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ARTICLE INFO ABSTRACT
Article history: The decay of a new four-quasiparticle isomeric state in '5°Sm has been observed using y-ray
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Received in revised form 14 October 2015 spectroscopy at the RIBF, RIKEN. The four-quasiparticle state is assigned a 27 ® 2v w5 [532], w5 [413],

Accepted 8 December 2015 v%7[523]. v%+[633] configuration. The half-life of this (11%) state is measured to be 1.8(4) us. The
Q;?tﬂa,bls l?néme 11 December 2015 (117) isomer decays into a rotational band structure, based on a (67) %7[523] ® v%+[633] bandhead,
tror: D Leesaman consistent with the gx — ggr values. This decays to a (5~) two-proton quasiparticle state, which in turn
decays to the ground state band. Potential energy surface and blocked-BCS calculations were performed

in the deformed midshell region around '6°Sm. They reveal a significant influence from B deformation
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and that '%0Sm is the best candidate for the lightest four-quasiparticle K isomer to exist in this region.
The relationship between reduced hindrance and isomer excitation energy for E1 transitions from
multiquasiparticle states is considered with the new data from '9Sm. The E1 data are found to agree
with the existing relationship for E2 transitions.

© 2015 Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

The existence of nuclear metastable, or isomeric, states with
half-lives of nanoseconds or longer provides a useful tool, enabling
spectroscopic investigation of intrinsic and collective states within
a nucleus that might otherwise be difficult to observe. In combina-
tion with projectile fragmentation and fission reactions, isomers
can give unique access to the high-spin excited-state structure
of neutron-rich nuclei, but only if suitable high-spin isomers ex-
ist. Therefore, understanding the formation and stability of multi-
quasiparticle isomers is a key part of fully exploiting the new
generation of radioactive-beam facilities.

The projection of the angular momentum of a nucleus on its
symmetry axis is known as the K quantum number. K isomerism
arises from axially symmetric deformation in the nucleus, enabling
the nucleus to be ‘trapped’ in an aligned spin orientation relative
to its symmetry axis [1]. K-isomeric states appear systematically in
neutron-rich nuclei with A > 150 which typically have deformed
prolate shapes. The nucleus is isomeric when the transition to a
lower energy state with a different K value is inhibited by the
AK < A selection rule, where X is the multipole order of the tran-
sition. These transitions are able to proceed through symmetry-
breaking processes, where the hindrance factor is strongly corre-
lated with the degree of forbiddenness, v = AK — A. The partial
half-life of the isomeric state relative to the single-particle Weis-
skopf estimate is known as the reduced hindrance of a transition,
expressed as f, = (le/z/T}/yz)]/” [1].

K isomers may arise from the breaking of one or more cou-
pled nucleon pairs to form multiquasiparticle (multi-qp) states.
The excitation energy and other properties of these states depend
strongly on the number of proton and neutron states involved [2].
Prior to this work, 184Er (Z = 68, N = 96) was the lightest nucleus
with a known four-qp K isomeric state [3]. Many two-qp isomeric
states have been discovered in nuclei lighter than 64Er, for ex-
ample, in 156.158.160,164gy, (Z — 62) [4_7]Y 152,154,156\ ¢ (Z — 603)
[6,8-11], and '86Gd (Z = 64) [7], but none > four-qp. Increasingly
more neutron-rich isotopes must be populated to further probe
this region. The radioactive isotope beam factory, RIBF, at RIKEN
has more recently enabled population of these nuclei using high
uranium beam intensities.

Nuclei around '®°Sm were populated by in-flight fission of a
345 A - MeV 238U beam incident on a 4 mm thick ?Be target at
the RIBF. The beam intensity at the target was 10 particle-nA on
average. The secondary radioactive isotope beam containing the
nuclei of interest was passed through the BigRIPS and ZeroDegree
spectrometers: a two-stage achromatic separation system that sep-
arates and identifies the beam species on an ion by ion basis, us-
ing time-of-flight, magnetic rigidity and energy loss (TOF-Bp-AE)
[12,13].

