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The half-life of a K™ = 127 isomer in '*Er has been measured to be 68(2) ns, and new decay pathways have
been identified. These include highly K-forbidden y -ray transitions directly to the ground-state rotational band,
with reduced hindrance values that can be compared with those found for heavier nuclides. The new data support
the interpretation that the level density is a key variable in determining K -forbidden transition rates.
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I. INTRODUCTION

Understanding the decay rates of long-lived excited nuclear
states, or isomers, is important for a more general appreciation
of nuclear stability, especially as the limits to nuclear binding
are approached [1,2]. Furthermore, long-term prospects for
the external control of isomeric decays lead to the hope for
novel energy-storage capabilities and perhaps the development
of y-ray lasers [1,3,4]. However, while isomers are well
known in deformed nuclei, the theoretical modeling of their
decay transition rates remains at a relatively early stage of
development [5,6].

In deformed nuclei, “K isomers” arise from the approxi-
mate conservation of the K quantum number, which represents
the angular-momentum projection on the symmetry axis of the
intrinsic shape [7]. Electromagnetic decays where the change
in K value exceeds the transition multipolarity A are called K
forbidden, with a degree of forbiddenness, v = AK — A. The
hindrance per degree of K forbiddenness, referred to as the
reduced hindrance, can be evaluated as f, = (T},/T}),)"",
where 7)), is the partial y-ray half-life, and 7,}, is the
corresponding Weisskopf single-particle estimate. Reduced-
hindrance values typically fall in the range 20 < f, < 200
for well deformed nuclei, with smaller values usually being
associated with specific K-mixing mechanisms. Such mech-
anisms include [7] rotational (Coriolis) mixing; vibrational
mixing and/or tunneling through axially asymmetric shapes;
level-density effects; and chance near-degeneracies of states
with the same /™ (where [ is the total angular momentum) but
different K values.

Coriolis mixing and a chance near-degeneracy in '7*Lu have
been analyzed in detail by Dracoulis et al. [8], and the proposed
underlying random interactions justify, at least partially, the
influence of level density found earlier [9]. Nevertheless, data
covering a broader range of nuclei are needed to test the general
applicability of these ideas. To date, well defined half-lives
and decay properties for multiquasiparticle, high-K isomers,
involving two or more broken nucleon pairs, have existed only
for a small region of nuclei with 70 < Z < 76 and 102 <
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N < 108 [7,10-13]. The best examples outside this region
are 753No (which will be discussed later) where the decay
properties remain to be confirmed [14,15], and the present

case of a T/> > 170 ns isomer in '&Er [16]. We now report
new measurements for '**Er.

II. EXPERIMENTAL METHOD

Nuclei in the !®*Er region were populated using
9Be + '°Gd fusion evaporation reactions. Pulsed and
chopped beams were provided by the 14UD tandem accel-
erator at the Australian National University (ANU) Heavy
Ion Accelerator Facility [17] at an energy of 57 MeV. This
beam energy provided the greatest cross section for '*Er
production through the '°°Gd(°Be,5n) reaction. A highly
enriched (>95%) '°°Gd target with an effective thickness
of 4.4 mg/cm? was placed at the center of the Compton
suppressed CAESAR array [18], consisting of six HPGe
detectors at +48°, £97°, and +147° in the beam plane, and
three larger HPGe detectors, out of plane at +£45° and 4135°.
The array includes two out-of-plane LEPS detectors at —90°
and —135° for greater efficiency at low energies.

Chopped and bunched 1-ns beam pulses, with 1.7-us
separation, were used to measure y-ray events relative to the
driving RF signal. These events were sorted into a variety of
event matrices, the most important for the present study being
a “time-y” (time vs energy) matrix, an “out-of-beam y-y”
matrix, containing pairs of y-ray events detected between
beam pulses, that were themselves coincident within 2150 ns,
and an “early-delayed y-y” matrix where event pairs had
time differences between 150 and 832 ns in order to identify
correlated events across isomeric states. The usual in-beam y -
y coincidences were also studied. From these data, previously
unknown isomers were discovered in several product nuclides,
as reported elsewhere [19,20]. Here we focus on the '‘Er
results. Although this was the nuclide with the largest reaction
cross section, a complete analysis of all the products was
necessary before the lowest-intensity y-ray transitions could
be reliably identified. We note that the cross section for '%Er
was approximately 44% of the total, 1.5% of which decayed
through the isomer at 3.4 MeV.
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FIG. 1. Time spectrum for 555-keV y rays. The fitted portion,
shown by the solid line, gives a half-life of 68(2) ns.

