g factors for

TABLEII. Deformations, excitation energies, and g factors calculated with the configuration-constrained blocking method for a combination
of both two- and four-quasiparticle configurations based on nuclear orbitals around the Fermi surface in '*¥Gd. Q, was determined from Eq. (2)

in the calculation of the theoretical g factors.

" Ecalc Ecxp Conﬁguration (gk - gR) 52 IV' ﬂ4
(keV) (keV) [n] (deg)

8- 2100 2233 v{9/27[514] ® 7/2+[404]} —0.46 0.25 10 (soft) —0.031
11- 4324 v{9/27[514]7/2+[404] ® 5/2*[402]1/2+[400]} —0.67 0.24 8 —0.033
12~ 4871 v{9/27[514]7/21[404] ® 7/27[523]11/27[5411} —0.66 0.26 8 —0.010
12~ 4654 v{9/27[514]7/2+[404]} ® m {3/2+[411]5/2*[413]} —-0.13 0.26 2 —0.017
14~ 4829 4685 v{9/27[514]7/2+[404]} ® 7 {5/27[532]7/27[523]} 0.13 0.25 9 (soft) —0.033
12+ 4493 v{9/27[514]7/2+[404]} @ 7 {5/27[532]3/2 " [411]} 0.07 0.25 0 (soft) —0.029
14+ 4747 v{9/27[514]7/2+[404]} ® 7 {5/2+[413]7/27[523]} —0.04 0.25 10 (soft) —0.031
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FIG. 6. Calculated PESs following the K" =8~ two-
quasineutron v{9/27[514] ® 7/2+[404]} configuration in '**Gd for
increasing rotational frequency. The panels correspond to frequencies
hw of (a) 0, (b) 0.05, (¢) 0.10, and (d) 0.15 MeV. The evolution of
the absolute minimum with rotational frequency from a prolate to a
more triaxial nuclear shape is evident.

this band. The g factor measurements made in this work,
however, tend to favor a quasiproton pair for the observed band
structure because the theoretically predicted configurations
involving only neutrons have much larger negative g factors.
This {3/2%[411]5/2%[413]} quasi-proton alignment may be
expected, as the neutron crossings are not predicted to occur
until higher rotational frequencies [11]. The two aligned
quasiprotons, thought to make up the four-quasiparticle band-
head state in band 2, belong to the 7 2ds,, and 7 1g7,, orbits,
respectively. Protons from these two orbits are predicted to
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contribute to the first observed alignment in the ground-state
configuration of '*Gd [11], where CSM calculations reveal
these orbitals to become yrast at frequencies of iw =~ 3.5 MeV.
This may explain why the /™ = 14~ state of band 2 occurs ata
slightly lower excitation energy than that of band 3 (see Fig. 1).
Angular distribution measurements appear to favor an I* =
14~ assignment for the apparent band-head state of band 2.
This does not correlate well with the predicted K* = 12~
configuration from the PES calculations, which has a better
match between experimental and theoretical g factors and
excitation energies. In the current work, only four detector
rings were available for fitting angular distributions to, and it
cannot be fully ruled out that neither the 663- nor the 261-keV
transitions are fully stretched. In this instance the lower-lying
(137) state may well have I = 127. However, at a lower
excitation energy, the correspondence between this energy and
that predicted theoretically is less revealing. For these reasons,
the 12~ configuration has only been tentatively assigned to the
four-quasiparticle configuration of band 2.

2. Band 3

Band 3 has been assigned to the K" =147,
v{9/27[514]7/2%[404]} ® 7 {5/27[532]7/27[523]} configu-
ration. This assignment was based upon the comparison of sev-
eral experimental features with the corresponding theoretical
predictions. The experimental g factors measured for band 3,
assuming a value of K of 14, are in good agreement with
those predicted for the two-quasineutron plus two-quasiproton
configuration, which incorporates the two-quasineutron con-
figuration assigned to the K™ = 8~ band 1 (see Fig. 7). A
positive value for the experimental g factors for this band was
based upon the positive mixing ratio measured for the Al = 1
transitions, combined with the theoretically predicted positive
value for Q; [6]. Angular distribution measurements for the
379-keV transition suggest a band-head state with a spin and
parity of 14~. This is in agreement with the K™ value of
14~ Nilsson-orbital configuration assigned to the band. The

02F
K'=14 4829 keV

f—>—

I 4685 keV

PH

K"=12" 4493 keV

1

OF K"=14" 4747 keV

FIG. 7. (Color online) Experimental g fac-
tors determined for bands 2 and 3 in *®Gd and

K"=12" 4654 keV T

theoretical values determined from the PES cal-

-0.6

K"=12 4871 keV

£ o2t T 4 1
T [ [ Sy ek Sl I i
o

= Band 2 (K=12)
4 Band 3 (K=14)

culations. The dashed lines show the weighted
average experimental value for each band, and
the solid lines show the theoretical g factors
determined for each of the different theoretical
four-quasiparticle configurations. The values of
K assumed in the experimental data points are
shown in the legend. The experimental (right)
and theoretical (left) excitation energies are
shown beside each plot.