Delayed y rays were detected from the isomeric decay of the
tagged ions using EURICA (Euroball-RIKEN Cluster Array) [14-16]:
84 HPGe crystals arranged in a 47 configuration around a copper
passive stopper. The absolute efficiency of the array was 16.6% at
100 keV and 7.6% at 1 MeV. A 100 ps time coincidence window
was used to correlate ion implantation to y-ray detection.

Delayed y rays from the isomeric decay of 1%9Sm are shown
in Fig. 1. All labelled peaks have been identified and placed in
the level scheme. A previous experiment by Simpson et al. [6] had

identified a (57) two-qp isomer that decays via 878 and 1128 keV
transitions to the 67 and 4% states in the ground state band re-
spectively. In addition to these transitions, y rays from the decay
of a four-qp isomer are now observed in the current work. In
particular a strongly-coupled rotational band structure is newly
identified. These new y rays have been added to the 69Sm level
scheme, presented in Fig. 2.

The level scheme was deduced from y-y coincidence analy-
sis. The new y rays with the highest energy (432 and 641 keV)
were determined to depopulate the isomeric state directly. The
2T — 0% 71 keV y ray cannot be observed in Fig. 1 due to a
strongly competing electron conversion process, but has been ob-
served in coincident spectra. In addition to the y rays placed in
the 1%9Sm level scheme, weak y rays at 123, 149, and 316 keV are
also observed in Fig. 1, but were unable to be placed due to low
statistics in the coincident spectra.

The spin and parity assignments in Fig. 2 are determined from
the transition multipolarities, which have been obtained from the
intensity balances through the levels and the decay patterns. The
intensities can be seen in Table 1. The intensity is not required
to balance when transitioning through the (57) isomeric state. The
spin and parity assignments are tentative in the absence of directly
measured electron conversion coefficients and y-ray angular cor-
relations.

The half-life of the four-qp isomeric state was measured to be
1.8(4) ps, from the weighted average of the 432 and 641 keV y -ray
half-lives. The half-lives were measured from the exponential de-
cay curves derived from the time between ion implantation and
y -ray detection (see inset in Fig. 1). The half-life of the (57) two-
gp state was previously measured at 120(46) ns [6]. The half-life of
this isomeric state was not measured in this work as the statistics
were not sufficient to resolve the two different half-lives.

Two y rays of 432 and 641 keV depopulate the four-qp iso-
mer into a band structure built on a two-qp bandhead. A spin of
at least 11h for the four-qp state is required by the absence of a
transition from the isomeric state to the (97) state. Spin-parities
of 11% and 12~ are permitted by the experimental data. Our cal-
culations presented below suggest a K™ =117 assignment for the
four-qp state.

To further understand the level scheme blocked-BCS cal-
culations [17] were performed. BCS theory treats the nucleus
as a superfluid, where the presence of unpaired particles af-
fects the superfluidity through a “blocking effect”. In this work
the pairing strengths were fixed as G; = 21.00 A - MeV and
G, =20.00 A-MeV, in accordance with Jain et al. [17]. The Nilsson
energies were then calculated for a set of deformation parameters;
€, = 0.267 and €4 = —0.027, taken from Moller et al. [18]. The
results can be seen in Table 2.

These calculations show that a 6~ neutron state with a
vg_[523] ® v%+[633] configuration and a 5~ proton state with

amw3 [532]® n%+[413] configuration are the lowest energy two-

qp states. The combination of these states forms an 11% four-qp
state. The two-qp state depopulated by the 878 and 1128 keV tran-
sitions was previously suggested to be a (57) state arising from a

two-neutron v%+[642]®v%7[523] configuration [6]. However, our
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Fig. 1. Energy spectrum of delayed y rays from '®Sm observed 0.5 to 2.5 us follow-
ing implantation. All labelled y rays have been placed in the level scheme. Those
marked with filled circles are the 123, 149, and 316 keV y rays that were unable
to be placed in the level scheme. Inset: The exponential decay curve from the four-
quasiparticle isomeric decay of '®0Sm, obtained from the 432 and 641 keV y rays.
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Fig. 2. Level scheme of '°Sm. All y rays above the (57) two-qp state are new. The
half-life of the (57) state is from Ref. [6].

blocked-BCS calculations show that a 5~ two-proton configuration
is preferred.