III. RESULTS

Following earlier high-spin, fusion-evaporation studies
[21-23], the K™ = 12F, 3.4-MeV isomer in '**Er was first
identified by Bark et al. [16], together with a rotational band
built on it. The isomer was found to decay by a 554-keV
y-ray transition, with a half-life estimated to be >170 ns,
using a coincidence window of ~150 ns. We now determine
that the principal decay is by a 555.0(1)-keV transition, which
establishes a half-life of 68(2) ns from its decay curve, as
illustrated in Fig. 1, and several additional y-ray transitions
with consistent half-lives have been identified. A sample
out-of-beam y-y-coincidence spectrum is shown in Fig. 2.
From spectra such as this, and by building on previous work
[16,21-24], a detailed scheme has been constructed for the
y-ray decay of the K™ = 127 isomer, as shown in Fig. 3.
The transition placements and relative intensities are listed in
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FIG. 2. Out-of-beam y-ray spectrum in coincidence with
427-keV events. Newly placed transitions are indicated by asterisks.
Other labeled transitions are known from previous studies. The
unlabeled peaks at 169 and 189 keV are attributed to prompt
breakthrough from above the K™ = 12% isomer.
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Tables I and II. The lowest-intensity transitions now identified
to depopulate the K™ = 12% isomer are at 1295 keV and
1860 keV, the latter being tentatively placed. Both go directly
to the ground-state band (g band). Figure 4 shows part of the
coincidence spectrum gated by the 410-keV g-band transition.
The placements are supported by other similar spectra.

Our new data confirm the tentative K™ = 12 assignment
of Bark et al. [16] for the 3378 keV isomer. A spin of at
least 127 is implied by the absence of a transition from
the isomer to the 10~ member of the K™ =7~ band,
in competition with the intense 555 keV transition to the
11~ band member. The intensity flow through the newly
assigned 3222-keV level (see Fig. 3 and Tables I and II) then
determines the 156-keV electron conversion coefficient to be
a” = 0.12(11), compared to theoretical values [25] of 0.10 for
E'1 and 0.80 for M1 transitions. This establishes E1 character
for the 156-keV transition, together with stretched-quadrupole
character for the subsequent 462- and 774-keV transitions. In
the absence of additional half-lives greater than 10 ns, these are
given E2 assignments, resulting in /™ = 127 for the isomer.
No other assignments provide a consistent interpretation of the
level structure. The usual assumption is made that K = I for
the isomeric bandhead.

As shown on the right-hand side of Fig. 3, two fragments of
rotational bands are identified in the decay of the K™ = 127
isomer. Negative parity is assigned to the left-hand fragment,
on account of the decay path discussed above. In both
fragments, out-of-band transitions to the known K" =7~
band compete with in-band transitions. The absence of well
defined bandheads prevents specific K-value assignments, but
high values (K = 7 to 9) are implied by the evident lack of
significant K forbiddenness in the out-of-band transitions to
the K™ = 7~ band (as well as the absence of branches to the
known [24] lower-K structures).

IV. DISCUSSION

Bark er al. [16] argued that the K™ = 12" isomer
can be assigned the four-quasiparticle 27 ® 2v configura-
tion {m7/27[523], #7/2"[404], v5/21[642], v5/27[523]},
in which the 27 component corresponds to the configuration
of the K™ = 7~ isomer. The three well-established E'1 decays
from the two isomers (see Table I) are of comparable strength,
with 42 < f, < 94, which is similar to the range of values
found, for example, for the E1 decays from the N = 106,
K7 = 8~ isomers [26]. Effective f, values are also included
in Table I, where the Weisskopf hindrance factor Fyy is first
divided by 10* before evaluating the E1 reduced hindrance
[16]. This is a somewhat arbitrary division, in an attempt
to allow for the typically hindered nature of K-allowed E'
transitions. As shown in Table I, these three f values are
very similar, ranging from 9.0 to 9.4.

It is notable that the M1 transitions from the K™ =7~
isomer are strongly hindered (Fy > 10*) despite being only
onefold forbidden (v = 1). This is most likely a consequence
of the populated states, with nominal K = 5 assignments, be-
ing strongly mixed with lower-K octupole-vibrational states.
These mixings have been discussed by Fields et al. [23]. In
addition to the octupole admixtures, the i3, neutron in
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FIG. 3. Partial level scheme for '®*Er, illustrating the decay pathways from the K™ = 12*, four-quasiparticle isomer and the first few
rotational excitations above the isomer. The dashed line for the 1860-keV transition indicates a tentative placement. Of the decay pathways
from the K™ = 12" isomer, only that through the 555-keV transition was previously known [16]. The half-life of the K™ = 7~ isomer is the

adopted value from Ref. [24].

the K™ =57, {v5/2%[642],v5/27[523]} configuration is
affected by Coriolis mixing which also introduces lower-K
components.