4568 keV
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1 1 1
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FIG. 8. (Color online) Alignment plots for the ground state, yrast
band, K™ = 8~ bands, and higher-lying bands in the N = 74 isotones
138Gd, **Sm [6], and '**Nd [4]. The alignments were calculated
using the Harris reference parameters 3o = 11.07*/MeV and J; =
25.8%* /MeV?. The values of K for the higher-lying bands in '**Sm
and '3*Nd were taken from Table III.

theoretically predicted excitation energy of this configuration
is 4829 keV and is quite close to the value of 4685 keV
measured experimentally. This difference of less than 150 keV
in the excitation energies of the band-head state in band 3
is within the accuracy expected for theoretically predicted
excitation energies of multiquasiparticle configurations [31].
The alignment plots for band 3 (see Fig. 8) show an initial
alignment of ~7h athw = 0.13 MeV, about 44 higher than the
initial alignment observed in the two-quasiparticle K* = 8~
band 1. This increase in alignment can be entirely associated
with the additional two-quasiprotons in /iy, orbitals. This
alignment is slightly smaller than that established in the
yrast, ground-state band at *hiw = 0.3 MeV, which has been
attributed to the alignment of a quasiproton from the /1, orbit
and one of either the g7/, or ds/, orbits [11]. For an /™ = 14~
state, the smaller values of Q associated with orbitals from
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the g7/, or mds), orbits would produce too high an initial
alignment for band 3. The smaller alignment can then be
understood by the inclusion of higher-£2 states from the wh; 2
orbit. The theoretically predicted y deformation of |y| = 9°
for this configuration (see Table II) may provide a possible
explanation for the lack of any hindrance in the decay from
band 3 to the K™ = 8~ band 1, which is also shown to contain
a large degree of y deformation for increasing rotational
frequencies; see Fig. 6.

Similar four-quasiparticle bands have been observed in
several of the lower-mass even-even isotones [2,4,6]. The
assignments made to these bands were based mainly upon
comparisons of experimental branching ratios with predictions
made by theory. Table III summarizes the quasiparticle
configurations assigned to these structures. In Table III, only
high-spin bands whose configurations include that of the two-
quasineutron K" = 8~ configuration have been compared.
The experimental excitation energies established across these
isotones all appear to be consistent with the range of values
predicted by the PES for '3¥Gd in this work. Samarium-136
is the only nucleus where it has been suggested that the
high-K band has a four-quasineutron configuration [6]. This
was reasoned by the apparently small initial alignment of
the band, which should have been larger if there was any
contribution from a two-quasiproton pair [6] (see Fig. 8). It
can also be seen from Table III that the excitation energy of
the four-quasiparticle band head in '*Sm is slightly lower than
that seen in the lower-mass isotones, although the transitions
linking this band to the 8~ configuration were only tentatively
assigned [6].

C. Hindrance factors for two- and four-quasiparticle states

An extensive study by Bruce et al. examined the systematic
trend in decay hindrances observed in the decay from the
K™ = 8~ two-quasineutron configurations to the ground-state
bands in several of the even-even N = 74 isotones [7]. The
trend in reduced hindrances for these decays appeared to
behave in an opposing manner, as a function of mass, to
that expected, where the increase in Z, and consequently
the increase in the deformation of the ground-state band,
would be expected to stabilize the K selection rule, resulting
in larger hindrances for the heavier nuclei [7]. A simple
two-band mixing prescription between the ground and s
bands was successful in replicating the experimental data.
This theoretical framework examined the mixing of higher-K

TABLE III. Four-quasiparticle assignments and experimental excitation energies for the high-K bands in the N = 74 isotones '%Gd,
136Sm [6], 1**Nd [4], and '3?>Ce [2]. Only bands that have been assigned to include the v{9/27[514] ® 7/27[404]} configuration have been

included.

Nucleus Excitation energy (keV) Four-quasiparticle configurations K"
133Gd band 2 4568 v{9/27[51417/27[404]} @ {3/27[41115/27[413]} 12~
133Gd band 3 4829 v{9/27[514]7/21[404]} ® w{5/27[532]7/27[523]} 14~
136Sm 4169 v{9/27[514]7/2*[404]} @ v{1/27[400]7/27[523]} 12+
134Nd 4986 v{9/27[51417/27[404]} ® 7 {1/27[55013/27[5411} 10~
132Ce 5638 v{9/27[514]7/21[404]} @ 7 (h11)2)*
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TABLE 1V. Calculated deformations of the two-quasineutron
K™ = 8~ isomeric band-head states for the N = 74 isotones. The
corresponding quadrupole moments were derived from Eq. (2) [33].