The branching ratios in a band can be used to infer the band-
head configuration. The difference between the expected and ex-
perimental intrinsic g factor (gg) can indicate whether a band
structure is built on a proton or a neutron bandhead.

The expected intrinsic g factor is calculated from Kgyx =
Y(gaA + gxX), where A and X are the projections of the or-
bital angular momentum and intrinsic spin on the symmetry axis
respectively, and g, and gy are the corresponding g factors. ga
is 0 for neutrons and 1 for protons, and gx is 4.99 for protons and
—3.23 for neutrons; attenuated from their free values by a factor
of 0.6 [19]. Our BCS calculations have revealed a 6~ two-qp state
is lowest in energy for neutrons and a 5~ two-qp state is lowest in
energy for protons. The expected gk for these configurations is 0
and 1 respectively. The experimental values for gx are found using
the following:

— E
|8k — &Rl 0933 1

Qo sa/12 =1
where gg is the rotational g factor, taken as 0.3 [19], Qg is the
intrinsic quadrupole moment, taken to be 7.0 e - b from Sm sys-

Table 1

Initial level energy, Ej, spin-parity, ]i” , and branching ratio, By (corrected for elec-
tron conversion) of the levels obtained for '®Sm in this work. For each y ray the
energy, E,, y-ray intensity, I, relative to the 1128 keV y-ray intensity, and final
level spin, JT, are listed.

E; (keV) Jr Ey (keV) Iy (rel.) Biot(rel.) JF
71 2+ 71(1)° 100 ot
232.9 4+ 161.9(3) 91(11) 100 2+
483.2 6+ 250.3(4) 34(6) 100 4t
1361.0 (57) 877.8(4) 24(5) 20(5) 6+
1127.9(4) 100 80(19) 4+
1468.5 (67) 107.5(3) 26(5) 100 (57)
1602.0 7) 133.5(3) 53(8) 100 67)
1754.3 (87) 152.3(4) 45(9) 84(25) (77)
286.4(4) 12(3) 16(5) 67)
1925.7 97) 171.4(4) 24(5) 62(17) 87)
324.1(4) 20(5) 38(11) (77)
2116.1 (107) 190.4(4) 30(6) 51(12) 9)
362.0(3) 35(6) 49(11) 87)
2325.2 (117) 209.1(5) 6(4) 33(25) (107)
399.5(5) 13(4) 67(52) 9)
2757.3 (11+) 4321(4) 21(5) 25(6) (107)
641.1(3) 64(9) 75(18) 117)

@ The 71 keV y ray is only observed in coincident spectra.

Table 2

Low-lying quasiparticle states in '6°Sm predicted by blocked-BCS calculations
(marked with a B) and potential energy surface calculations (marked with a P).
The potential energy surface calculations have only been performed for the lowest
energy states.

K™ Configuration EB(ED) (MeV) =P (MeV)
v two-qp
6~ v3 (52310 v] 633 1401 (1.727) 1468
3+ v3T[523]@ V3 [521] 1674°
5+ v37[5231@ w3 [512] 1.953
3- viT5211@v3 6421 2115
7T two-qp
5~ 7375321073 T 1413] 1.032 (1.4577) 1.361
4- 737 [5321®@ 737 [411] 1.569°
4+ 73413103 T [411] 1.631
4- 73741310 w3 (541 2107
four-qp
11+ v3[523]1® u%+[633], 2433 (3.214%) 2757
n3 5320 @ [413]
8~ v3T[523]®@ v [521], 2.706°
7375321073 T 1413]
10+ v3 (52310 v] " [633], 2.970°

737 [532]®@m 3 [411]