We now focus on the reduced-hindrance values of the
highly K-forbidden E2 and M1 transitions, f, = 5.9 and 6.2,
respectively, that connect the K™ = 12" isomer to the g band,
as given in Table I. These can be compared with decays from
other similar isomers. The reduced hindrance, particularly for
K-forbidden E2 transitions from four- and five-quasiparticle

isomers, has been found [9] to be inversely correlated with
E — Eg, where E is the isomer excitation energy and Eg is
the rigid-rotor energy at the same angular momentum. This
was interpreted to be due to level-density effects, in the sense
that more highly excited isomers (relative to a rigid rotor)
suffer additional K mixing due to the increased density of
states with the same /™ but different K values. Until now, this
kind of analysis [9,12,27,28] has been restricted to the mass
region A = 174 to 184.

TABLE 1. y-ray energy, relative intensity, final angular momentum, multipolarity, total conversion coefficient, hindrance factor,

forbiddenness, and reduced hindrance for direct branches from (Upper section) the K™ =

K™ =77, 1985-keV isomer.

12+, 3378-keV isomer and (Lower section) the

E, (keV) I, I7(o2) of Fy v £, fcfta

156.4(1) 22 (2) 11-(E1) 0.099 8.0 x 10° 24> 53-2800 5.3-28

427.3(1) 21 (1) (1) (E1F 0.008 1.7 x 108 P 114-13000 11-130
(11) (M 1) 0.052 1.7 x 10° 2-4b 36-1300

555.0(1) 100(3) 11-(E1) 0.004 7.7 x 107 4 94(1) 9.4(1)

1294.8(3) 2.03) 12+(M1) 0.003 50 x 108 11 6.2(1)

1859.5(6) 0.4(2) 107(E2) 0.001 53 x 107 10 5.9+04

139.8(1) 57(2) 7-(M1) 1.095 1.9 x 107 1

240.4(1) 181(6) 6~ (M1) 0.242 3.1 x 10* 1

960.6(2) 5.6(7) 8H(E1) 0.001 6.1 x 10° 6 43(1) 9.2(2)

1370.6(2) 19(1) 6+(E1) 0.001 53 x 10° 6 42(1) 9.0(2)

aThe effective reduced hindrance for an E1 transition, with Fy divided by 10*.

"The K value of the populated state is uncertain (see text).
‘Both E'1 and M1 options are given for the 427.3-keV transition.
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TABLE II. y-ray energy, relative intensity, initial level energy,
initial angular momentum, and final angular momentum for the
new band fragments identified in '**Er, ordered by level spin from
highest to lowest. (Upper section) Follows the 156-keV isomeric
transition. (Lower section) Follows the 427-keV isomeric transition.
The uncertainty in the y-ray energies is typically 0.1 keV.

E, (keV) I, E, I 7
240.6 10 (1) 3222 11- 10~
462.3 1.6 (2) 3222 11- 9-
637.5 3.9 (4) 3222 11~ 10~
857.5 7.1(5) 3222 11- 9-
221.7 2.8 (6) 2981 10~ 9-
616.9 1.2(2) 2981 10~ 9-
816.8 4.9 (5) 2981 10~ 8-
595.1 0.7 3) 2759 9- 8-
773.9 3.6 (5) 2759 9- 7-
220.7 7(2) 2951 (11) (10)
366.6 4.8(7) 2951 (11 10~
424.4 7.4 (8) 2951 11 ©)
203.7 52(3) 2730 (10) ©)
389.6 1.9 (2) 2730 (10) ®)
185.9 6 (1) 2526 ) ®)
362.1 6.2 (5) 2526 ) 8-
355.0 9.6 (5) 2340 8) 7"

With a moment of inertia of 74 A% MeV~! for '®*Er,
calculated by scaling with A%/3 from the value of 85 /2 MeV~!
[9] for '"8Hf, a rigid-rotor energy of 1052 keV is obtained for
I = 12. This gives E — Egx = 2.326 MeV for the K™ = 12
isomer. Figure 5 includes the reduced hindrance, f, = 5.9, for
the E2 branch from the K™ = 12F, ®*Er isomer, alongside
other four- and five-quasiparticle isomers with known E2 or
E3K-forbidden decays. The data point for the '®*Er isomer
agrees well with the general trend. It is notable that this single
data point extends the mass range covered by the graph by a
factor of 2.