Nuclei B ly| (deg) 0, (eb)
13834 0.250 10 5.11
136Sm 0.228 12 4.48
34Nd 0.215 7 4.33
1320 0.195 0 3.83

components into the ground-state band in the crossing
region, but several assumptions were required to be included
in the analysis. The theoretical PES calculations performed
in the present work shed light on the possible contribution to
this observed trend from shape-changing effects between the
two-quasiparticle isomeric configuration and the ground-state
band.

Table II shows the theoretically predicted y deformation,
|y| = 10°, and quadrupole deformation, 8, = 0.25, for the
K™ = 8~ configuration in '*Gd. PES calculations performed
for increasing rotational frequency in the ground-state band
reveal absolute minimums of y = —13° and B, = 0.26 at
ha = 0.28 MeV, corresponding to the I™ = 87 level in *3Gd.
In this scenario, it is observed that the two-quasiparticle
isomeric state decays into the ground-state band, which
has similar values of y deformation. This extra element
of a substantial degree of triaxial deformation common to
both structures and the mixing of high-K components in
the ground-state band are all expected to counteract the K
selection rule, reducing the expected hindrance of the decay
from the isomeric state.

Although PES calculations have not been performed for
the ground-state sequences in the lower-mass isotones in
this work, previous calculations performed for 1365m [36],
134Nd [37], and '32Ce [2] show the ground-state bands in
each nucleus have a considerable amount of y deforma-
tion, around |y|~ 15°, at hw =~ 0.3 MeV. The effect of
this susceptibility to y vibrations is clearly established in
132Ce, where recent measurements show the decay out of
the K™ = 8~ state fragmenting into a y-vibrational band
parallel to the ground-state band [3]. Table IV shows the
decreasing trend in y deformation predicted from the PES
calculations for the lower-mass K™ = 8~ isomeric states. The
theoretically predicted values for the isomeric state suggest
that the commonality in triaxiality between the two bands may
be lost with decreasing mass. As a result, it may be expected
that the reduced hindrance could increase with decreasing Z.
Further theoretical calculations for all the N = 74 isotones
would be helpful to fully explore the contribution of triaxial
deformation to the hindrances observed in these isomeric
states.

The higher-lying four-quasiparticle structures observed in
this work for 1*Gd have been predicted to contain degrees of y
deformation similar to those of the two-quasiparticle K* = 8~
configuration. It would therefore be expected that any hin-
drances observed in the decay of these higher structures may
be suppressed by the triaxial deformation of the two bands, in
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a similar way to that outlined above for the K™ = 8~ decay to
the ground-state band. Combining this with the smaller change
in K compared to that between the K™ = 8~ isomer and
the ground-state band provides a possible explanation for the
nonobservation of any hindrance in decays out of these states.
However, for these higher-lying states, it is also possible that
the increased density of nuclear states with excitation energy
plays a role in the reduced hindrances seen from the higher-
lying four-quasiparticle states [17]. Theoretical calculations
based upon a statistical density of states formulation on
reduced hindrances in the A = 180 region of the nuclear
chart by Walker et al. [17] managed to partly reproduce the
experimentally observed systematic behavior of the reduced
hindrances seen in several of the hafnium and tungsten iso-
topes. Such effects may well play a similar role in the A = 130
region of the nuclear chart for these high-K four-quasiparticle
configurations.

V. CONCLUSIONS

In conclusion, recoil-isomer tagging has been used in
conjunction with the JUROGAM II-RITU-GREAT detector
arrangement at the University of Jyviskyld in order to
study the states above a known K™= 8~ isomer in '33Gd.
Two high-K four-quasiparticle bands have been established
and compared to theoretical PES calculations to assign
specific Nilsson-orbital configurations. Angular distribution
measurements and y-y coincidence analysis have confirmed
the ordering of previously identified transitions in the two-
quasiparticle band as well as those in the newly established
high-K bands. Experimental g factors have been calculated
based upon intensity branching ratios, which have been
used to further confirm the single-particle configurations
assigned to the high-spin bands. PES calculations for varying
rotational frequencies above the K™ = 8~ band-head state
reveal a trend toward a more triaxially deformed nuclear
shape. This, in combination with the higher level density at
high excitation energies, may explain the lack of hindrance
observed in the decays of the higher-lying four-quasiparticle
configurations.
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