2 (B2, Ba, Bs) = (0.294,0.052, —0.017), (0.287, 0.046, —0.011), and (0.290, 0.048,
—0.013) for K™ =67, 57, and 11% states respectively.

b 200 keV has been added to these states as they have energetically unfavoured
configurations according to the residual spin-spin coupling rule.

tematics, and E; is the energy of the M1/E2 mixed transition in
MeV from an initial state with spin I. The quadrupole/dipole mix-
ing ratio, §, is calculated using the formula:

o 2K%2(21 = 1) E?A
1482 I-K-DI+K-1UI+1)E3 b

q

where Ap is the y-ray branching ratio and E; is the energy of the
E2 transition from the initial state. The results can be seen in Ta-
ble 3. Two values of gx are given due to the rearrangement of
the modulus, |gg — ggr| in the above equation. These values show
that the bandhead regardless of K™ must be comprised of a two-
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Table 3

Experimental gx values for various transitions in '59Sm, considering K =5 and
K = 6 bandheads. Two values exist due to the modulus |gx — gg|. Theoretical values
are gg =0 for neutrons and gg =1 for protons.

K™ i Eq and E; (keV) s

5~ 11~ 209 and 399 —0.11(27), 0.71(26)
5~ 10~ 190 and 362 —0.12(14), 0.72(14)
5 9~ 171 and 324 —0.10(16), 0.70(16)
5- 8~ 152 and 286 —0.24(23), 0.84(23)
5~ weighted average —0.13(16), 0.73(16)
6~ 11~ 209 and 399 0.00(20), 0.60(20)
6~ 10~ 190 and 362 0.00(10), 0.61(10)
6~ 9~ 171 and 324 0.03(11), 0.57(11)
6~ 8~ 152 and 286 —0.13(37), 0.73(37)
6~ weighted average —0.01(16), 0.61(16)

neutron state, as they are consistent with the theoretical value of
gk =0, but not with gg =1.

The assignment of a (6™ ) neutron bandhead for the main band
structure, rather then a (5~) neutron bandhead is made on the ba-
sis of a lack of observation of a transition from the 7~ state to
the 5-, which would have an energy of 240 keV. The expected
y-ray intensity of this transition was calculated using the g-factor
formula, rearranged for I,, and found to be 570(70) counts (assum-
ing E2 multipolarity). This transition, if present, would be easily
observable in the y-ray energy spectrum, with I, (rel.) = 12(2),
comparable to the 286 keV peak. As we do not observe this peak,
we assign the bandhead to the (67) state rather then the (57)
state.

It has been noted in this mass region that Bg deformation
can be significant [18] and can have a measurable effect on the
structure of the nucleus [7]. In order to quantify this effect po-
tential energy surface calculations were performed on 9Sm and
its neighbouring nuclei. The total energy of the configurations was
minimised in (8;, B4) deformation space and (B, B4, Bs) deforma-
tion space. For more details see Refs. [20,21]. The inclusion of 8¢ in
the calculations has the greatest effect on the 6~ 2-neutron state
in 160Sm, where the energy is reduced by 100 keV. Conversely,
the energy of the 5~ 2-proton state increases by 50 keV with the
inclusion of Bg, enabling the 6~ state to compete. Consequently,
Bs plays a role in moving the calculated 6= and 5~ bandheads
closer together in energy. The energies of the assigned bandheads
calculated using (B2, B4, Bs) deformation space are shown in Ta-
ble 2.

The reduced hindrance of a transition removes the dependence
of the half-life on energy and the multipole order, A, of the transi-
tion. Therefore we would expect similar reduced hindrance values
for isomers around 1%9Sm. However, a systematic study of E1 tran-
sitions reveals an f, dependence on E — Eg, similar to that known
for E2 transitions [29], where E is the energy of the isomeric state
and Ep is the rigid rotor energy for the same angular momentum.

100 - ; { x {

1 L L | L |

2
E-E, (MeV)

Fig. 3. Reduced hindrance, f,, of E1 transitions versus the difference between ex-
citation energy of the isomeric state and the rigid rotor energy. Data points taken
from Refs. [19,22-28] and the current work. A pairing energy of 0.9 MeV has been
added to odd-A nuclei.