It is worthwhile to comment on the data points that fall
well below the curve (i.e., the level-density estimate) in Fig. 5.

PHYSICAL REVIEW C 86, 044307 (2012)
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FIG. 5. Variation of E2 and E3 reduced-hindrance values with
energy relative to a rigid rotor, for four- and five-quasiparticle, AK >
5 isomer decays (circles and squares, respectively) including the new
164Er value for the 1860-keV, E2 transition, which at the 2o level
in transition intensity, corresponds to a lower limit in f,. For odd-A
nuclides, a pairing energy of 0.9 MeV has been added. The curve
represents a level-density estimate [9]. The data are from Refs. [7,
10-13].

As discussed previously [7,9], the high-K couplings of two
i13,2 neutrons to form “¢ bands” can lead to apparently low f,
values, when there is also g-band mixing. Such considerations
can be difficult to take into account quantitatively, but seem
to play a role in the low f, values of, for example, the
four-quasiparticle isomer decays of '7*Hf, 7°W, and '820s.
The fact there is little or no corresponding low- f,, effect in the
case of '®Er is consistent with this interpretation, since the
neutron Fermi level is significantly lower in the 713/, multiplet,
i.e., close to the low-Q2 orbitals, thus reducing the mean K
value of the ¢t band. However, there would be an increase in
other Coriolis K-mixing effects, due to the proximity of the
neutron Fermi level to the low-£2, i3, orbitals [29]. Dracoulis
et al. [26] performed particle-rotor model calculations to better

1100 O o

FIG. 4. Out-of-beam y-ray spectrum in coincidence with 410-keV events. Newly placed transitions are indicated at 1295 and 1860 keV,

the latter being tentative.
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understand the influence of initial-state Coriolis mixing on
K-forbidden E1 decays in the N = 106 isotones, for which
the neutron Fermi level is close to the 9/27[624], i3 /2 orbital.
Even without changing the neutron number, it is evident
that differences in Coriolis mixing in the initial (isomeric)
state can have a large effect on relative f, values, and the
“underlying” [26] reduced hindrance can be as much as ten
times the observed value. It would be valuable to extend
that approach to the E2 decays considered here, covering a
wider range of the i3/, multiplet. In particular, for '**Er the
neutron Fermi level is close to the 5/27[642], i3 /2 orbital,
so that stronger Coriolis effects may be anticipated. Despite
these considerations, a substantial f,,(E2) value is nevertheless
found for the '*Er four-quasiparticle isomer decay, and this
remains the case even if the intensity of the 1860 keV transition
is treated as an upper limit, since it would then correspond to
a lower limit in reduced hindrance.

The variation of the reduced hindrance of the Al =0
decays (with M 1 multipolarity assumed) has been analyzed by
Swan [30]. There is more scatter of the data points, which could
be related to the M1 assumption and different £2/M 1 mixing
ratios, but the '**Er data point remains in good accord with the
other isomers. For example, the 174Yb value of fr =6.6[12]
is close to the '**Er value of 6.2 (with similar E — E values,
as evident from Fig. 5).

Finally, we consider briefly the situation in the heaviest
mass region where four-quasiparticle high-K isomers have
been identified. Although significantly different level struc-
tures have been proposed for 2*No [14,15], it is only the
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work of Clark et al. [15] that specifies the assignment and
decay of a K™ = 16" isomer at 2928 keV, also non-yrast, in
sufficient detail for reduced-hindrance determination. With,
tentatively, f, =24 and E — Ex = 2043 keV, the reduced
hindrance of the assigned E2 decay from the isomer is in
remarkably good accord with the behavior discussed above for
the A = 164 to 184 region. If these data [15] can be verified,
then together with the new I64E; results, there is substantial
support for the key role of level density in the decay rates of
high-K, four- and five-quasiparticle isomers. Limited data in
the A = 180 region for higher quasiparticle numbers are also
in agreement with this conclusion [27].

In summary, the K™ = 12* isomer in '®*Er has been studied
using pulsed-beam y-ray spectroscopy. With improved sensi-
tivity to isomeric decays, the half-life and decay radiations
have been remeasured. The new half-life of T, = 68(2) ns,
together with a 0.3% branching ratio for the K-forbidden
E?2 decay directly to the g-band, yields a reduced hindrance
of f, = 5.91“8:‘2t for this transition, or f, > 5.5 at the 20
level in transition intensity. In conjunction with the excitation
energy of the four-quasiparticle state, this result supports the
suggested key role of level density in determining the decay
rates of high- K, multiquasiparticle isomers, over an extended
mass region.
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