The rigid rotor energy of 1¥0Sm was calculated to be 927 keV, us-
ing a moment of inertia of 71h% MeV~!, found by scaling with
A>3 using 85n% MeV~! for '78Hf. For the (117) isomer this gives
E— Egr =1.83 MeV.

The reduced hindrances of the 432 and 641 keV transitions, and
the 878 and 1128 keV transitions were calculated. All four E1 tran-
sitions have very similar reduced hindrance values of 21(1), 22(1),
21(2) and 18(2) for 432, 641, 878, and 1128 keV respectively. Fol-
lowing common practice [22-24,27], Fyw has been divided by 10*
in an attempt to allow for the hindered nature of K-allowed E1
transitions.

A plot of f, versus E — Eg can be seen in Fig. 3 for E1 tran-
sitions with v > 4. Isomers with v < 4 are less forbidden and
therefore excluded. The data are summarised in Table 4. The solid
line in the plot is taken from statistical calculations for E2 tran-
sitions [29]. The data from E1 transitions, including the new data
point from the four-qp isomer in '%°Sm agree well with this trend.
This relationship is evidence that reduced hindrance is sensitive to
the excitation energy of the four-qp isomeric state. This could be
due to greater K mixing at higher excitation energies: the density
of states increases with excitation energy which statistically leads
to more states with the same spin and parity to mix with [29].
To further test this relationship, data on lighter deformed isomers
with four-qp states are required.

To date, '%9Sm is the lightest four-qp K isomer observed.
Blocked-BCS calculations were performed on lighter nuclei in this
region to test the limits of existence of four-qp isomers. The next
best candidate is predicted to be a four-qp isomer in '°8Sm, with

Table 4

Data summary of four-qp and higher-order-qp isomers with E1 transitions used in Fig. 3. Those marked with * have 0.9 MeV added to account for pairing energy.
Nucleus K™ ti)2 Ey (keV) E (MeV) E — Eg (MeV) v fy,
1605m (11+) 1.8(4) ps 641 2.78 1.83 4 22
1605m (11t) 1.8(4) s 432 278 1.83 4 21
164Er [24] 12+ 68(2) ns 555 3.38 233 4 9.4
173Tm [27] 35/2— 121(28) ns 655 4.05 2.95% 6 83
174yh [25,26] 14+ 55(4) ns 786 3.70 2.42 6 9.9
174Hf 23] 14+ 3.7 ps 379 3.31 2.03 5 15
174Hf 23] 14+ 3.7 ps 155 331 2.03 7 8.9
175Hf [23] 45/2+ 2 ps 291 4,64 2.34* 4 19
182Hf [22] (134) 40(10) s 264 2.57 1.54 4 24
179w [19] 35/2— 750(80) ns 625 3.35 2.36* 12 41
18305 [28] 43/2— 27(3) ns 351 5.07 3.25% 4 4.9
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K™ =10" and E = 2.424 MeV. However, to date only a two-qp
isomeric state has been observed in this nucleus [3]. Due to the
lower spin, the predicted four-qp isomer in °3Sm would likely
have a shorter half-life than that of 1%°Sm. Overall, the calcula-
tions show that '%0Sm is the strongest candidate for the lightest
four-qp isomer to exist in this region, consistent with our new ob-
servations.

In summary, a new four-qp isomer has been observed in 1%°Sm
with a half-life of 1.8(4) ps. The level scheme has been extended
using the present spectroscopic data. This is the lightest four-qp K
isomer observed to date. The new data from 199Sm agree well with
the inverse correlation between reduced hindrance and excitation
energy for E1 and E2 transitions, shown here for the first time for
E1 transitions. Blocked-BCS calculations reveal '®°Sm and 1°8Sm
are the best candidates for deformed four-qp isomers. However,
further experiments are needed to ascertain the Z and N limits
for their existence.
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